Universitat Politecnica de Catalunya

UPC

Cache Memory Design
in the FInFET Era

Student: Zoran Jaksic
Director: Ramon Canal Corretger






Acta de calificacion de tesis doctoral

Curso académico:

Nombre y apellidos

Programa de doctorado

Unidad estructural responsable del programa

Resolucion del Tribunal

Reunido el Tribunal designado a tal efecto, el doctorando / la doctoranda expone el tema de la su tesis doctoral

titulada

Acabada la lectura y después de dar respuesta a las cuestiones formuladas por los miembros titulares del

tribunal, éste otorga la calificacion:

D NO APTO

D APROBADO |:| NOTABLE |:| SOBRESALIENTE

(Nombre, apellidos y firma)

(Nombre, apellidos y firma)

Presidente/a Secretario/a
(Nombre, apellidos y firma) (Nombre, apellidos y firma) (Nombre, apellidos y firma)
Vocal Vocal Vocal

de de

El resultado del escrutinio de los votos emitidos por los miembros titulares del tribunal, efectuado por la Escuela

de Doctorado, a instancia de la Comision de Doctorado de la UPC, otorga la MENCION CUM LAUDE:

Ui

U vo

(Nombre, apellidos y firma)

Doctorado

Presidente de la Comision Permanente de la Escuela de

(Nombre, apellidos y firma)

Secretario de la Comision Permanente de la Escuela de
Doctorado

Barcelona a

de

de







Cache Memory Design in the
FinFET Era

Zoran Jaksicé

Department of Computer Architecture

Universitat Politécnica de Catalunya

A thesis submitted in partial fulfilment
of the requirements for the degree of
Doctor of Philosophy

Advisor:

Ramon Canal Corretger

Universitat Politécnica de Catalunya

May 2015


mailto:zorjak@gmail.com
http://www.ac.upc.edu/
http://www.upc.edu/
mailto:rcanal@ac.upc.edu
http://www.upc.edu/




Acknowledgements

Doing a PhD is certainly a very important thing in the life of
every individual who decides to start that journey at some point
in their life. Although the reasons may be different, I believe that
the most of students starts it from one of these two; a childish
love for research and desire to work on an interesting problem,
and egoistic wish to put a PhD title in front of their name. I

started my doctorate from both.

However, very soon after you start that job, you realise that re-
search (as well as life) is not a simple task. It is not a high-school
math assignment that you know that has exactly one solution
that you have to find in a predefined time. It is rather some
floating in the unknown where, at first, you have to realise what
kind problem do you have, and then try to solve it even if you do
not know does the solution exist. In that environment you are
faced with different situations, often for the first time, and if you
are not mature and trained very well you pass to the numerous
psychological fazes spanning from the high motivation and en-
thusiasm for making something right to the deep depression with

low self-esteem and disappointment.

Traveling that journey of life and research, I believe that I have
got to know myself better, and among all I have realised the
importance and the meaning that different people had in my life
and this PhD. On these pages, I would like to thank all of them
who helped me, taught me the valuable life lessons, or simply

make me feel happy during these four years of my studies.



The most gratitude for completing this thesis I owe to my super-
visor Ramon Canal. I hope that I will not sound too much like
speaking empty phrases when I say that having good advisor is
the most important part of every successful doctorate. Having the
supervisor that gives you the actual topic, great liberty to work
and develop your own ideas but on the same time always being
available to discuss those ideas critically, tells you when you have
enough material to start writing a paper and helps you with it
in the best possible manner is indispensable. Doing all that with
constant encouragement that a candidate is doing a good job is
crucial for keeping the motivation of a student. Ramon indeed
was an excellent supervisor in all these aspects, and moreover a
friend from the first day I came to UPC.

Besides Ramon, I would like to give my thanks:

To the professor Antonio Gonzalez, director of the ARCO group,
for giving me the opportunity to do this research. From him, I
have learned how important is presenting the work, knowing to
ask a precise question and to answer clearly. Possessing the vast
expertise in the field and knowing to express it in a simple and
understandable manner is the most important quality that I truly
respect in Professor Antonio Gonzalez, and I am really thankful

for the chance to listen him and to learn from him.

To Shrikanth, for helping me with the simulation environment
when I came at UPC and for his errorless organisation of our

joint trips to the conferences.

To Dasa, for suggesting me to apply for the PhD position at
ARCO group. Without his suggestion, nothing of this would
happen. I hope that one day I will prove him that my PhD is not
1% my and Ramons work and 99% his suggestion me to apply.

To Cedomorac a.k.a. Batica, the earliest childhood friend, for
always being available for the chess game to short my day in

moments when [ lacked a motivation for the work.



To Bokule for being always available for a tea break and a friendly
chat in the FIB cafe, and also for paying me the tea there once.
And to Djomla for being excellent replacement for the tea breaks
when Bokule left.

To Marc, for being the best flatmate that I have ever had because
I have been seeing him almost never in the flat. And to LoSmi
who in spite of his good cooking and being a great friend, was the
worst flatmate I have ever had; but who because of that, thought
me a great patience, tolerance, self-control and, eventually made

me a better person.

To Panovié¢ for a kindly explaining me how to use an oven and

finally prepare a normal meal.

To Rajili, for always reminding me to my home country and the
glorious history of Serbian people (especially during the World
War I) that I should be proud off. And, no Rajo, this does not

mean that I will "donate" anytime soon.

To Radule, for the weekend runnings, and to Ugljesa for a try to

run with me once although he quit after the first kilometre.

To Jeska, for being the only friend always capable of listening my

life philosophy without ever saying me "Oh, shut up, please".

To NidZzo and Misur, two home friends who always prepare me
the excellent program of doing nothing when I go back on holiday

in Montenegro.

To Bane and Zlajo, for showing me on their own anti-example
that for achieving success it is not enough just to wish to do

something. One have to work to achieve his goals, too.

To Branimir and Martina, two brilliant astrologers who predicted
me earning a big money at some point in my life. I really believe
this is going to happen because it is impossible that some as-

trologer miss every possible thing, and they did about me.



To Mennan, Manos, Vamis and Nav, for the improvisation of the
table tennis in the office. Thank God this came at the final stage

of my PhD because who knows when I would have finished it.

To Oscar, for being the only quiet person in the office when

present I could actually work something.

To Manish, for putting some money in my pocket and for (I hope)

one day he will explain me that joke that leaves all people con-
fused.

To my sisters Jelena and Milica for... Well, everyone thanks to
the family so let put them here without any particular reasons.

I hope that one day, I will figure out their concrete merits in my

life.

To my mother, for being the only person in the world who truly

believes that I am a genius.

And finally, to the committee members, for the useful comments
and for (I hope) not being so strong with me on my pre-defence
and defence. After all

Nobody expects the Spanish Inquisition

Monty Python’s Flying Circus
Spanish Inquisition Sketches



Dedicated:

To the memory of my father, who told me once that I should do

a PhD because every son should reach further than his father.

To my mother, for her unconditional love and support during all

these years.

Posveéeno:

Secanju na moga oca, koji mi je davno rekao da bih trebao da

zavrsim doktorat jer svaki sin treba da stigne dalje od svoga oca.

Mojoj majci, za bezuslovnu ljubav i podrsku svih ovih godina.






Abstract

The major problem in the future technology scaling is the varia-
tions in process parameters that are interpreted as imperfections
in the development process. Moreover, devices are more sensitive
to the environmental changes of temperature and supply volt-
age as well as to ageing. All these influences are manifested in
the integrated circuits as increased power consumption, reduced

maximal operating frequency and increased number of failures.

These effects have been partially overcome with the introduc-
tion of the FinFET technology which have solved the problem of
variability caused by Random Dopant Fluctuations. However, in
the next ten years channel length is projected to shrink to 10nm
where the variability source generated by Line Edge Roughness
will dominate, and its effects on the threshold voltage variations

will become critical.

The embedded memories with their cells as the basic building
unit are the most prone to these effects due to their the small-
est dimensions. Because of that, memories should be designed
with particular care in order to make possible further technology

scaling.

This thesis explores upcoming 10nm FinFETs and the existing
issues in the cache memory design with this technology. More-
over, it tries to present some original and novel techniques on the
different level of design abstraction for mitigating the effects of

process and environmental variability.

At first original method for simulating variability of Tri-Gate Fin-

FETs is presented using conventional HSPICE simulation envi-



ronment and BSIM-CMG model cards. When that is accom-
plished, thorough characterisation of traditional SRAM cell cir-
cuits (6T and 8T) is performed. Possibility of using Independent
Gate FinFETs for increasing cell stability has been explored, also.

Gain Cells appeared in the recent past as an attractive alternative
for in the cache memory design. This thesis partially explores this
idea by presenting and performing detailed circuit analysis of the

dynamic 3T gain cell for 10nm FinFETs.

At the top of this work, thesis shows one micro-architecture opti-
misation of high-speed cache when it is implemented by 3T gain
cells. We show how the cache coherency states can be used in
order to reduce refresh energy of the memory as well as reduce

memory ageing.
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Look, matey, I know a dead
parrot when I see one, and I’'m

looking at one right now.

Monty Python, Dead Parrot

Introduction

Humanity has witnessed tremendous progress since John Bardeen, William
Shockley and Walter Brattain invention of the transistor, and Jack Kilby’s
first assembly of an integrated circuit in 1948 and 1958 respectively.

The exponential increase of the transistor number on a die (and by that,
circuit performance) followed by the famous Moore’s law was the main reason
of technology advancements for almost 50 years. Integrated Circuit
development followed almost perfectly this famous law that predicts reducing
the transistor area by half approximately every 18 months. As a consequence,
the number of transistors has increased exponentially from the 2300 that
had the Intel 4004, (the first commercial microprocessor released in 1973),
to the 4.3 billions (that can be found in Intel’s 15-Core Xeon Ivy Bridge-EX
processor, the biggest microprocessor that can be found on the market at the
moment of writing this document).

However, the time of simple scaling of transistor features came to the
critical point as the dimensions felt below 32nm because imperfections in
the development process could not be neglected anymore. Simple technology
scaling of the planar devices is more complicated with every generation as the

transistor channel length is approaching the critical 10nm. Large companies
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invest a lot more funds in research that should prolong transistor scaling
that, in turn, increases the transistor cost. According to one definition of
Moore’s law that assumes doubled performance for the same price every 18
months; this law will be dead in a couple of years (if the high volume and
the vast diversity of the devices does not lower the transistor price).

It is not rare to read articles that talk about devices that we can expect
in the post-silicon era. Some of them discuss even revolutionary technologies
like DNA computing or even quantum computing. However, although these
technologies, in theory, seem very powerful, significant time is going to pass
before any commercial application is made. In other words, semiconductor
technology is still going to be very present in the next 10-15 years and scaling
the transistor features is going to be the primary reason of the technology
advancement.

Dead or not, Moore’s law is at its critical point, and the time of simple
transistor scaling is behind us. New solutions and approaches in how we
design chips are necessary for all of the levels of design abstraction if we

want to see further technology advancement and performance improvement.

1.1 Challenges in Further Technology Scaling

In the current stage of silicon technology manufacturing, process variations
pose a critical limiting factor. Variations in process parameters can be un-
derstood as imperfections in the development process which translate to a
non-deterministic behaviour of the transistors. These imperfections do not
scale with technology; thus their effect on circuit functionality increases as
technology shrinks. As a consequence, transistors cannot be observed as
deterministic devices in the design process. They rather have to be found
statistically with parameters that follow some random variable distribution
(most commonly a Gaussian Normal Distribution).

Besides the fabrication process, devices also change their characteristics
over time due to temporal fluctuation of voltage and temperature. According
to International Technology Roadmap for Semiconductors [1]; in the

next 10-15 years, the nominal supply voltage of the semiconductor circuits
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is going to drop down to 0.7V for high-performance devices. Consequently,
the reliability of such devices is significantly challenged. Noise Margin
which is the maximal voltage that can appear in some place in the circuit
without causing an error in the logic, reduces for smaller voltage supply.

Temperature effects are expressed the most in terms of static power con-
sumption. Traditionally, over the years [[C] designers were focused on min-
imising dynamic power since it was the dominant component in the overall
energy budget of the devices. However, due to the high number of transis-
tors on a die, the contribution of static power cannot be neglected anymore.
Following the fact that leakage currents are exponentially dependent on the
device temperature, the effects of temperature on the total power consump-
tion of the chip are evident.

Besides the process and temporal variations, devices lose their characteris-
tics due to ageing (Bias Temperature Instability , Hot Carrier Injection
(HCI)) |2]. Over the time, silicon traps are accumulated on the Silicon-Oxide
border. This physical process can be understood as an increase of the thresh-
old voltage of the transistors that in the end translates in the lower driving
current and consequently lower switching speed.

Allin all, process and environmental variations pose significant challenges,
and it is of crucial importance to consider their effects during design process
[3]. Additionally, innovations at every level of design of the design abstrac-
tions are necessary.

Not so long time ago, Intel Corporation announced that it would use Tri-
Gate for implementation of their 22nm processors. That has put
this technology as the definite successor of the classical bulk devices. Be-
cause of their 3D structure, they achieve better channel control and higher
Ion /1oy is reached with lightly doped channels |4l [5]. Lightly doped channels
reduce the effect of Random Dopant Fluctuations which is the great-
est source of variability in classical bulk technology. However, some sources
of variability caused by Line Edge Roughness and Metal Grain Gran-
ularity still remain, and their effects on the circuit performance is
going to be greater as the device channel length approaches 10nm [0, [7, ]
In other words, technology has solved the problem of process vari-

3
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ability caused by [RDF] but many other are still left open, and they demand

original solutions in order to mitigate them.

1.2 Embedded Memory Design in Presence of

Process and Environmental Variability

Novel multi-core processor architectures demand more on-chip caches for ef-
ficient sharing information across parallel processing units. Traditionally,
on-chip memories are based on the 6T [SRAM]cells. Since memory structures
occupy the biggest part of the chip area, it is of crucial importance that these
cells are scaled to the minimal dimensions. Parameter fluctuations have the
greatest influence on circuits that rely on perfectly matched transistor pairs
[8]. When the small dimensions of the devices are added on top of that it is
very clear why cells are the most vulnerable to the effects of process
variability. The variability of the devices in the embedded memories mani-
fests as the increased static power consumption and the increased number of

faulty cells.

Due to the high area that they occupy, they become significant consumer
of static energy. One way, to fight this inflation, is to reduce supply voltage
- Vpp. However, this reduction goes to the cost of the cell stability (the
number of failures increases), and it cannot be accomplished below some
critical value defined as Vpp, , . Also, supply voltage reduction decreases a

circuit speed that is directly dependent on Vpp.

Due to these challenges, innovations in the cell design have to be found on
the circuit level by presenting novel memory cells (e.g. 8T), or even
change in cache memory approach altogether by adopting [DRAM]technology
in high-speed cache memories. The second idea introduces another problem.
These cells lose their state over time, and they have to be refreshed which
increases the energy budget and produces performance losses because the

memory is blocked during that process.
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1.3 Thesis Contributions

The primary focus of this thesis is on technology and the charac-
terisation of cache memories when they are implemented by these devices.
Due to its geometry, the simulation of devices demands certain in-
novations in the simulation approach especially when process variability is
introduced. Traditional, analytical models have to be adjusted, and optimal
solutions for simulating variability have to be found. Besides that, the evalu-
ation of traditional embedded memory circuits has to be completed in order
to get an insight into the critical points and challenges. Finally, original so-
lutions on the circuit and micro-architecture levels, unique to the available
technology should be presented to find optimal solutions.

This thesis spans through different levels of design abstraction in the
attempts to solve the major challenges in embedded memory design in the

present days. In short, the main contribution of the thesis are:

e Characterisation of the upcoming 10nm [SO][FinFETs. In this part

of the thesis, we investigate how the process variation can be success-

fully incorporated into the standard [HSPICE| [BSIM-CMG] model for

efficient circuit simulation using traditional Monte Carlo methods. It

also presents how the effects of a back-gate biasing (that can be applied

in Independent Gate FinFETE) can be simulated with Tri-Gate
(TG]) model card that was available for this research.

e Characterisation of [SRAM cells for the 10nm [SOL[FinFET] technol-

ogy. This part consists of an extensive simulation of the traditional 6T
and 8T cells when they are exposed to the effects of process
and environmental variations. We simulated cell stability (Read Static
Noise Margin , and World Line Write Margin ), as
well as cell Read Access Time and Static Power Consumption.
We show how the and (WLWM] of the 6T cell can be
improved when the back-gate biasing technique is applied in the cell

design. Finally, we also compare to previously published work on the
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[SRAM] cells in higher technology nodes to provide an insight into the
scaling trends of [FInFET|SRAME.

o Dynamic 3T gain cell characterisation for the 10nm technol-
ogy. In this part, we investigate the possibility of implementing high-

speed caches with the 3T gain cell. Thorough characterisation of the
dynamic Gain Cell is presented, and results are compared with the
classical 6T cell. We further enhance the cell retention time
and consider the effects they have on a large memory array imple-
mentation. Finally, we compare our work with the similar solutions
regarding [DRAM] cells and explain the advantages and disadvantages

of our proposal.

) based high-speed coherent caches. In this part, we propose us-
age of the 3T dynamic cell for high-speed coherent caches. We evaluate
what effects such implementation has on cache energy and performance.
We further propose how the cache coherency can be exploited for re-
ducing refresh energy by refreshing only the lines in certain coherence
states and invalidating the other when they expired. This technique,
also reduces the memory ageing, and we evaluate the benefits in terms

of ageing reduction.



You see, your cat is suffering
from what we vets haven’t found

a word for.

Monty Python, Confuse A Cat

Background

2.1 Introduction

In this chapter, we present current technology scaling challenges. At first,
we explain more closely why variation exists and what are the major sources
of variation.

Later, we present some conventional techniques that can be used to com-
bat process variation at different levels of design abstraction. We discuss
traditional techniques that can be applied on the circuit level of design (e.g.
Body Biasing, Source Biasing). As the primary goal of this thesis is cache
memories design, we discuss techniques that are particular for the memory
design (cell modification and cell resizing). We further mention some con-
ventional micro-architecture techniques for combating variability in cache

memories.

2.2 Process and Environmental Variations

In the first section, we discuss process variations. We explain how these vari-

ations are classified into subgroups: random or systematic (within-die and

7
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die-to-die). From the whole set of the physical sources of process variations,
in this chapter we explain the most dominant two - Random Dopant Fluctu-
ations and Line Edge Roughness (LER]). Some authors, (e.g. in [9])
add to this list @ but since this variation is the direct consequence of @
in sub 22nm nodes, we will exclude it here.

Second part is reserved for the environmental variations. We discuss the
most common sources, voltage and temperature. We explain why the voltage
variations exist between different parts of the chip as well as how the activity
factor of different cores affects unbalanced heating of the chip.

Finally, we discuss what caused device ageing and how it affects circuit
performance. As the most common source of ageing, we identified Bias Tem-
perature Instability . We present the most acceptable explanation of
this physical process (Reaction-Diffusion method) and major factors

that influence it.

2.2.1 Process Variations

Process Variations can be understood as imperfections in the manufacturing
process, which result in the non-deterministic behaviour of the transistors.
In general, they can be classified as statistical or systematic.

Statistical variations exist due to the development process that is hard to
control when device dimensions are very small (oxidation, etching, diffusion,
ion implantation...). For instance, if the channel length is large enough, the
number of dopants in the channel is very high. Accordingly, the error in their
total number is small if just a couple of atoms are not ideally placed. On the
other hand, if the channel is very short, and the total number of dopants, is
extremely small, every single atom that deviates from the projected design
produces the error that cannot be neglected. For instance, in 10nm technolo-
gies, the expected number of dopants in the channel is in the order of 100
atoms. These variations are totally random, and there is no better solution
than to observe them statistically.

Another type of process variations can be classified as systematic. These

variations deviated from their nominal projected value, but they are char-
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acterised by the correlation between devices. They depend on the space
and distinct patterns. An example of systematic variations is silicon surface
flatness variations caused by the layout density variation during Chemical
Mechanical Polishing [].

Systematic (or Spatial) variations, as they can be defined, can be classified

into the two subgroups.

e Intra-Die (Within-Die) - These differences exist between elements on
the same chip. They exist due to the layout geometry when the varia-
tion in a certain component causes a change in a nearly part. As the

distance increases, the correlation between these variations reduces.

e [nter-Die (Die-to-Die) - Variations between chips in the same wafer or

between different wafers.

2.2.1.1 Random Dopant Fluctuations

As it name suggests, this type of variations is caused by the imperfection in
the development process resulting from the random number of dopant atoms
in the channel. With the reduction of the dimensions of the devices with every
generation, it is much harder to control the total number of dopants in the
channel. This variation in the number of dopants in the transistor channel
results in the variation of the threshold voltage for the device [10].
Figure [2.1] illustrates the effects of the random dopant fluctuations. Every
small dot present one dopant atom. It can be observed that this number is
very small comparing to the channel dimensions.

The negative impact of variations due to [RDF| was the reason for the
introduction of technology (Chapter [3). In [I1], authors show that
variation of threshold voltage (AVrg]) for Tri-Gate due to
can be calculated according to the Equation 2.1 AlVrp] is the variation of
threshold voltage, [g]is electron charge, is the fin thickness, [T}, fin height,
[[] channel length and gate capacitance.

qszn Nch
2Cox \| LTyinH iy,

AV = (2.1)
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Figure 2.1: [FinFET| Random Dopant Fluctuations (RDF)); Source Wang et.
all [6]

When the device parameters from the Table|3.1|are included in the Equa-
tion [2.1] it can be seen that for the 10nm technology, that we intro-
duce in the Chapter [3] variation can be neglected.

2.2.1.2 Line Edge Roughness

Gate patterning introduces a non-ideal gate edge; this imperfection is referred
as Line Edge Roughness . As device scaling continues into sub 20nm
regime, is expected to be a significant source of variation [6]. Shows
up since the nanometer technologies use light sources with wavelengths that
are much larger than the minimal feature size. Besides that, [LER]is caused
by a number of statistically fluctuating effects at these small dimensions such
as shot noise (photon flux variations), statistical distributions of the chemical
species in the resist such as photoacid generators, the random walk nature
of acid diffusion during chemical amplification, and the nonzero size of resist
polymers being dissolved during development. It is unclear which process or
processes dominate in their contribution to [12].

For technologies, [LER] can be observed as Gate Edge Roughness

10
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(GER)) and Fin Edge Roughness (FERJ). This is illustrated on Figure

(a) Fin Edge Roughness (FER) (b) Gate Edge Roughness (GER)

Figure 2.2: [FinFET| Line Edge Roughness; Source Wang et. all [6]

These features are almost constant through the technology nodes, so their
effects on the smaller feature size are much higher. According to [6], varia-
tions caused by [LER]is going to dominate threshold voltage variation for the
10nm SOJ[FInFET] technology.

The standard deviation of [LERFnduced Vyy variation when devices di-
mensions are changing from [W}; to [}, can be calculated according to

[12].
Ovegiwe = VWi /Waovypiw, (2.2)

2.2.2 Environmental Variations

The electrical behaviour of the devices in a circuit strongly relies on the oper-
ating conditions. The current through a device is strongly dependent on the
voltage at its nodes, and according to that to the supply voltage. The carrier
mobility , and consequently the threshold voltage are dependent

11
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on the operating temperature, too. In addition to the process variations de-
scribed in the previous section, any change in these environmental conditions,
also causes power and performance deviations from their nominal projected

values.

2.2.2.1 Supply Voltage Variations

The supply voltage at any location on a die deviates from the nominal design
value depending on the current requirements of the design. Increasing the
number of the devices in a die, and the operating frequency have augmented
the current demands.

Various blocks in a design usually share a single power grid. Any sudden
increase in the switching activity of a particular block requires additional
current to be supplied to that area of the chip. The parasitic inductance in
the power grid network and the package causes a di/dt drop and hence a
transient voltage drop on the supply lines. Further, in multi-core processor
architectures, dynamic changes in the current requirements of any one of the
cores can create supply voltage variations on all of the others [12].

Moreover, wire properties are worsening with every generation which
makes the problem of voltage scaling even more significant. Voltage drops
across the power grid due to the resistance of the power supply lines, which
is a function of the current. This is known as the IR drop and, it is pro-
portional to the steady-state current of the power supply and the resistance
of the power grid. The continued scaling of wire dimensions to match the
device scaling has increased the resistance per unit length of a wire. In addi-
tion, growing die sizes with larger transistor counts (especially on-die caches)
has increased the steady state (leakage) currents exacerbating the IR drop
problem. The resistance of the wires also increases with temperature, which
further worsens the IR drop [12].

2.2.2.2 Temperature Variations

For a given power density, the silicon temperature is a function of the thermal

conductivity of the materials used. In a bulk CMOS technology, the gener-

12
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ated heat spreads through the silicon substrate as well as the wires. However,
in a silicon-on-insulator technology the poor thermal conductivity of
the buried oxide causes most of the heat to be carried away primarily along
the wires, which causes the temperature to increase at a faster rate.
Another factor that determines the spatial temperature variation is the
actual application run on the system. Individual blocks are continuously
used in some workloads. In multi-core processors, it is likely that some of
the cores are inactive and hence cool down for a greater percentage of time.
Depending on the ability of the system to dynamically manage the workload
by periodically assigning tasks to different cores or moving jobs from one
core to another, the temperature difference between the cores will vary.
Temperature variation strongly influences static energy consumption. It
is well known that this function is exponential. In the era of high density
of the devices on a die, leakage becomes an equally important component as
well as dynamic energy, so the effects of temperature should be considered

very carefully in the chip design.

2.2.3 Device Ageing

Recent research has shown a high degradation of the devices over time due
to Bias Temperature Instability (BTI)[13]. This degradation that can be
understood as an increase of the threshold voltage reduces the cell noise
margins, increases read access time and increases the number of failures.
According to that, transistor ageing should be carefully considered in the
sub 20nm design, and adequate mitigating solutions have to be proposed.
Among the theoretical models that try to explain [BTT] the most accepted
one is the Reaction-Diffusion model. According to this model, silicon-
hydrogen (Si-H) bonds are broken over time at the silicon/oxide interface
whenever a negative voltage is applied to the gate of a PMOS transistor.
Broken Si-H bonds generate more interface traps. These traps, in turn,
capture electrons that flow from source to drain, which eventually leads to
an increase in the threshold voltage of the transistor. Consequently,

the nominal I; current of the transistor decreases over time which slows down

13
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the circuit.

Similar to , (Positive Bias Temperature Instability) affects
NMOS transistors whenever a positive voltage is applied to its gate. The
causes of [PBTI and [NBTT are, in essence, the same. Yet, different results

can be found in the literature. Initial research mostly showed that effects of

NBTI| are significantly higher than [PBTI| [14]. However, recent publications
show that the impact of PBTI| cannot be neglected especially in the small

10nm [FinFET| devices [13].

In general, BTT strongly depends on the following factors:

e Voltage - The higher the operating voltage, the higher is the BTT degra-
dation. Therefore, lower operating voltages are desired [13]. However

at low Vpp the susceptibility to variations increases.

o Temperature - Research on BTI shows that degradation is higher for

higher operating temperatures[14][15].

e Signal Probability - Different studies have reported a strong dependence
between the amount of BTT degradation and the zero-signal probability
[15]. The greater zero signal probability produces higher degradation
of PMOS devices due the NBTI

qNr(t)
Cox

In general, the threshold degradation due to BTI can be modelled fol-

AVTH 0.8

X fAc(Sp) X KDC x t" (23)

lowing Equation [2.3] where N7 is the interfacial trap density; Cox is the
oxide capacitance; Kp¢ is a technology-dependent constant, which depends
on temperature, Vpp, device geometry, etc. fac function represents the AC
dependency of the process [15]. According to the results presented in [15],
this feature is approximately linear. In the work that follows, we assume
this function to be linear (i.e. for a given technology node, we will con-
sider a linear dependency between the threshold degradation and the signal

probability).
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2.3 Soft Failures and Errors

A soft error, or single event upset (SEU), is defined as a transient piece of
incorrect machine state [16]. Occurrence of soft errors is becoming a critical
issue as technology continues to shrink. Due to technology scaling, trends
such as smaller supply voltages and reduced capacitance on the nodes cause
increased rate of soft errors [17].

Transient faults can be the result of electrical noise, such as crosstalk, or
high-energy particle strikes. Soft errors due to energetic particle strikes are
typically caused by alpha particles, which can be produced by radioactive
contaminants in packaging materials. In the presence of reduced supply
voltage, energy that is created by the particle strike can be large enough to
flip the state of the node and produce error in the circuit. Besides alpha
particle, same effects can be produced by high-energy neutrons from cosmic
radiation. While dealing with alpha particles is largely a manufacturing
issue, addressing neutron strikes poses a significant problem because adequate
shielding is prohibitively expensive[l6].

It is very important to design a processor that is going to be able to detect
and handle soft error when it happens. These demands are even higher in
the environments that are more prone to these effects (e.g. electronics in
planes is more susceptible to cosmic radiation) or in the applications where

an error could cause tremendous damage (e.g. stock market trading).

2.4 Solutions at Various Levels of Abstractions

2.4.1 Conventional Circuit Techniques to Combat Vari-
ability

In order to combat process variability statistical design approach have to be
applied in the circuit design. Design space is explored to optimise certain
criteria, i.e. energy consumption, reliability, circuit maximal frequency...
Majority of those techniques uses transistor size and threshold voltage to

tune specific circuit parameters in order to meet target yield. In this section,
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we present some of the most famous circuit level techniques that pose state

of the art in the cache memory design.

2.4.1.1 Adaptive Threshold and Supply Voltage

Body biasing techniques have been successfully demonstrated for reducing
variation. In general, this is the best method to fight variability since
it enables the dynamic modification of after chip fabrication that is
achieved by adjusting the body-to-source voltage. Forward body biasing
decreases the threshold voltage of the transistors, increasing
maximum frequency and leakage, while reverse body biasing has the
opposite effect [18], 19, 20], 2I]. Tolerance to variations can be increased by
utilising both [RBB|and [FBB|mutually-exclusively, and this is called Adaptive

Body Biasing (ABB)) [20, 21} 22} @].

A similar technique to the classical body biasing can be applied to the[SO]|
[FImFETE. It is possible to design [SOI[FInFET]| with two gates which give the

different design choices. The most common application of this structure is

back-gate biasing. This technique involves the following: one gate is used as
a control node as in classical devices while the other is biased to the constant

voltage. For example, applying a constant negative voltage on one N-type
FinFET| I; can be reduced (i.e. is increased).

The linear relationship of dynamic and leakage power with supply volt-
ages can be exploited to control power consumption as in Adaptively Scaling
the Supply Voltage . When compared to , offers less area
overhead. However, applying the [ASV] techniques on caches is very hard

since the timing is very critical.

Some methods that use Dynamic Voltage and Frequency Scaling (DVFS))
are found in the literature. For instance, in [23], authors present one original
solution that dynamically detects timing failure and if the failure is detected

voltage is boosted and instructions are repeated for correct computation.
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2.4.1.2 Source Biasing

Source terminal of a transistor can be actually used for controlling memory
leakage and retention failures [2, 24]. In source biasing technique, when a
particular row is accessed, the source line is biased to zero, which increases
the drive current and achieves fast read/write operations. When the row is
not accessed, the source line voltage is raised to Vsp, which substantially
reduces both the sub-threshold and gate leakage during the inactive periods.
Although increasing the source-bias in an [SRAM] array reduces the leakage
power, the probability of retaining the data at the standby mode decreases
(hold failure)[2].

In [24], the effects of source biasing have been investigated on memories
under process variations to reduce leakage while maintaining its robustness.
The authors propose an adaptive source-biasing scheme to minimise

leakage while controlling hold failures.

2.4.1.3 Cell Sizing

The length and width of the different transistors of the [ SRAM]bit cell affect
the cell failure probability by modifying: the nominal values of access time
Trccrss, the trip point of the inverter Vigrp, the read voltage Vrgap, the
write time Ty grrE, the minimum retention voltage Vppmi, and the sensitiv-
ity of these parameters to Vg variation. The impact of varying the strength
of the different transistors on the various cell failure probabilities has been
explained in detail in [25].

Although the memory cell characteristics can be improved by increas-
ing the transistor width and length, it effectively contradicts Moore’s law

(production of transistors with smaller dimensions) in its essence.

2.4.1.4 Assist Techniques

Read and Write assist techniques can be applied to the memory without
increasing the cell area which makes them preferable when comparing to the

previous ones described in this section. These techniques assume tuning the

17



CACHE MEMORY DESIGN IN THE FINFET ERA

bit-cell supply voltage, world-line voltage and bit-line voltage in order to
improve read/write margins and Vppmin [26, 27].

Modulating the word-line voltage or pulse width is one such technique.
This method decreases the failure rates by reducing the duration or the drive
strength of the bit-line on the internal nodes during the read cycle. The
length of the word-line pulse can be shortened, which reduces the amount of
time that the read stress is applied to cells and thus reduces the failure rates.
The read margin can also be boosted by reducing the strength of the access
transistor, preventing read disturbance.

The reduction in the SRAM]cell supply voltage improves the write margin
by reducing the overdrive voltage of the PMOS pull-up transistor. This flips
of the high internal node more easily. The virtual supply can be reduced
by dividing the array into subarrays and dropping the voltage of only the
columns that are being written. A similar scheme utilises the capacitive
ratio between the array cell voltage and a dummy voltage line to lower the
cell voltage rapidly. Bit-line signals can also be modified in duration or
intensity to influence the read and write margins of the cells. For instance,
the reduction of the bit-line voltage improves the read margins.

Column sense amplifiers can be implemented in each column to provide
full bit-line amplification to improve the read stability. Another approach
is a pulsed bit-line (PBL) scheme, where the BL voltage is reduced by 100-
300mV just prior to the activation of the WL for 32 nm technology node.
This reduces both the cell read-current and the charge sharing between the
bit line and the storage node. During the write operation, PBL is applied
to the half selected cells (i.e. cells sharing the same WL but belonging to

unselected columns). This scheme significantly improves the read failure rate.

2.4.1.5 Memory Cell Modification

Over the years, the 6T cell was the de facto choice for design. As the
need for bigger (and denser) memories is always present, it is of crucial im-
portance that this cell is scaled to the minimum dimensions. However, some

constraints have to be satisfied. A detailed explanation of the functionality
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of classical 6T cell can be found in [28].

Failures in 6T{SRAM]|are characterised into 4 types - Access Time Failure,
Read and Write Stability Failures and Hold Failures. It is assumed that the
primary sources of such failures are the variation due to random dopant
fluctuations in the threshold voltages of the six individual transistors that
constitute the cell [29].

In order to improve the cell reliability, especially for low power designs,
some alternative cells with the higher number of transistors were published
in the recent years [30]. For instance, in [31] the asymmetric 7T cell, and
in |32 33] 10T cells are presented. These cells are designed for low
voltage operations. One of the most promising successors of the 6T cell is
the 8T cell [34], 35]. Two more transistors are added (RG1 and RG2)
to obtain a separate read path. Because of RG1, the cell "core" is isolated
from the output. This significantly improves cell stability. However, the area
of the cell is increased, and one more extra line complicates memory routing.

Multiple transistor cells (Gain Cells) [36, 37, B8] have received
a significant attention lately as a potential replacement for the classical 6T
cell. These cells use the capacitance of the device to store the memory
state. The charge that flows trough the read line is greater than the charge
used for storing the value, so these cells are also called gain cells. A separate
read path enables non-destructive reads and reduces the access time when
compared to the traditional 1T1C cell. Also, when compared to the 6T
[SRAM] the different read line isolates the cell core from the read path, and
there is no critical read noise margin that should be considered during the

read-process.

2.4.2 Micro-Architecture Techniques to Combat Vari-
ability

Variation tolerance with low degradation in performance can be achieved

by considering cache memory design at a higher level of the design abstrac-

tion. In this section, we present some the most famous techniques to combat

process variability at the micro-architecture level.
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2.4.2.1 Cache Reconfiguration

In [29], Agarwal et. all proposed a process-tolerant cache architecture suit-
able for high-performance memories that detects and replace faulty cells. It is
based on online Built-In Self-Test that identifies damaged cells (due
to process variation) and a configuration for remapping the faulty block. By
using a column MUX, a non-faulty block is accessed when a faulty block is
demanded.

In order to map the faulty block to the fault-free block permanently, the
tag array width is expanded to two bits (assuming that four blocks share a
column multiplexer). These extra bits are set to appropriate values by the
configuration controller to ensure that a cache miss occurs when the fault-free
block (where the faulty block is mapped) is accessed. This architecture has
high fault-tolerant capability compared to the contemporary fault-tolerant
techniques, with minimum energy overhead and it does not impose any cache
access time penalty. This scheme maps the whole memory address space into
the resized cache in such a way that resizing is transparent to the processor.
Hence, the processor accesses the resized cache with the same address as in a
conventional architecture. By employing this technique, Agarwal et al. [29]

achieve high yield under process variation in 45-nm predictive technology.

2.4.2.2 Cache Line Deletion

In [39], a Cache line deletion in suggested when a faulty line is detected (i.e.
faulty line is marked and excluded from regular cache line allocation and use).
An additional bit is attached to each cache tag [40] to determine the faulty
cache. Any cache line with the availability bit turned off is defective and is
not used. A similar strategy has been employed in IBMs Power4 processor,

which can delete up to two cache lines in each L3 cache slice [40].

2.4.2.3 Error Detection and Error Correction Codes

In this paper we
Error detection is the most important aspect of fault tolerance because a

processor has to be aware of a problem before it can tolerate it. Error De-
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tection Code has been incorporated into most commercial computers
[41], [42]. Moreover, the most of the processors incorporate Error Correction
Code in every level of cache hierarchy (e.g. in [43| [44].

Most caches are write-back, in which modified data is not immediately
propagated to lower levels of the memory hierarchy. Since modified data has
no back-up copies in other levels of the memory hierarchy, write-back caches
are especially vulnerable to soft errors[4l]. Because of that the most of
write-back caches comprise Single Error Correction Double Error Detection
(SECDED) code. However using ECC in the cache implementation tradeoffs
are made since ECC implementation increases cache area and reduces cache
speed. One interesting solution was shown in [45]. The paper presents error

coding for spatially correlated errors in two-dimensional coding scheme.

2.4.2.4 Micro-Architecture Techniques for Reducing Cache En-
ergy

Caches are the highest consumer of the energy (especially leakage energy)
because they occupy the greatest part of a chip area. Among all methods
proposed to reduce the cache leakage, here we mention two, the most refer-
enced since many other works that have appeared latter have extended these
ideas at a certain level.

In [46], authors suggest moving the particular lines of the cache to the low
power Drowsy State. They present different policies for transferring unlikely
used lines into the Drowsy state. According to their work, they achieve a
significant energy reduction since the great part of the cache lines (more than
80%) is unused or very unlikely used in standard cache behaviour.

Another work presented in [47], is based on the idea that a line, when
it is pulled in the cache, is more likely to be used to some predefined time.
Decay exploits this idea by invalidating and "turning off" cache lines after
some predefined period of time.

Besides for reducing leakage energy, ideas that extend Drowsy and Decay
caches fundamentals can be used for reducing the refreshing energy in the

dynamic memories. This approach will be presented in Chapter [6]
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And now, for something

completely different.

Monty Python’s Flying Circus

FinFET Technology

3.1 Introduction

Introduction of the multi-gate FET technology has prolonged Moore’s law
by solving the problem of Threshold Variability caused by Random Dopant
Fluctuations. Better channel control that is achieved by fabricating the tran-
sistor gate from the more than one side is the key.

Among all Multi-Gate devices, Tri-Gate FinFETs emerged as the most
promising successor of the traditional bulk technology. The primary reason
for this is the development process of these devices that is slightly more
complicated than of the traditional planar devices, yet much simpler than
for some other multi-gate structures (e.g. Surrounding Gate structures).

In this chapter, we present the fundamental facts about Tri-Gate SOI
FinFET technology. We show detailed characteristics of BSIM-CMG model
card developed by the University of Glasgow, Device Modelling Group that
we used in our research. The main contribution of this is work is the proposal
how the variability of FinFET devices can be incorporated in an HSPICE
model card for time efficient circuit simulation when classical Monte Carlo

methods are used. We also presented how the effects of the back-gate biasing
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(that can be applied in Independent Gate FinFETs) can be simulated with

the Tri-Gate model card that was available for this research.

This work has been published in the Conference "Mixed Design of Inte-
grated Circuits and Systems" (MIXDES 2012) [48] and journal "Transactions
on Electron Devices (TED 2013)" [49].

3.2 Characteristics of FinFET Technology

3.2.1 Tri-Gate FinFETs

The main characteristic of Tri-Gate FInFET devices (Figure is that
the gate wraps the channel from 3 sides. This increases the effective channel
width that gives better control of the short channel effects (SCE), and a
high dopant concentration is not necessary anymore - as it was the case
with traditional bulk MOSFETs [50] [4]. As a consequence, two advances can
be noticed: (7) the variability caused by random discrete dopants becomes
insignificant; (i7) the leakage current is lower comparing to the classical bulk

technology [6].

The major difference between the FinFETs and the classical planar de-
vices is the quantisation in the FinFETs channel width that can be calculated
according to the Equation [3.1]

Weff = Nfin(QHfin + Tfm) (31)

where Ny, is the number of fins of the transistor, Hy;, fin height and T,
fin thickness.

Our model is designed for a 10nm channel length (L); fin height (Hy;,)
and fin thickness (7y;,) are 12.5nm and 5nm respectively. Effective oxide
thickness (EOT]) is 0.585nm. Detailed transistor parameters are presented in
Table Bl
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Figure 3.1: 3D Structure of SOI Fin-FETs

Table 3.1: The FinFET parameters

| Node (nm) |11 |

L (nm) 10
EOT (nm) 0.585
Tin, (nm) 5
Hy;y (nm) 12.5

Ngp (em™3) | 3e20
Neg (em™3) | lelb
Vaa (V) 0.8
Logy (nA/pm) | 97
Idsat (MA/Nm) 1958
SS (mv/dec) | 73.2
DILB (mV/V) | 47

3.2.2 Independent Gate (IG) FinFET

Specifically, the top gate of the channel can be etched and by that, two
independent gates can be formed as in the Figure [4].

The most common application of this structure is called back-gate biasing
that involves the following. One gate is used as a control node as in classical
devices and the other is biased to the constant voltage to control transistor

strength (e.g. applying a negative voltage on one N-type FinFET gate, I,
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is reduced). This technique is similar to the body biasing in classical bulk
technologies [19, [18].

For the simulation of this technique by BSIM-CMG model card, we used
the following approach. A voltage generator is connected in series with the
FinFET control gate to emulate the effects of back-gate bias. In general,
the voltage value of this generator is dependent on the potential difference
between source and gate (V) that the best I curve fitting can be achieved.
For simplicity, we assume that this voltage is constant (independent of Vg).
This should not induce a big error in simulations if it depends on the active
part of the IpVgs curve. For instance, this method is used in Chapter
where we simulate the stability (RSNM], [WLWM]) of the 6T SRAM cell.

3.3 FinFET variability

Although FinFETs have alleviated the problem of the threshold variability
caused by RDF, some sources of variability still remain. Variation in circuit
parameters resulting from the effects of Fin Edge Roughness (FER) and Gate
Edge Roughness (GER) still pose significant challenge for these devices |7, ],
and its effects are going to worsen as the channel length approaches 10nm
[6].

Numerical simulations based on finite-elements methods or (Tech-
nology CAD) tools are useful for technology evaluation. TCAD simulations
can be combined with Monte Carlo simulations to predict the impact of the
device variation on the circuit performance. However, these simulations are
very time-consuming and applying them to a circuit with a large number of
transistors is impossible [50] [11]. Because of that analytical models are de-
veloped. Analytical model comprise set of complex mathematical equations
that describes physical process of the device. In general data obtained by the
TCAD simulations (or physical measurements of real devices) are fitted by
set of mathematical equations by carefully setting appropriate parameters.

BSIM-CMG ([11]) is the new generation surface-potential-based multi-
gate devices model, which is available in HSPICE [51]. In this section, we

propose a procedure to obtain variability characteristics from TCAD simu-
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lations in order to incorporate them in an HSPICE simulation.

N type FinFET Vds = 0.8V P type FinFET Vds = -0.8V
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Figure 3.2: Tri-Gate 10nm SOI FinFET Transfer Functions

Figure presents the transfer characteristics of the state-of-the-art
10nm SOI FinFET devices featuring metal gate and high-k dielectric with
the default temperature of 30°C. Device parameters are shown in the Ta-
ble 3.1} Plots have been obtained by TCAD simulations when the variability
of RDD, FER, GER, metal gate granularity (MGG) and interface trapped
charge are incorporated. Variability amounts are extracted from the
[TRS| report. The device is designed to meet the requirements set by ITRS
roadmap for high-performance applications. The GSS "atomistic" simulator
GARAND [52] is used to investigate the statistical variability and reliability.
For both FinFET types, 1000 instances are analysed to minimise statisti-
cal error (approximately 95% confidence for @ Nominal supply voltage is
Vps = 0.8V. The random dopants are introduced based on the nominal local
doping concentration. LER is obtained from Fourier synthesis with Gaussian
autocorrelation, parameterised by correlation length (30nm) and root mean
square (RMS) varied in the simulations [53]. TiN gate metal grains are as-
sumed to have two different possible crystalline orientations with different
work-functions spanning 0.2V and having 40% and 60% probability of oc-
currence [54, B5]. To introduce a random grain pattern into the gate of each

simulated device, a similar procedure to the one, for investigating polysilicon
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and high-kappa granularity (described in detail in [56]), is applied. The de-
tailed simulation procedure, technology assumptions and individual or com-
bined effects of variability source on the device characteristics can be found
in [6].

CALCULATE PDFs CHOOSE RANDOM

READ 1000 .|  FOR EVERY R
TCAD SIMs > VGs BIAS OF HFINSII?"I‘:OI':OT
TCAD DATA , » EOT, ...

\
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OF HSPICE MC SIMs HFIN, TFIN, EOT,...

CHOOSE PARAM STDs
»| THAT PRODUCE THE
SMALLEST ERROR

Figure 3.3: FinFET variability calibration procedure

The most common procedure for circuit variability simulation using the
HSPICE is to do Monte Carlo simulation when some of the model parameters
are Gaussian random variables with mean equal to the nominal value [3] 57].

Variability simulation of traditional bulk structures is mostly based on
the variation of [Vzy Although in [6] authors show that individual sources
of process variation produce approximately an asymmetrical distribution of
[Vl for simplicity reasons, we decided to model process variability as a
Gaussian distribution of few parameters from HSPCE model card. As we
will see, in short, the simulation error is less than 2% under this approach.

Since BSIM-CMG is surface-potential-based model, there is no pa-
rameter and an alternative for process variability simulation has to be found.
Our proposal is to consider process variability as the variation in Hy;, (fin
height) and 7', (fin thickness), EOT (oxide thickness), [ (channel length).

We assume a normal distribution of these random variables with the mean
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value equal to the nominal value of the device parameter. For searching op-
timal standard deviations we used simple heuristic search. We were finding
standard deviation of the device parameters from the specific ranges that
we obtained by the initial characterisation of the device transfer character-
istics. When this initial search has been done we approached detailed and
more accurate search. The procedure to determine the standard deviations
of these random variables that would approximate process variability with
the highest accuracy is illustrated in Figure [3.3]

The first step is to load 1000 TCAD transfer characteristics data (1000
IpVgs plots obtained by the TCAD variability simulation of the FinFET
devices). Next, calculate Ip frequencies for every value of gate-source bias.
Next, we pick up a random value of standard deviation for different parame-
ters in HSPICE model card (H fin, Tfin, L and EOT). Then, perform HSPICE
DC simulation with 1000 Monte Carlo samples and compare frequency distri-
butions of Ip for every value of gate-source bias. This procedure is repeated
iteratively until the difference (or similarity) between the outputs is below a
certain threshold. For the measure of similarity (i.e. error) between distri-
bution functions, we choose a number of values that fall in 3al and Hal range
of the Ip distribution function that is obtained by TCAD simulation.

After the iterative process, this procedure achieves an error (as defined
in the previous paragraph) of less than 5% for 30 and less than 2% for 5o,
when T%;, and Hy;, parameters are considered as Gaussian random values
with relative standard deviation of 16% and 12%. Simulation has shown that
minimal error is reached when just T';, and Hy;,, parameters are considered
as Gaussian variables. Because of that, we shall consider L and EOT constant
in further analysis. Here it should be noticed that process variability could
be regarded as the variation of some other parameter from the BSIM-CMG
model card (e.g. variation of gate Work-function. However, the previ-
ously developed method that considers process variability just as variation of
Ty and Hy;, parameters, approximate Ip distribution functions with very
small error (less than 2% for specific error measure as previously claimed).
For that reason, our variability simulations use just these two parameters.

In the case of independent back-gate biased FinFET, we assumed the
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same variability metrics as for Tri-Gate FinFET, which is realistic considering

that the same device dimensions are used.

3.4 Conclusion

We have shown an original method to incorporate process variability of the
10nm FinFETs, previously obtained by TCAD simulations, in an HSPICE
BSIM-CMG card for time-efficient simulation without compromising results.
BSIM-CMG became standard when simulating multi-gate devices, and be-
cause of its complexity and distinction from threshold based MOSFET mod-
els, it is of crucial importance to find an alternative method to incorporate
process variability in the simulation. In this chapter, we show that by vary-
ing just two parameters H ¢, and T}, very accurate results can be achieved
when classical Monte Carlo simulations are used. Comparing to the results
obtained by TCAD simulations this method shows error less than 2% in 50
ranges. Moreover, we have shown one simple solution that can be used for
simple simulation of back-gate biasing for the Independent Gate FinFETs,
that can be used to give certain insight about technology when only Tri-Gate

models are available.
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FinFET SRAM Cells

4.1 Introduction

Novel multi-core processor architectures demand more on-chip caches for ef-
ficient sharing information across parallel processing units. These memories
are traditionally designed on SRAMs. Since they occupy the greatest part of
the chip area, it is of crucial importance that the SRAM cell, as their primary
building unit, is scaled to the minimal dimensions. Parameter fluctuations
have the greatest influence on circuits that rely on perfectly matched transis-
tor pairs [§]. If the small dimensions of SRAM cells are added to the previous
statement, it becomes evident that process variations have the greatest in-
fluence on them. However, some constraints have to be satisfied and trade
offs has to be searched.

In this chapter, we characterise the 6T and the 8T SRAM cells designed
in the 10nm SOI FinFETs technology. Ideally, the cells are scaled to the min-
imal dimensions that allow sufficient density while keeping performance (i.e.
speed and power) within the design goals. Starting from the minimum sized
SRAMSs, we analyse their performance when exposed to the different sources

of the process variability: FER, GER, MGG and environmental variations
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(i.e. supply voltage and temperature). Since there is still little information
regarding the actual FinFET fabrication process, in our analysis we consid-
ered only intra-die variability sources. Also, since FER, GER and MGG
are major source of the process variability in these devices, and since the
dimensions of the cell that we simulate are very small, it is very reasonable
to assume that these process variations are random.

Besides that, we analysed a technique for World Line Write Margin
(WLWM) and Read Static Noise Margin (RSNM) enhancement by lower-
ing the strength of the pull up (PU) and the pass gate (PG) transistors.
This can be achieved using a reverse back-gate biasing technique when the
independent gate FinFETs are employed in an implementation. Using the
back-gate biasing is a very attractive method to fight variability since it can
be applied dynamically after chip fabrication.

The main contribution of this work is the characterisation of the 6T and
the 8T SRAM cells for the 10nm SOI Tri-Gate FinFET technology under
process and environmental variations. While we make a thorough analysis of
the behaviour of minimum sized 6T and 8T cells, we also provide a study of
different design points (i.e. cell sizes). We show how the RSNM and WLWM
of the 6T SRAM cell are improved when the back-gate biasing is applied in
the cell design. Finally, we also compare to the previously published work
on the SRAM cells in higher technology nodes to provide an insight into the
scaling trends of the FinFET SRAMs.

This work has been published in the Conference Mixed Design of Inte-
grated Circuits and Systems" (MIXDES 2012) [48] and journal "Transactions
on Electron Devices (TED 2013)" [49].

4.2 FinFET SRAM Cells Characterisation

For proper dimensioning of the cell, two fundamental constraints have to be
satisfied. The PU transistors have to be weaker than the PG transistor (write-
ability), and the PD transistor has to be stronger than the PG (readability).
A detailed explanation of the functionality of the classical 6T SRAM cell can
be found in [2§].

32



CHAPTER 4. FINFET SRAM CELLS
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Figure 4.1: SRAM cells

Read static noise margin (RSNM) is defined as the minimal noise voltage
that can flip the cell state during the reading process. RSNM is calculated as
the maximum square that can fit in the butterfly curve. The butterfly curve
is formed by plotting the voltage transfer characteristics of the two inverters
in an SRAM cell when both bit lines (BL and BLB) and the word line (WL)
are biased to Vpp. If the two squares inside the butterfly curve do not have
equal side lengths, the RSNM is the side length of the smaller one [I1].

Word-line write margin (WLWM) characterises the cell’s write stability.
A write operation in SRAM is typically carried out at a WL voltage of Vpp.
In some cases, the WL voltage can be lowered during the cell access in order
to improve cell RSNM or reduce dynamic power consumption. WLWM is
the maximal value by which the WL voltage can be reduced below Vpp that

still allows a successful write [11].

The operation of a 6T FinFET SRAM cell is the same as the conventional
6T SRAM planar circuit, and the same constraints have to be satisfied. How-
ever, the dimensions defined by bulk devices cannot be directly applied to
FinFET technology due to the quantisation of the FinFETs width [4, [58].
The smallest cell has one fin in the PU and the PG transistors. Read stabil-
ity can be improved by increasing the number of fins in the PD transistors
[4, 58]. In this chapter, we evaluate the performance of the 6T SRAM cell
that has 2 or 3 fins in the PD transistor.

In order to improve further RSNM, especially for low power designs, some
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alternative cell designs with a higher number of transistors were published in
the recent years [30]. In this work, we also present results for the 8T SRAM
cell (Figure which has shown to be the most promising successor of the
classical 6T cell. Two more transistors are added (RG1 and RG2) to obtain
a separate read path. Because of the RG1, the cell "core" is isolated from
the output. This significantly improves the read stability and only one fin in
the PD transistor is needed to achieve high RSNM values. In our analysis,
we consider an 8T SRAM cell that has only one fin in the PD transistors.

Besides the already mentioned RSNM and WLWM constraints, in this
work we present results for two more metrics.

Leakage (the term leakage is used as a synonym for the static power) is
the cell power consumption when it is not accessed (when the WL is set to
0). Inactive power consumption is not 0 because of the leakage currents. As
the technology has been shrunk beyond 32nm, this component has become
a limiting factor in the design process.

Read Access Time (RAT) is defined as the time that elapses from the
moment when the cell is activated until the moment when the Bit-Line (BL)
voltage reaches some predefined value. Similar to the RAT, we can define
Write Access Time (WAT) but every cell is always more sensitive to the
reading process (RAT is always greater than WAT). According to this, in
order to compare the cells speeds in this chapter we only present results for
the RAT.

4.3 Related Work

Because the SRAM cell is the most sensitive component in the design process,
its characterisation is of crucial importance. Additionally, measuring the
stability and the leakage power of the cell gives a good estimation of the
technology, especially under the effects of process variation. In this section,
some significant work related to the silicon technology evaluation and the
SRAM cell characterisation is presented.

In [59] 4, 58], authors characterised FInFET SRAM cells for 32nm tech-
nology when Tri-Gate (TG) and Independent Gate (IG) FinFETs are used.
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They show how RSNM can be increased up to 220mV when three fins are
used in the PD transistor. Mainly, they presented one realisation of an IG
FinFET SRAM cell that can improve RSNM up to 240mV (for power supply
of 0.8V) with 17% of area and 52% power consumption reduction at the same
time. RSNM improvement, by reducing the PG strength, was presented in
[60], too. Authors used the 32nm models for their work and for the 1V power
supply they show that the RSNM can be increased up to 325mV when IG
FinFETs are used in the PG transistors for dynamic Vg control comparing
to 233mV when that is not the case.

Similar work has been done further for smaller technology nodes so the
following papers can be found. In [61) [62] RSNM and WLWM of different
6T SRAM cell types, are evaluated for 300mV and 500mV respectively for
25nm FinFETs under process and environmental variations. Slightly smaller
devices are presented in the works of Carlson et al.[63] and Shin et al., [64]
for the 22nm technology node. According to these papers, RSNM can be
increased between 270-300mV when IG FinFETSs are used. In [65] 18nm TG
FinFETs that incorporate, high-x dialectric for surface isolation are used for
the 6T cell design. Results have shown up to 160mV RSNM, 300mV WLWM
with leakage less than 10nW per cell. SRAM cells characterised for 13nm
devices are presented in [66] 67]. Results show that a leakage of 0.7nW and
RSNM of 338mV can be achieved for the 8T SRAM cell, and similar results
are obtained for one particular IG 6T SRAM cell. All these cells are designed
to work on power supply 1V-1.1V.

As far as we know, the smallest designed FinFET SRAM cells are pre-
sented in [68]. Gupta et al. developed different 6T SRAM cells with 10.8nm
TG and IG FinFETs for 0.7V supply. They show that for the particular
case of IG 6T SRAM cell, RSNM can be increased up to 250mV (comparing
to 150mV for classical TG cell) but at the cost of WLWM (280mV for TG
compared to 150mV for IG). The estimated leakage current is 2.5nA.

The main contribution of this work is the evaluation of the technology
that is available to us for which we believe that is going to be one of the
mainly used in IC design in the near future. We used Tri-Gate SOI FinFET

models for 10nm devices which are the smallest currently available. Doing
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this analysis is of crucial importance because the most cache memories in
current processors are implemented in SRAM technology. Also, this study
will serve as a baseline for the alternative solutions that are going to be

presented in the following chapters of this document.

4.4 Simulation Results

We performed the simulations for different supply voltages and temperatures
for the SRAM circuits exposed to process variability. For every case (of
supply voltage and temperature) we simulated 1000 Monte Carlo instances
are simulated to achieve high confidence. Parameters T;, and Hy;, are
considered Gaussian random variables with relative standard deviation of
16% and 12% respectively (Section. Because LER is the leading cause of
this process variability, these random variables have been considered entirely
independent from fin to fin [11].

For the presentation of the results bar plots are used. The mean value
of the particular metric of 1000 simulated samples is presented. Also, every
plot holds an error range (. — 1.960, 14 1.960) which corresponds to the 95%

confidence interval.

4.4.1 Read Static Noise Margin

Butterfly plots for the different cell type and size are presented in Figure [4.2]
Red lines on every figure are ideal butterfly characteristics (cell without vari-
ability).

Read Static Noise Margin (RSNM) dependence on power supply and tem-
perature is presented in Figures and [£.4] It can be noticed that median
value of RSNM can be increased by 25mV (15%) when used 67T cell with 3 fins
in the PD or by 84% by the 8T cell, compared to the results with a 6T cell
with 2 fins in the PD. Also, RSNM shows a slight dependency of temperature
(15mV for 30-110°C).

When compared with previous work, it can be seen that the median value
of RSNM (that lays in the range from 170mV for 6T SRAM cell with 2 fins to
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Figure 4.3: SRAM cells Read Static Noise Margin (RSNM) vs. Vdd
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Figure 4.4: SRAM cells Read Static Noise Margin (RSNM) vs. temperature

the 305mV for 8T SRAM cell) is similar to the results presented in the related
work. However, most of those calculations are done for a supply voltage of 1V
for technologies with higher transistor channel lengths [58, [61) [62], [65], (66, 67].
According to that, we can conclude that RSNM is not significantly degraded

in smaller technologies and even with a reasonable supply voltage scaling to
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0.8V.

According to [69], in order to ensure SRAM stability p — 60 of RSNM
should exceed 4% of Vpp. This criterion has already been used in the initial
evaluation of 6T FinFET SRAM cell presented [70], so we mention it here,
too. According to this norm, a 6T cell that has 2 fins in the PD transistor is
not enough for Vpp = 0.4V, while 6T with 3 fins in the PD passes the test
for Vpp = 0.4V, and 8T even for Vpp = 0.3V. However, as we will see in

the next section, scaling the supply voltage to these extremes is not possible
due to the World Line Write Margin (WLNM) limitations.

4.4.2 World Line Write Margin

5%16 SRAM Cell, PD 2 Fins, WLMN vs Vdd 6T SRAM Cell, PD 2 Fins, WLMN vs Temperature
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400 400}
S S
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=200 =200+
= =
100 100}
0 0
08 07 06 05 04 30 40 50 60 70 80 90 100 110
vdd [V] Temperature [C]
(a) WLNM vs. Vdd (b) WLNM vs. Temperature

Figure 4.5: 6T SRAM Cell World Line Noise Margin (WLNM) vs. Vdd and

temperature

WLWM simulation is obtained by setting the BL to 0 and BLB to Vpp.
The WL voltage (Viy ) is swept from 0 to Vpp and the value when the cell
flips its state is measured. The difference between Vpp and the measured
value is WLWM.

WLWM dependence on Vpp and temperature is presented in the Fig-
ure .5 The results show very similar behaviour for the 6T and the 8T
SRAMSs, a subtle dependency on fin number in PD transistor and chip tem-
perature.

Comparing the WLWM results with previous works [61], 62} [65], it can be
seen that the median value of WLWM is approximately 200-300mV lower.

However, these measures are made for 1V supply voltage. Given the observed
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linear relation between WLWM and supply voltage, we can conclude that
technology scaling does not affect directly WLWM, but supply voltage scaling
does. For a supply voltage of Vpp = 0.4V, a couple of samples fail to

complete the writing process (from 1000 simulated), which is unacceptable.

4.4.3 Increasing the Cell Stability by Back Gate Biasing

In this section, we show how the RSNM and WLNM of the cell can be
increased when back-gate biasing is applied to the PG and the PU transistors
for IG FinFET technology. The cell is designed for an 0.8V power supply.
Plots are made for different cases of the PU and the PG back gate biased
voltage. We analysed the 6T cell with two fins in the PD as it can be

considered optimal regarding stability-area trade off [4].

4.4.3.1 Increasing WLMN by Applying Positive Bias on Back
Gate of the PU Transistor
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Figure 4.6: 6T SRAM cell stability vs. PU bias
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Figures [4.6] show how the WLWM and RSNM change when the strength
of the PU transistor is reduced as a reverse back gate bias is applied on it.
It can be seen that the WLNM can be increased by almost 190mV while at
the same time RSNM is lowered by 50mV.

4.4.3.2 Increasing RSNM by Applying a Negative Bias on the
Back Gate of PG Transistor

Figures [£.7] show the RSNM and WLMN when a reverse back gate bias is
applied to the PG transistor. It can be seen that the RSNM can be increased
some 2bmV but, in that case, the mean value of WLMN drops to 100mV.
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Figure 4.7: 6T SRAM Cell Stability vs. PG Bias

4.4.3.3 Increasing WLMN by Increasing the Gate Length of the
PU Transistor

An increase of the WLNM can be achieved by increasing the channel length of
the PU transistor. By increasing the channel length of the PU transistor, its

40



CHAPTER 4. FINFET SRAM CELLS

strength is reduced. The effects of this approach are the same as the effects of
applying a positive bias on the back gate of PU transistor. the positive side
of this technique, when compared to the PG and the PU biasing is that it
can be applied on both, Tri-Gate or Independent-Gate transistors. However,
its application is limited by the design process (i.e. once set the transistor

dimensions are fixed and further adaptation is not possible).
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Figure 4.8: 6T SRAM cell stability vs. PU channel length

4.4.4 Read Access Time

In this section, we present the results for the cell Read Access Time (RAT). In
order to make this type of measurements, we performed a transient analysis
using the HSPICE simulator. In our simulation, we observed one memory
column when the BL and BLR are connected to a capacitance of 5.12fF which
should be capacity of a column with 64 SRAM cells according to the ITRS.

We measured RAT as the time from the moment when WL line is ac-
tivated (when the voltage on the WL node reaches Vpp/2 to the moment
when voltage on the BL reaches 5/8Vpp (approximately Vpp — Vrpy). Fig-
ures4.9/and show that RAT has a minuscule dependency to temperature.
However, a significant increase in cell access time when the supply voltage
is reduced can be observed (the strength of the PD and the PG transistors
reduce, and time to discharge the BLR capacitance is longer). Also, the cell
RAT is dependent on the number of fins in the PD transistor for 6T cells,
so the cell with three fins in the PD is the fastest. On the other hand, the

8T cell is the slowest since the read out path has only one fin transistors in
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read path. RAT of the 8T cell can be reduced by inserting an additional fin
in the RD1 transistor, but this has the area penalty. The RAT of the 8T cell
with two fins in the RD1 transistor is almost the same as the 6T with two

fins in the PD.
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Figure 4.9: Read Access Time vs. Vdd
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Figure 4.10: Read Access Time vs. Temperature

4.4.5 Static Power Consumption

In this section, we present the results for the leakage evaluation of the one
memory block.

In order to estimate the leakage of the entire memory block, we adopted
the following methodology. We estimated the leakage of one cell when it is
not accessed. When the WL is set to 0V, and every BL. and BLR have Vpp
applied on their nodes. We measure the static power consumption of one
cell. Also, 1000 Monte Carlo samples are simulated in order to estimate the
mean leakage of one cell.

Since the variation of the memory block is assumed to be entirely random,

the mean value and standard deviation of the leakage can be calculated
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according to the Equations 1.1 and [£.2) where N is the number of the cells in
the block. For a large N, it can be assumed P,(Mem)/P,(Mem) — 0

P,(Mem) = N x P,(Cell) (4.1)

P,(Mem) = V'N x P,(Cell) (4.2)

Figures and present the results of the static power consumption
of the 4KB memory block.

It can be noticed that the leakage of the 8T cell is approximately same
as the 6T cell with 2 fins in the PD transistor. The leakage of the 6T cell
with 3 fins in the PD is the largest (22% larger than the 6T with 2 fins in
the PD).

When compared to the leakage results from related papers [67), [68] [66],

we noticed an increase in static power with the technology node.

Static Power vs vdd

T T T T
6T, PD 2 Fins @ 6T, PD 3 Fins 18T, PD 1 Fin

Static Power [mW)]
o - N w E= [6;]
T

0.8 0.7 0.6 0.5 0.4

VDD [V]

Figure 4.11: Static power of a 4KB SRAM block vs. Vdd
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Figure 4.12: Static power of a 4KB SRAM block vs. Temperature
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4.4.6 Cell Layout Analysis

In this section, we present a layout analysis. We sketched two cells: the 6T
cell with two fins in the PD transistor and the 8T cell. For the layout design,
we followed the general rules that are presented in [28] and for FinFET
specifics we also used [71]. For determining the fin pitch between transistors
that have more than one fin (the PD in the 6T cell) we used ITRS predictions
[1]. The layouts are presented in the Figure m

20\

(a) Classical 6T

®
.
L

78

20\

(b) 8T

Figure 4.13: Layouts of SRAM cells

Figure [1.13] shows that the area of the 8T cell is significantly larger than
the area of the 6T cell (approximately 35%). Although the layout of the 6T
cell with 3 fins in the PD transistor is not sketched, its layout is very similar
to the 6T with 2 fins in PD. Due to the bigger PD transistor, the overall area

of the cell increases approximately 14%.
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It is good to mention here that these layouts are drawn assuming SOI
devices. If the bulk devices had been used instead, the area would be slightly
Bigger as PMOS devices would need a n-well. This increases the width of
the cells by 87 in total according to [2§]

4.5 Conclusion

In this chapter, we presented the results of the characterisation of the FinFET
SRAM cells designed for Tri-Gate FinFET technology. We evaluated the
stability, leakage and access time of two types of SRAM cells when they are
scaled to the minimal dimension of the channel length.

Our analysis of the SRAMs confirms the good stability of these devices
when they are exposed to the effects of process and temperature variations.
Nevertheless, the RSNM of the 6T SRAM cell can be improved by increasing
the number of fins in the pull-down transistors. However, this increases leak-
age and area. Specially, the RSNM of the 6T SRAM cells can be improved
up to 25% without compromising write-ability when back-gate biasing is ap-
plied to the PG transistor for IG FinFETs, and the WLNM can be improved
90% by applying reverse bias on the PU transistor. By combining these
techniques we achieved better stability. According to the simulations, the
application of the PU bias is more beneficial since it increases the WLNM
that is more critical for these devices than the RSNM for these devices.

On the other hand, the 8T cells are more robust to the process variations,
and they do not demand a stronger PD transistors for improving RSNM.
Nevertheless, its complexity and need for one more port for the reading are
the main disadvantages. Also, the RAT of the 8T cell is greater than the 6T
if only one fin is used in the RD1 transistor.

In terms of leakage power, the 6T and the 8T SRAM cells show a linear
dependency to the supply voltage and almost an exponential dependence
on-chip temperature (10x variation in the range of 30-110°C)

Area of the 6T cell with 3 fins in the PD transistor is approximately 14%
greater than the nominal 6T cell and the area of the 8T cell is approximately

35% greater.
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When compared to the previous published work on the FinFETs in previ-
ous technologies, we conclude that moving to a smaller technology node (i.e.
10nm) while also reducing supply voltage according to the ITRS predictions,
the RSNM is stable, leakage increases a little, and WLWM is significantly
degraded due to the lower supply voltage. While RSNM results are positive
(the read stability is guaranteed), a reduction in supply voltage may com-
promise write-ability. Plus, leakage currents, while small in absolute terms,

they are exponentially dependable on temperature.
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Is it a stockbroker? Is it a quantity
surveyor? Is it a church warden?
Nol! It’s Bicycle Repair Man!

Monty Python, Bicycle Repair Man

Gain Cells

5.1 Introduction

The analysis from the Chapter [ has shown that effects of the process and
environmental variations are not entirely alleviated with the introduction of
FinFETs, particularly in the small 10nm technology node. As it has already
been shown, these issues reduce the cell stability (WLNM can be significantly
reduced) and increase memory leakage (especially for higher temperatures).

Traditionally, most of the energy consumption of the semiconductor de-
vices was spent on switching activity (e.g. dynamic energy) while leakage
remained minuscule. Designers were focused on reducing dynamic energy
consumption for decades. However, in sub 20nm devices leakage currents
(and by that, static energy consumption) increases significantly. Process
variations have even worsened the situation, and as a consequence of that
imperfection, threshold voltage variability occurs. Accordingly, alternative
cache architectures have to be investigated.

Multiple transistor DRAM cells are receiving significant attention lately
for large embedded cache applications. These cells typically use the stored

charge to control the transistor in the read-out path which is their major
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difference when compared to the conventional destructive-read 1T1C memory
cell. Thus, they have a non-destructive read [38]. The area and the leakage of
these cells are reduced comparing to the classical 6T SRAMs while the read
access time is not significantly degraded. Read access time can be increased
by increasing the width of the read transistors because there aren’t strict
constraints that have to be satisfied as it is the case for the SRAM cells [28].

In this part of the thesis, we present the dynamic 3T cell built in the 10nm
SOI FinFET technology. The cell is scaled to the minimal dimensions while
keeping performance (i.e. speed). We analyse the cell access time, reten-
tion time and static power when exposed to the different sources of process
variability (LER, FER, GER) and environmental variations (temperature).

The main contribution of this work is that, as far as we know, this is
the first that characterises the 3T cell for FinFET technology. We make a
thorough analysis of the 3T cell and show that a read access time close to the
6T SRAM cell can be achieved. We further enhance the cell retention time
and consider the effects they have on a large memory array implementation.
Finally, we compare our work with similar solutions regarding DRAM cells
and explain the advantages and disadvantages of our proposal.

This work was previously published in the "International Conference on
Computer Design" (ICCD) in 2012 [72].

5.2 Related Work

Multiple transistor DRAM cells have received considerable attention lately as
a replacement for the classical 6T SRAM cell. These cells use the capacitance
of the device to store the memory state. The charge that flows through the
read line is greater than the charge used for storing the value, so these cells
are also called gain cells. A separate read path enables non-destructive reads
and reduces the access time when compared to the traditional 1T1C cell.
Also, when compared to the 6T SRAM, the different read line isolates the
cell core from the read path, and there is no critical read noise margin to
consider during the reading process. The issue is alleviated in the 8T SRAMs

by having a separate read path but on the cost of the area and complicated
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routing. Nevertheless, in any SRAM, device mismatch due to the process

variations compromises the stability of the cell.

RBL RBL " REL
we R I—rp WL RL—rD
WBL PD WAL PD
RL D
R O] [ Vs
Vss Vss
(a) 3T (b) 3T1D (¢) 2T1D

Figure 5.1: DRAM Gain Cells

Significant work has been done lately regarding these cells. In [38, 36],
Luk et. all proposed a novel 3T1D DRAM cell (Figure , whose access
time is comparable to the 6T SRAM. The gated diode acts as a storage
device and an amplifier for the cell voltage. Before a read occurs, the RBL
is pre-charged to Vyg. When a logic "1" (high voltage) is stored in the cell,
the gate of the PD transistor is strongly biased during the reading process.
High current flows through the PD transistor and the output capacitance of
the RBL is forcefully discharged to the ground. On the other hand, when a
low voltage is stored in the cell, the bias on the gate of the PD transistor
is lower, the current through the PD transistor is decreased and the output
capacitance is discharged slowly.

The same authors proposed in [37, 38| a 2T1D cell (Figure which
uses the same idea of gated diode. The major difference is that no additional
RD transistor is used. Instead, the source of the PD is connected to a positive
supply, Vs, which holds the PD transistor off when a logical "0" is stored in
the cell even during the read process.

In [73], Bhoj et. al presented different architectures for 3T /2T1D DRAM
cells for the 30nm Independent-Gate and Tri-Gate FinFET structures. Ac-
cording to their work, a 3T1D memory cell with Tri-Gate FinFET can be
implemented with the speed close to the 6T SRAM and the leakage reduced
more than 10 times but the area of that cell is almost 90% of the 6T SRAM

and retention time is 4.2us. According to that work, the diode requires a big
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gate to achieve good results (gate diode length is more than 20)). Similar
conclusions are drawn in [74] but for the 65nm bulk technology.

Apart from the speed, the central issue in these cells is the retention time
(7). Due to the leakage currents (mostly of the WR transistor) the cell loses
its state after some time, and it has to be refreshed. In [75] authors show
that 1% of processor performance is lost when the 3T1D with retention time
of 2us is used in the L1 cache.

Comparing to the cells that use the gated diode for storing the value, the
3T (Figure cell has two significant advantages:

e It does not need an additional diode. Thus, it saves area. Instead of
that, it uses the gate capacitance of the PD transistor for storing the
value. This implies that the cell area of the 3T cell is considerably
reduced with respect of the 3T1D.

e Using the 3T cell in the memory design opens some possibilities to
combat process variability at run-time. In the next section, we explain
how the cell retention time can be increased. According to our study,
applying these techniques to the gated diode cells is not effective since
the noise margin (i.e. the difference between reading a logical "0" and

a logical "1") is degraded as a consequence of the process variations.

5.3 Enhancements of the 3T DRAM cell

In this Chapter, we focus on the following four design goals: small area, high
retention time, reduced leakage power and the speed comparable to the 6T
SRAM. Accordingly, in this section we propose the techniques for improving
cell performance.

Also, all these demands should be achieved when the effects of process
and environmental variations are considered in the circuit analysis. In other
words, all techniques that we propose do not compromise the memory yield

that is achieved when the cache memory is implemented in the SRAM.
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5.3.1 Retention Time Enhancement

Recent studies show that the operating temperature of the chips can be more
than 90°C [76]. Knowing the fact that the transistor leakage is exponentially
dependent on the chip temperature and that the retention time of these cells
is directly dependent on the leakage of the WR transistor, it is of crucial
importance to increase the retention time to the highest possible value.

Retention time of the cell can be increased in 2 ways:

e Applying a negative voltage on the WL pin when the cell is not in
the writing process (i.e. idle or during a read). The retention time
increases almost 10x per 0.1 voltage reduction. This method is limited
by the following issues that arise: (i) the power consumption (static and
dynamic) of the word line can increase slightly; (i) stronger transistors
for generating higher currents may be needed (thus, the increase the

area of control/peripheral logic).

e Increasing the low-level voltage on the WBL. This reduces the drain-
source bias of the WR transistor and in consequence, it reduces the
leakage when a logical "1" is stored in the cell. However, this reduces
the noise margin. The method is limited by the threshold voltage of

the PD device (i.e. reading "0" state can be compromised).

According to our simulations, the low-level voltage of WL (V/(W Ljyy,))
can be reduced around -0.2V. Applying the second technique on a 3T1D
(e.g. increasing the low level up to 0.15V) cell is very hard since the noise
margin between a logical "0" and a logical "1" can be significantly reduced.

This is the consequence of two facts:

e Threshold voltage (Vrg) of devices that we use is between 0.15-0.2V.

e High variability of the I, current. The difference between the minimal

and the maximal value is more than 40%[6], 49].

On the contrary, the 3T cell does not have a diode and the gate of the

PD transistor is not swung higher during the reading process. This does not
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compromise the reading a "0" state when it is increased near the threshold
value. Nevertheless, the lack of the gated diode increases the cell access time.
The absence of the gate diode is compensated by making the PD transistor
slightly stronger. The absence of the gated diode in the 3T cell makes the

cell layout simpler and the overall cell size smaller. E]

5.3.2 Periphery Circuit Re-Design

The negative side of the previously described techniques is that they demand
additional power supplies. Besides the default Vi, up to two additional
voltage levels have to be provided: Vi, (W BL), Vi (W L).

The design of the control logic that generates the negative V,,, (W L) when
the cell is not accessed is the most difficult. Connecting a negative power
supply instead of the GND level increases the leakage of the control circuit.
On the other hand, reducing the Vj;4,(W L) voltage below Vg increases the
logic delay since the strength of the transistors is reduced. Our simulations
have shown that the delay of the circuit is 15% larger when it is supplied
with 0.7V and -0.2V comparing to the one that is supplied with the 0.8V.
However, the writing process of the memory is usually not in the critical
path. According to our simulations, a memory array of 128 rows, designed
to function at 2.5GHz never fails in writing the cell when the WL is supplied
with 0.7V and -0.2V. Also, apart from the voltage generators/regulators, the
dynamic power of the control logic increases less than 1%, and the leakage
stays the same. Additionally, the circuit delay can be reduced by increasing
the strength (fin number) of the transistors at the cost of the area. But this
has not been taken into account in this work as the cell already meets the
target frequency.

While increasing the design complexity through the use of multiple volt-

n [72] we suggested reducing the Vi, voltage for increasing the cell Read Access Time
to make it equal to the 6T SRAM cell. However, in those simulations the channel length
of the transistor was wrongly set which caused the greater RAT of the 3T cell. After
correcting those errors in the simulation, it turns out that the RAT of the 3T cell is equal
to the 6T SRAM when the parameters are according to the Table With respect to
this, applying a negative voltage to the V;, is unnecessary, and it will not be considered
in this thesis.
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ages, the goal of this work is to show the potential of the 3T cell in the
future technology scenarios. We believe that certain design complexity must

be traded-off for better performance (delay, area, power and reliability).

5.4 Simulation Results

In this section, we present the simulation results of the 3T cell. We run the
experiments for different operating conditions (i.e. different supply voltages

and temperatures).

Table 5.1: Transistor dimensions of the 3T cell

6T SRAM 3T DRAM
PU[PG[PD| WR|RD]|PD
Lynm] | 10 | 10 | 10 | 30 | 10 | 10
New | 1] 12 1 |13

The cell is sized for the minimal dimensions with one fin for the RD and
the WR transistor and 3 fins for the PD transistor. The transistor dimensions
are according to the Table[5.1] Length of the RD and the PD transistor equal
to 10nm (minimal possible).

In order to increase the cell retention time, we implement the WR tran-
sistor with a higher channel length. Increasing the channel length of WR
transistor will not degrade it’s strength significantly (and by that, neither
write speed) since carrier velocity of sub 20nm devices is limited by source-
injection velocity, showing a weak dependence on the lateral field (i.e., Vys/L).
Also, Vi, roll-off due to the influence of Vi, (Drain Induced Barrier Lowering)
is much lower for FinFETs than in bulk devices. On the other hand, leakage
will be significantly reduced (sub-threshold slope is strongly dependent on
Trin/L ratio). Also, I, has an exponential dependence on Vy, (which de-
pends on L). Altogether, increasing the channel length of the WR transistor
will reduce leakage significantly while write speed will not be compromised.
Also, in order to increase retention time further, we apply a negative voltage
on the WL line when the cell is not accessed. In the rest of this work, we

will consider a channel length of WL transistor of 30nm
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When compared with the 6T FinFET SRAM cell that has 2 fins in the PD
transistor (according to the [4] this is the optimal parameter for the Tri-Gate
FinFET SRAM) the layout of the 3T cell is reduced approximately 40%.

The nominal supply voltage of the memory is 0.8V. Process variability
was simulated according to [49]. Monte Carlo simulations were performed
when Hy;, and TY;, parameters are considered Gaussian variables with the
relative standard deviations of 12% and 16% respectively. Since there is still
little information regarding the actual FinFET fabrication process, in our
analysis we considered only intra-die variability. Also because LER, FER and
GER are primary sources of the variability, we found it entirely independent
from fin-fin for every FinFET [I1]. For every particular case, 1000 instances

were simulated to achieve high confidence.

5.4.1 Read Access Time

We simulated one memory column that consists of pre-charge logic, the 3T
cell and the write logic. Besides the strength of the access transistors, the cell
access time strongly depends on the equivalent bit line capacitance. This ca-
pacitance is mainly caused by the parasitic capacitance between the drain and
the source of the access transistors, as well as, routing lines. Consequently,
it is considered the same for the 3T and the 6T cells. The equivalent RBL
capacitance is proportional to the number of rows of the memory array. In
our analysis, we assumed Crpr = 5.12fF, which we found to be equivalent
to a memory array of 64 columns. Since there is still little information re-
garding the actual FinFET fabrication process, this value should be taken
with little reserve. However, as the bit line capacitance is the same for the
3T, and the 6T arrays the relative results shown and comparisons made to
the SRAM cells are not compromised.

We define the access time as the time between the moment when the RL
reaches Vpp/2 until the RBL reaches 5Vpp/8 (approximately Vpp — Virg)
when a logical "1" is previously written in the cell.

The following figures present the results for reading access time for dif-

ferent temperatures. Besides mean value, an error range is shown, also. The

o4



CHAPTER 5. GAIN CELLS

error range is equal to £1.960.
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Figure 5.2: Read Access Time vs. Temperature

Figure [5.5| shows how the cell access time changes with the temperature.
For comparison, the RAT of the 6T SRAM cell is presented in the figure,
too. It can be observed that due to the stronger PD transistor, the 3T cell
is even little faster than the 6T cell. Similar dependency on the temperature

and the error range to the 67T cell is also evident from the figure.

5.4.2 Retention time

The stored charge decreases over time as a consequence of the leakage through
the WR transistor. Because of the process variability some instances lose
their state sooner than the others but refresh time must be defined according
to the worst case. We define Retention Time as the moment when the "worst"
cell read access time increases 5ps from its nominal value (that is measured
from the first cycle after writing in the cell). Retention time can be defined
also as the value when the potential on the gate of the PD transistor reaches
certain value, but we have chosen this approach because we are interested in
the cell which access time is approximately same as for the 6T SRAM.
Figures and show the Retention Time dependency on Vj,, (W L)
and Vj,,,(W BL). High variability can be noticed between the different values
of Vigw(WL) (more than 3 orders of magnitude). Retention time increases
more than 10x per 0.1V Vj,,(WL) reduction. The Retention Time slope
for different Vj,, (W BL) is slightly later. In this work, we do not assume a
View(W L) higher than 0.1V because the higher voltage would significantly

degrade the noise margin when a logical "0" or "1" is written.
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Figure 5.5: Retention Time vs. Temperature

According to Figure the retention time shows very high temperature
dependence. Due to the leakage of the WR transistor, the retention time
varies more than 10*z between 30 — 110°C. However, even in the most ex-
treme case of the temperature 110°C, retention time of 20us is achieved for
particular combinations of Vi, (W L) and V., (W BL).

Combining these two techniques should be considered when higher re-
tention time is needed. The general rule is that a larger cache demands a

higher retention time since the data life in these caches is longer. Accord-
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ingly, we conclude that if the cell is implemented in L1 caches, good results
can be achieved even with one additional voltage source (assuming a 1% per-
formance loss for a retention time of 2us [75]). However, if the cell is used
in higher L2 and L3 implementation one more voltage source is needed to

sustain the high retention time.ﬂ

5.4.3 Static Power Consumption

Leakage power is one of the most important parameters in the memory de-
sign. Figure [5.6| shows the leakage of a 4KB memory block when it is im-
plemented using the 6T SRAM and the 3T DRAM. Same methodology for
evaluation is used as in the Chapter [d] It can be seen that our proposal

reduces leakage more than 7x.
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Figure 5.6: Static Power Consumption vs. Temperature

Here it should be noted that although the leakage is reduced more than
7x for a particular case, the memory dynamic power may increase because
of the refresh policy (if any, [79]).

In [75)], the authors present several refresh techniques for an L1 cache
based on the 3T1D cell. According to their work, the 3T1D cell cache mem-
ory dynamic power can increase 1.3-2.25X comparing to the 6T cell memory
depending on the refresh technique applied. Nevertheless, they also show
that, when no refresh is used, the impact on the performance (IPC) is mini-
mal. Because higher retention time can be achieved with the FinFET devices,

higher refresh intervals and lower dynamic power overheads are expected.

L Alternative is to use weaker devices since these caches do not demand very low Read
Access Time. However, in this work we used only predictive HP devices.
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Additionally, the leakage power tends to dominate cache structures in the
sub 22nm technologies and, thus, even if the dynamic power is increased, we

can expect a reduction in the overall cache power.

5.4.4 Cell layout analysis

Following the same rules as in Chapter [d] we sketched the layout of the dy-
namic 3T cell. Figure [5.7] presents the layout of the 3T cell. When compared
with the layouts of the SRAM cells presented in Chapter [4], significant area
savings can be observed. The 3T cell is smaller approximately 32% than the
nominal 6T SRAM cell, 40% smaller than the area of the 6T cell with 3 fins
in PD transistor and almost 50% than the 8T cell.

20A

Figure 5.7: 3T cell Layout

5.5 Conclusion

In this Chapter, we presented the 3T memory cell with the speed close to the
6T SRAM for future 10nm FinFETs. We simulated the behaviour of the cell
under the process and the environmental variations. The process variations
are modelled at device level according to the ITRS prediction. We further
propose to enhance the cell retention time by either (i) applying a negative
voltage to the WR transistor when the cell is idle or (ii) by increasing "0"
level voltage level on the WBL. The advantage, of applying these techniques,
is that they can be implemented dynamically after chip fabrication. Thus,
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they become an effective way to combat the process variability and to find
optimal post-fabrication trade-off between the retention time, the noise mar-
gin and the write access time. On the other side, they require additional
supply voltages that complicate the design.

High read access time can be achieved (close to the 6T SRAM) by com-
bining these techniques. Retention time, although highly dependent on the
chip temperature, can reach more than 20us in the extreme conditions of
110°C. Also, the static power is reduced more than 7x and the area more
than 32% when compared to the nominal 6T SRAM cell.
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Well sir, I have a silly walk, and I'd
like to obtain a Government grant to

help me develop it.

Monty Python, Ministry of Silly Walks

DRAM Coherent Caches

6.1 Introduction

The dynamic gain cells that are introduced in Chapter [5|show high potential
to replace the classical 6T SRAM cell that was the primary choice for high-
speed cache implementation over the years. The main positive features that
characterise these cells are an access time similar to the 6T SRAM cell, the
reduction in static power consumption that can be more than 7x; and the
cell area that is 40% smaller than the SRAM.

However, the major drawback of these cells, like any other dynamic cell,
is that they demand refresh for keeping their value. Refreshing increases the
dynamic energy and produces a performance loss since the memory access
has to be blocked during that process. These effects are even exacerbated
due to the minuscule retention time that these cells can have due to process
and environmental variations.

On the other hand, it is well known that the life of the data in a cache
memory is smaller as the capacity of the cache is smaller. This fact has been

used as a motivation for the proposal of different optimisation techniques

61



CACHE MEMORY DESIGN IN THE FINFET ERA

that try to exploit this fact for reducing the refresh energy, by refreshing the
most relevant cache parts |75, [77].

Currently, we can find a lot of different cache architectures for different
multiprocessors in the market. For instance, a typical Intel CMP Ivy bridge
architecture consists of 2x32KB of L1 cache per core, 256 KB L2 cache per
core and 3-12MB of shared L3 cache [78]. On the other hand some of the
processors that implement ARM architecture have small private L1 caches
32-64KB and one shared L2 cache with up to 2MB [79].

In this chapter, we explore DRAM-based coherence caches. We perform
our analysis when caches are designed for the predictive 10nm SOI FinFETs
that we introduced in Chapter [3} We analyse the memory energy consump-
tion and the overall system performance when the cache is implemented
using the 3T gain cells. The ageing of this memory has been studied, too.
We propose novel refresh techniques based on the coherence state of each
cache line that reduce refresh energy and prolong cell life. In short, the main

contributions of this work are:

e The proposal and the evaluation of DRAM-based L1 and L2 coherent
cache hierarchy for two cache coherence protocols (MESI and [MOESI])

under the process and the environmental variations;

e Extensions of the MESI and MOESI coherence protocol to support
DRAM refresh implementation;

e Performance figures based on the future SOI FinFET technology anal-

ysis;

e A dynamic mechanism to find the optimal refresh policy that requires
the minimal refresh energy while keeping the system performance above

some predefined level.

e The evaluation of the ageing of the 3T gain cell and the performance
figures of how the coherency based refresh can be exploited for reducing

memory ageing.
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This work was published in the Design Automatisation Test Europe
(DATE), in 2014 [80]

6.2 Related Work

6.2.1 Refresh Energy Reduction in Dynamic Memories

Many techniques, for reducing DRAM, refresh energy have been presented in
the past [81 [75], 82]. Although the block refresh is the simplest solution for
the implementation (refreshing the whole memory block after a predefined
period), it doesn’t leave space for any further optimisation.

On the other hand, techniques that assume line refresh are slightly com-
plicated to implement but a significant amount of refresh energy can be saved.
Accordingly, many proposals that can be found in the literature try to lever-
age this fact by finding the optimal method that will reduce refresh energy
without hurting system performance very much. In the following text, we
present some of the most significant works on this topic.

In [75, 82] authors report 2% of processor performance loss when a 3T1D
cell with retention time (7) of 0.8us is used in the high-speed L1 cache when
no refresh is applied. Although retention time of this memory is very low,
this small performance loss is achieved due to the small memory size (baseline
of the L1 cache size is 64KB).

Using a slightly different dynamic gain cell, the authors in [77, 83] analyse
the performance and the power of the DRAM-based last-level shared L3
cache. They conclude that the refresh energy is the biggest contributor to
the overall energy consumption. On the other hand, if no refresh is applied in
the L3 cache, the performance is reduced almost by 40%. Additionally, they
assume a cell retention time of 20us which might be a challenge to achieve in
sub 20nm technologies for the high-performance devices, especially at high
temperatures. For instance, in our work in [72] and in Chapter [5| we show
that in order to achieve a retention time of 20us for the 37T cell for the 10nm
FinFET for higher temperatures two additional voltage sources have to be

used. This, of course, goes at the cost of the design complexity.
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In this proposal, we consider the dynamic cache memories implemented
in the 3T cells which we consider as a good compromise between the 1T1C
and the 3T1D. Area of the 3T cell is smaller than the 3T1D, and read access
time is not significantly lower [72].

Many papers explore refresh techniques for the different memory levels.
Refreshing the memory rows in different time periods based on the cell re-
tention time is presented in [84]. Lines are refreshed based on their retention
time estimated in an initial profiling, and a 72% of the refresh energy reduc-
tion is claimed. Refreshing a memory line based on the data importance that
is defined by the programmer is presented in [85]. Refreshing the line based
on the last access [81] and the delay refresh period by implementing the line
counters (52% savings for refresh energy in 2GB DRAM).

Some, on the other hand, focus on the improving DRAM performance by
dynamically finding the optimal refresh intervals in order to prevent collisions
with possible memory reads and writes [86], 87, [88].

In [89], authors present intelligent refresh techniques for the L2 and L3
caches in order to reduce the refresh energy. The decision to refresh is based
on the time elapsed since the last access, and its state (clean, dirty, idle-
dirty for lines not being accessed for a long time). They claim 56% energy
reduction comparing to the classical SRAM implementation with 6% increase
in execution time. However, this work is based on low power devices and a
nominal system frequency of 1GHz in order to sustain retention times up to
100pus.

In [90], the authors show how the spatial locality of the process variability
can be exploited to reduce the refreshing energy of large eDRAM caches.
They claim that if the spatial locality of process variation exists, the majority
of cache lines can be refreshed with significantly higher period. That reduces
the refresh energy by 43%.

The above papers use line-based refresh counters. These counters are
set at different pre-defined intervals. None of the papers above uses the
coherence state as the criteria to refresh. None of these works run simulations
for the future 10nm FinFET technology. Plus, most of these works do not

consider the implementation of coherent caches in DRAM technology (and

64



CHAPTER 6. DRAM COHERENT CACHES

the consequent changes to the coherence protocol).

In this Chapter, first we propose how the cache coherency can be exploited
as a proxy to determine if a line in the cache has to be refreshed or not for
reducing the refresh energy while keeping system performance. We define
how the cache coherency protocols (MESI and MOESI) have to be modified
in order to support this implementation, and later we present the dynamic
approach to determine the optimal refresh policy (based on the coherence
state) that reduces the refresh energy while keeping execution time below
the predefined threshold. As far as we know, this is the first time that cache

coherency is used for reducing dynamic memory refresh energy.

6.2.2 BTI Aware Design

As previously said in Chapter [I] the variation in the device parameters due
to the device ageing is a significant problem that should be considered very
carefully during the design process. Addressing the issue of device ageing
(BTI) on the micro-architecture level has been already investigated in the
past. In this section, some proposals are presented. Although some of the
papers are orthogonal to our approach, we report them here so that the
reader can get some insight into the numbers how much life of the chip can
be extended when the BTI aware design is applied.

In [91], authors present the design of an NBTI-aware processor. They pro-
pose strategies to mitigate the degradation in the combinational and storage
blocks. They propose to turn off idle parts, reduce the voltage level, balance
data probability in memories, etc. They reported up to 10X reduction of
the Vg ageing (reduction to just 2% comparing to nominal 20%). Similarly,
particular circuits for automatic flipping the value of a cell are presented and
analysed in [92].

In [93], the authors proposed an NBTI aware design framework for multi-
core systems. They developed an algorithm to balance workloads among
different cores. Their results for the 64 cores systems show a reduction of the
core failure rate by 20% and the MTTF by 30% with a small degradation in

the system performance of 6%. Similar work is presented in [94].

65



CACHE MEMORY DESIGN IN THE FINFET ERA

The ageing of a multicore system is also investigated in [95] where volt-
age scaling is used to relax the most stressed cores. The technique tries
to distribute homogeneously the ageing among the cores. They report the

extension of the chip life by 2 years.

Finally, in [96], authors show that the life of the system can be extended
by gradually increasing the voltage over years. They report 46% increase in
the lifetime.

6.2.2.1 Gain Cell Ageing

Compared to the other papers, this work is focused on the evaluation and
the reduction of the gain cell degradation over time. We concentrate on the
cell degradation mitigation by using the cache coherency state of each line,
and we just refresh lines in a a subset of the states. Our analysis is based
on the 3T cell, but the same principle can be applied to any other gain cell.
Also, since this cell is designed in NMOS transistors, the only visible BTI
effect is PBTI.

In the literature, one can find proposals of gain cells designed with PMOS
transistors. For instance, in [77], authors present a gain cell designed with
the PMOS transistors. The biggest advantage they have is the reduction in
leakage energy and, as a consequence, a higher retention time. On the other

side, the read access time is greater.

The methodology to estimate the cell ageing that we present in this work
can be applied as is for the PMOS ageing, too. Also, according to [13]
device ageing is approximately the same due NBTI and PBTI for the 10nm
FinFET devices. Consequently, we expect that the degradation results we
present here for the NMOS gain cell should be very similar to the PMOS

gain cell.
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6.3 Cache Coherency Protocols

6.3.1 MESI protocol

The MESI protocol [97, 98, 99, 100, 10T] is a widely-used cache coherency
and memory coherency protocol. Every cache line is marked as one of the

following states:

e Modified (M): Cache line exists only in that cache, and it is dirty
(it is not consistent with the lower level memory value). It should be

written to lower memory level before it is invalidated or replaced.

e Exclusive (E): Cache line exists only in that cache, and it is clean (it

is consistent with the value in the lower level memory).
e Shared (S): Cache line may exist in some other cache, and it is clean.

e Invalid (I): Cache line doesn’t hold valid data.

A cache read can be serviced from any cache state except Invalid. On
the other hand, cache writes can take place only if the line is in Modified or
Exclusive state. If the cache line is in Shared state, first we have to trigger a
request for ownership, and, consequently all shared lines will be invalidated
first.

A cache line that is in Modified or Exclusive state has to “snoop” all the
other caches accesses to intercept any request to the same address in the
lower memory level. If this is the case, the line changes to the Shared state,
and if the line was previously in the Modified state, it is written back to the

lower cache before moving into the Shared state and sent to the requester.

6.3.2 MESI extensions for DRAM support

In this section, we show how the cache coherence state can be exploited to
find an energy-delay optimal refresh line policy. Since different programs
access cache in a different way, we propose coherency-aware refresh. In other

words, we consider refreshing a cache line depending on its coherence state.
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In order to make this possible, we extend the MESI protocol the following

way:

prWR
busRD

Figure 6.1: MESI protocol with the extensions (dashed lines) to handle ex-
pired lines

e Modified (M): In a case when a Modified line expires, and depending
on the explicit refresh scheme, it should be either refreshed which keeps
the line in Modified state or it must be evicted to a lower memory level

before it is tagged as Invalid.

e Exclusive (E): If the line is refreshed, it will stay in Exclusive. Oth-

erwise, it must be invalidated (no eviction is needed since the correct
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data exist in lower cache).
e Shared (S): If a cache line in this state is refreshed it stays in Shared.
In the case of no refresh, the line must be invalidated (same as Exclu-

sive).

e Invalid (I): Since this line doesn’t hold valid data it should never be

refreshed since that would be unnecessarily energy consumption.

Table 6.1: Refresh policies defined for MESI protocol

’ Policy \ Modified \ Exclusive \ Shared \ Invalid ‘

BLOCK X X X X
MES X X X
ME X X
MS X X
ES X X
M X
E X
S X
NONE

According to the combination of the line states that can be refreshed or
not, 8 refresh policies can be defined: NONE, M, E, S, ME, ES, SM, MES.
Letter defines that line in a particular state is refreshed, NONE means that
no line state is being refreshed (Table [6.1]).

Figure[6.1| presents the state diagram of modified MESI protocol. Dashed
lines show modified transitions. Standard line definitions are used to describe
state transitions (“PrRd” - Processor Read (Read request from processor),
“PrWr” - Processor Write (Write request from processor), “BusRd” - Bus
Read (Read request from the bus without intent to modify), “BusRdX” -
Bus Read Exclusive (Read request from the bus with intent to modify)).

Label “Exp* is used to define expired line transition.
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6.3.3 MOESI protocol

MOESTI is a directory based cache coherency protocol. According to [102]

each cache line can be found in one of five states:

e Modified (M): Cache line exists only in that cache, and it is dirty
(it is not consistent with the lower level memory value). It should be

written to lower memory level before it is invalidated or replaced.

e Owned (O): Cache line may exist in some other caches, but it is dirty.
A write to this cache line makes the Owner send a message to invalidate
that data in any other cache. If some other core sends a request for the
line, "dirty“ sharing can be done (line is forwarded to that core without

updating the lower cache level);

e Exclusive (E): Cache line exists only in that cache, and it is clean (it
is consistent with the value in the lower level memory). In the case of a

write action from the same core, the line switches its state to Modified.

e Shared (S): Cache line exists in other caches, and it can be clean or
dirty. Some other cache is the owner. If the core wants to write this
line, it has to request its ownership at first, and the former owner must

set his copy to Invalid.

e Invalid (I): Cache line does not hold valid data.

Comparing to MESI that is a snoop based protocol, MOESI is a directory
based. The most simple implementation of the directory can be a simple bit
vector for every line in the L3 cache (assuming that L3 is inclusive). One bit
is reserved per each core. When the line is written in the private cache of
the core, this bit should be set to ’1’; otherwise it holds a ’0’.

6.3.4 MOESI extensions for DRAM support

Due to the possible non-permanent nature of DRAM data when considering

different refresh policies (i.e. other than "always refreshing"), the coherency
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Figure 6.2: MOESI protocol with the extensions (dashed lines) to handle
expired lines

protocol has to be extended to consider the cases when a line stops being
refreshed, and data may be lost. Figure [6.2] shows an extended state dia-
gram for the MOESI protocol. Dashed lines present the modified transitions
that occur if the line expires and its state is not marked as refreshable (i.e.

transitions to avoid any data loss).

e Modified (M): In case that a Modified line expires, and depending of
on the explicit refresh scheme, it should be either refreshed which keeps
the line in Modified state or it must be evicted to a lower memory level
before it is tagged as Invalid. The eviction to the directory has to be

sent, too.

e Owned (O): In case that an Owned line expires, and depending of on

the explicit refresh scheme, it should be either refreshed which keeps
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the line in an Owned state or it must be evicted to a lower memory
level before it is tagged as Invalid. Directory has to be updated, too.
If any of the shares wants to perform a write, first it has to request
the ownership and, consequently, invalidate the line in all other caches.

After this, the write can be completed.

e Exclusive (E): If the line is refreshed, it will stay in Exclusive. Oth-
erwise, it must be invalidated (no eviction is needed since the correct

data exist in lower cache). Directory has to be updated, too.

e Shared (S): If a cache line in this state is refreshed it stays in Shared.
In the case of no refresh, the line must be invalidated (same as Exclu-
sive). Although this line can be dirty, its value exists somewhere in the
system (some other cache has this value in Owned state) so eviction is

not necessary before line invalidation. Directory has to be updated.

e Invalid (I): Since this line doesn’t hold valid data it should never be

refreshed since that would be unnecessarily energy consumption.

Because the MOESI has one more state than MESI, the number of refresh
policies that can be defined is doubled: NONE, M, O, E, S, ME, MO, MS,
OE, OS, ES, MES, MOS, MOE, EOS, MOES (Table [6.2)). Initially, we may
think that having more refreshing alternatives will increase the probability
of finding an optimal refresh scheme that minimises the refreshing energy.
However, as we will see when we discuss our dynamic algorithm, this has its

negative sides too.

6.4 Dynamic Refresh Policy Determination

In this section, we describe the algorithm to determine the best refreshing
policy dynamically. We present a detailed explanation of the MESI protocol,
and later we indicate how it is extended to support MOESI cache coherence.

In the case of the MESI protocol, as in [80], we define 8 refresh policies
according to the states where refresh is performed: NONE, M, E, S, ME, ES,
SM, MES.
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Table 6.2: Refresh policies defined for MOESI protocol

’ Policy \ Modified \ Owned \ Exclusive \ Shared \ Invalid ‘

BLOCK X X X X X
MOES X X X X
MOE X X X
MOS X X X
MES X X X
OES X X X

MO X X
ME X X

MS X X
OE X X

OS X X
ES X X
M X

O X

E X

S X

NONE

The refresh policy can be changed dynamically in order to find the alter-
native that minimises refresh energy while keeping performance above some
predefined threshold. A block diagram of the refresh policy determination

system is presented in Figure [6.3] and Algorithm 1 presents its pseudocode.

To select the available refresh policies, we use two sets of counters. "I PC. oyt
counters” that count the total number of committed instructions and "Re-
fresh counters” that count the total number of refreshed lines during one

characterisation period.

The selection of the refresh policy starts when the “StartCalibration” is
triggered. In this proposal, this will depend on the moment defined for
sampling but it could be triggered by any other criteria the designer may
think about. Initially, the “Control Logic* selects the MES refresh policy.
"IPC Counter” and “Refresh Counter” count the total number of the exe-
cuted instructions (for every core) and the total number of the refreshed

lines (for every cache memory), respectively for a fixed time period. "Con-
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Y

REFRESH
COUNTER |
CONTROL refresh . REFRESH
LOGIC policy CONTROLER
IPC II
COUNTER

StartCalibration

Figure 6.3: Dynamic Determination of Refresh Policy

if StartCalibration then

RefreshPolicyopima = MES,

IPCoptimal = IPCcount;

[Poth'reshold - ]PCcountx]-5/]-67

Refreshoptimar = Refresheount;

for RefreshPolicy in RefreshPolicyg,; do

read I PC.punt, Refresheount;

if IPCoount > IPCipreshoia and Refresheoumt < Refreshoptimal

then
[PCoptimal - [POcount; RefTeShoptimal = Refre‘ghcount;
Re freshPolicyoptima = RefreshPolicy;

else

| continue

end

end
end
Algorithm 1: Refresh Policy Determination Algorithm

trol Logic* keeps track of the IPCipresnoa (€.g. 93.75% of IPCepunt), the
Refresheoun: and the I PC.yyyy count as well as the optimal (i.e. best scheme
so far) (IPCoptimar; Refresheount), and switches to the next refresh policy
from RefreshPolicyse;.

The control logic evaluates the next refresh policy, and we get new values
of IPC.oyns and Refresh.ou, for the same period. If the new IPC .oy
is below the calculated threshold value, the "Control Logic* automatically
discards this policy and evaluates the next refresh policy. If the I PCyps 1S

above the estimated threshold and the current Refreshcou,: is smaller than
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the best current refresh value (Refreshoptimai), then this policy is selected
as the best. This is an iterative process. This process is repeated for all 8
refresh policies. Following this procedure, we will be able to select the policy
with the minimum amount of refresh energy that has the I PC.,,,; below

some predefined threshold.

This is a very simple procedure that can be implemented either in the
hardware or the firmware. If this function is implemented in the silicon the
total logic needed for this implementation includes: 1 counter per core for
[PC determination, one counter per cache memory for refresh number deter-
mination, and one adder for summing these values. Also, for control logic
implementation 3 registers and 1 comparators are needed as well as simple
state machine to control whole process. We assumed 32-bit logic (counters,
registers, comparator and adder) as they provide enough resolution. When
compared to the total cache memory area and power, this circuit provides a

negligible increment.

The only difference in the implementation of the MOESI protocol is the
larger number of the refresh policies defined (NONE, M, O, E, S, ME, MO,
MS, OE, OS, ES, MES, MOS, MOE, EOS, MOES).

When MESI and MOESI protocols are compared, it should be noted that
the execution time of this iterative sampling in the MOESI protocol is 2x
higher since the number of alternative policies is doubled. However, in theory,
the MOESI implementation can give slightly better results because the larger
number of policies gives more possibilities to choose the appropriate one to

minimise refresh energy.

The process could be even improved in some cases. For instance if the
ME refresh policy does not pass the test (IPC is below certain threshold)
then M, E, NONE polices should not been tested. This could be beneficial
for the protocols with greater number of states (e.g. MOESI).
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6.5 Simulation Results

6.5.1 Methodology

In this section, we present the simulation results. The system configuration
parameters can be found in Table[6.3] For the simulation, we used marssx86,
a full-system simulator for x86-64 CPUs [103], 104, 99].

We only simulated system with 2 cores with private L1 caches (Data and
Instruction) and private L2 cache. L3 cache is shared. We assumed only 2
cores system because the workloads that we used in this work have very small
footprint. It would be very hard to simulate system with higher number of
cores (and accordingly greater cache size) since the most of the cache would
be empty and the effects of our proposals cannot be seen.

In order to simulate the dynamic memories with marssx86, we enhanced
it with the additional refresh controller logic. We implemented the line (or
block) counters to measure the lifetime of each line in the cache (i.e. time
since last write or refresh). The counters are 5 bits wide. When the counter
reaches a certain limit (minimum retention time), the refresh controller is
triggered, and it reacts according to the configuration (refresh policy). If
the line is meant to be refreshed, it blocks a cache access port to complete

the refresh (2 cycles in this work). In case that the line is not refreshed,

the controller acts accordingly (as explained in the sections [6.3.2 and [6.3.4)

in order to preserve data consistency. Also in our configuration, the tag
and data arrays are both implemented in DRAMs, and both are accessed in
parallel.

We consider the L1 and L2 levels dynamic while the L3 (that is shared
in this configuration) we consider static because in this work we are focused
on minimising energy of the coherent caches. By doing this, we prevented
a possible influence of the L3 refresh on the coherent caches behaviour and
the overall system performance. This configuration might seem against cur-
rent memory trends and motivation because the lower memories are slower,
greater and by that implemented in DRAM technology and the higher are

smaller, faster and implemented in SRAM. However, we just want to prove
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Table 6.3: Base System Architecture

Processor 2 core Out of Order,
2-wide issue width
L1 Data Cache 2x32KB
64 B line size
8 Ways

1 bank per cache
Delay 2 cycles
MESI/MOESI

L1 Instruction Cache 2x32KB
64 B line size

8 Ways

1 bank per cache
Delay 2 cycles
MESI/MOESI

L2 Cache 2x256KB
64 B line size

8 Ways

1 bank per cache
Delay 5 cycles
MESI/MOESI

L3 Cache 3MB

64 B line size
12 banks
16 Ways
Delay 8 cycles
Shared (write-back)
Main Memory 2GB (50ns delay) 1 channel

Technology 10nm FinFETs
Retention Time 3us
System Frequency 2.5GHz

that the idea of cache coherency based refresh stands, and to give some gen-
eral baselines how this idea applies to any other memory configuration and

size.

Although in [72] we report retention times above 20us for the 3T cell,
two additional voltage sources are needed for accomplishing that. This is,

of course, a great downside for this proposal. On the other hand, if we look
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at the impact of the retention time on performance, in [75] authors claim
that high retention time for the L1 caches is not necessary (2% performance
loss for 0.8us). Consequently in this work, we assume a baseline retention
time of 3us, and we perform a sensitivity study later in this section. For the
10nm FinFET technology, this value can be achieved just with one additional
voltage source. A small negative voltage in the WL has to be applied, when
the cell is in hold mode, to reach this value at higher temperatures [72].

For our analysis, we used two parallel benchmark suites - PARSEC and
SPLASH-2 [105] 106, 107]. All the workloads we configured as two threads.
We used simmedium configuration for PARSEC. SPLASH benchmarks are
set up as in [108]. The initialization phase is skipped, and only the application
region of interest is simulated. All workloads run on top of the Ubuntu 9.04
(Linux 2.6.31). The full list of workloads that marssx86 supports can be
found in [I03]. All of them are simulated. We report 6 individual benchmarks
plus the average (of all benchmarks in both suites). This sample was chosen
to present the extreme cases, as well as the diversity in the behaviour for
the different refresh policies. In other words, we tried to avoid plotting
the benchmarks that show similar behaviour. Still, the mean column is the

average of all the benchmarks.

6.5.2 Dynamic Algorithm Sampling Time Sensitivity

In this section, we present the procedure to determine of the minimal sam-
pling time used in the algorithm. The key point of this discussion is to
prove that the algorithm delivers the same final decision (i.e. refresh policy)
when executing the whole application and when executing just for the sample
period defined.

In order to determine the minimal number of instructions needed to de-
liver a correct result, we did the following experiment. We first run each
application for a total of 1 billion of instructions (0.5 billion per core) for ev-
ery refresh policy and the total execution time and the energy consumption
were calculated for each refresh policy (results are normalised according to

the system that has SRAM coherent caches). Those numbers were marked
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as the reference.

Then, we iteratively run the whole benchmark suite for a smaller number
of instructions (the step size is 50M instructions) until the final refresh policy
choice was different than the reference one. We found this limit to be 150
million instructions (75M per core).

While this sets the minimum value used, we also evaluated a more con-
servative approach. This conservative approach sets a limit of the error of
the performance and energy values measured to 5% or below. Using this
method, the minimum number of instructions to be sampled is 300 million
(150M per core).

Since we simulate only the representative part of each benchmark, and
they are very regular, we just sample once at the beginning of the run.

Testing several sampling intervals is left for future work.

6.5.3 System performance

Figure [6.4] shows the normalised execution time for the MESI-based caches.
Results are normalised to the baseline multiprocessor that has SRAM co-
herent cache memories. Figures also include a bar for the simple block
refresh technique. This technique is the easiest for DRAMs: when the counter
reaches the limit it refreshes the line regardless of its coherent state. Also, it
assumes whole memory refresh (even the invalid lines) that would needlessly

block the cache access and consume refresh energy.

Execution Time vs. Refresh Policy
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Figure 6.4: System execution time for different refresh policies normalised to
the SRAM coherent cache for the MESI protocol

For the simulated system configuration and the available set of bench-
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marks, results for MESI and MOESI protocol are very similar. The reason
for this is that for these small caches, minuscule number of lines goes in
the Owned state. So defining additional refresh policies for MOESI state
didn’t make much difference. In other words, if the Owned and Shared lines
are summed in one for refresh policies definition, the results for MESI and
MOESI are very similar. According to our simulation, those differences are
less than 2% that is less than the error of the simulator that is stated in the
[103]. Because of that, in order to avoid overcrowding of graphs that show
almost same numbers, in the evaluation we present results just for the MESI
protocol.

In general, the MES technique delivers the best performance. Perfor-
mance is at the same level as the SRAM baseline. Different performance
losses can be observed for different workloads for the various refresh poli-
cies. For instance “blackscholes” achieves smallest performance loss when the
"Shared” state is refreshed, "fluidanimate” for the "Exclusive* state, while
performance loss for "streamcluster” is very small for all refresh policies.

A fixed static scheme can yield significant performance loss, in contrast,
the dynamic system can keep the performance loss below 4% for MESI. This
is a tiny loss comparing to the overall energy benefits that we will present in
short.

It is important to notice that the dynamic policy is based on the perfor-
mance as well as on the refresh energy consumption. In terms of performance,
the dynamic policy does not necessarily provide the optimal solution. This
is because the algorithm only checks if the performance loss for the refresh
policy is below a certain threshold. In other words, if the performance loss for
two or more refresh policies is below the predefined threshold, the algorithm

will choose the one with the smallest number of refreshes.

6.5.4 Energy Consumption

For energy estimation, we used simulation results that are previously ob-
tained for the 6T SRAM and the 3T DRAM (Chapters [4] [B]). We were also
lead by the ITRS prediction[I] in order to estimate Dynamic Power. This
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report gives prediction how the Dynamic power per cell is going to scale
over the next 10 years. We assumed that the dynamic power per cell is the
same for the 3T and the 67T cells. This is very realistic to expect considering
the same technology node and the same access time as previously simulated.
Similar assumptions were made in [77].

After the power estimation at the circuit level, a full system simulation
was done with the MARSSx86 simulator. We used the total number of cache
accesses (number of total read hits, read misses, write hits, write misses)
and cache "snooping” communication in the coherence protocols in order to
estimate the dynamic energy. We also extracted the total number of refresh
lines in order to evaluate the refresh energy and the total number of cycles in
order to evaluate leakage. We also included the energy consumption of the
additional logic that includes: line counters and policy decision logic. Com-
bining the access/cycle counts and the energy per access/cycle we obtained

the final energy numbers.

Energy Consumption vs. Refresh Policy
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Figure 6.5: Energy consumption of the coherent caches (L1+L2) for differ-
ent refresh policies normalised to the SRAM coherent cache for the MESI
protocol

Figure shows the total energy of the coherent caches (L1 and L2).
The consumption of the line counters that are implemented to count the line
retention time for dynamic caches is also included. The data are normalised
according to the SRAM baseline. These figures show that the block refresh
technique achieves the same energy consumption as the baseline. When
our refresh techniques and the dynamic algorithm are applied, we produce
significant refresh energy benefits. On average, the savings are 37% for the

MESI protocol. According to the ITRS [I], the overall power consumption in
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on-chip memory will reach the 50-60% of the total system power in a couple
of years. Having this in mind and assuming the minimal performance loss
showed, DRAM-based coherent caches show themselves as a good candidate
to save energy in future designs.

It should be noted that an application of some refresh policies increases
the leakage energy. This happens because the execution time extends for
certain workloads for some refresh policies. However, the dynamic scheme
ensures that this does not occur ever.

Also, the total system energy can increase due to the increase in the
system execution time. However, when dynamic approach is applied, that
guarantees execution time below some threshold (in our case mean value of
system performance loss is 4% for all workloads) this enlargement is expected

to be minimal.

6.5.5 Chip Communication

Given that the DRAM-based caches may induce a higher number of accesses
to the lower levels of the memory hierarchy, Figure shows the number of
accesses for all caches (L14-L2+L3). It can be observed that the miss rate can
increase for some benchmarks for individual refresh policy. However, when
the dynamic approach is applied this rise can be neglected. This is reasonable
to expect because the dynamic energy of the caches does not increase much

as it has been shown in the previous section.

Glabal Miss Rate vs. Refresh Policy
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Figure 6.6: Miss rate for different refresh policies normalised to the SRAM
coherent cache for the MESI protocol

We also observed the total number of accesses for every cache. We noted

82



CHAPTER 6. DRAM COHERENT CACHES

that the total number of L1 hits dominate this number (in the baseline cache
configuration) contributing with more than 99% of total L1, L2 and L3 cache

accesses.

6.5.6 Retention Time Variation

As stated in the Chapter [5] the process and the environmental variations
affect the 3T cells mostly in terms of the retention time [72]. The variation
in the retention time exists due to the variation of the leakage drive current
of the WR transistor when the cell is not accessed. This variation is caused
by the process and temperature variations. In this section, we present how
the variation in retention time affects the system performance and the overall
energy consumption.

We wanted to illustrate the change of the system execution time and
energy consumption for the different values of the retention time. Also, in
order to avoid overcrowding of the figures, we show results only for BLOCK,
MES, MS and NONE refresh policies and for the DYNAM approach. Very

similar behaviour has been observed for other refresh policies.

Execution Time vs. Refresh Policy
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Figure 6.7: The system execution time for different refresh policies and re-
tention times normalised to the SRAM coherent cache for the MESI protocol

We analysed the performance of the system when the retention time of
the memory falls to 2.5us and 2us. Figure presents the execution time
results for the MESI coherence protocol. The results are normalised to the
SRAM memory (i.e. refresh is not needed). Also, the energy consumption

is presented in Figure Some of the proposed refresh configurations can
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Energy Consumption vs. Refresh Policy
streamcluster blackscholes fluidanimate fft fmm luc mean
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Figure 6.8: Energy consumption of the coherent caches (L1+L2) for different
refresh policies and retention times normalised to the SRAM coherent cache
for the MESI protocol

achieve similar results in the performance, and the refresh energy savings are
higher (when compared with the BLOCK refresh) than for baseline reten-
tion time. Workloads "streamcluster” and "blackscholes” show good energy
savings under the MS policy with significant energy reduction of up to 44%
with minimal impact on performance even for the memory with 2us retention
time. Other benchmarks such as "fluidanimate show energy savings up to
18% and 24% respectively but the performance loss is around 7% (compar-
ing to the SRAM baseline). Similar energy savings are achieved for "fft” for
the same policy with slightly smaller performance loss. On average, the MS
refresh policy can save 25% of refresh energy with a performance loss of 9%
(comparing to the SRAM baseline). On one end of the spectrum, energy
savings can get up to 47% when none line is refreshed(i.e. NONE policy).
Nevertheless, that configuration takes a 25% hit on performance. At the
other end of the spectrum, even always refreshing (BLOCK) takes a perfor-
mance hit, and it shoots up the energy consumption. When the dynamic
approach is applied to the system, the total energy savings of the coherent
caches are even higher comparing to the nominal BLOCK refresh (56%). For

this simulation, the performance threshold was kept on the same level of 5%.

6.5.7 Temperature Dependency

Temperature affects the leakage dramatically. Plus, in the DRAMs, temper-

ature has an extraordinary impact on the retention time. This impact on
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the retention time may mean an increase in the refresh activity and conse-
quently the overall energy and execution time. According to our HSPICE
simulation of the 3T cell, there is a big reduction in cell retention time across
the temperature range between 25°C' and 80°C'. Approximately, we observed
a decrease of 50% of retention time per 10°C' for these devices. In order to
present the best temperature effects for the different refresh policies, we show
the results for two temperatures 60°C' and 70°C'.

Execution Time vs. Refresh Policy and Temperature
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Figure 6.9: The system execution time for different refresh policies and tem-
peratures normalised to the SRAM coherent cache for the MESI protocol

Energy Consumption vs. Refresh Policy and Temperature
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Figure 6.10: Energy consumption of coherent caches (L1+L2) for different
refresh policies and temperatures normalised to the SRAM coherent cache
for the MESI protocol

Figure [6.10] presents the energy consumption for different temperatures
and refresh policies. Results are normalised to the SRAM cache at 60°C.
It can be seen that the refresh energy can increase significantly due to the
reduction of the cell retention time. Although Figure [6.10] shows that the
overall energy of DRAM cache for BLOK refresh policy is higher than base-
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line, it should be noted that the for 70°C static power consumption of SRAM
cache increase also and that is much higher than DRAM leakage.

The performance loss of the extra refresh actions may be significant when
compared to the SRAM baseline as it can be seen on the Figure This
loss is caused by the reduction in the retention time in higher temperatures.
While no refreshing is badly hurt with the smaller retention time, the dy-
namic scheme is capable of keeping losses below 5% (comparing to the SRAM
baseline) even in the hottest scenarios.

In the high-temperature scenarios, refresh actions are more frequent. This
benefits our proposal against others since it reduces the number of refresh
actions. On the other side, in lower temperature scenarios, the amount of
refresh actions is smaller, so the benefits of our proposal over BLOCK refresh
diminish. Actually, if the temperature is, unrealistically, constant at 30°C'

(and refresh times increase accordingly), both techniques perform similarly.

6.5.8 Technology Scaling

Energy Consumption vs. Refresh Policy
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Figure 6.11: The energy consumption of coherent caches (L1+12) different
technologies for the SRAM and DRAM caches, when block refresh is applied

In this section, we analyse the contribution of memory refresh energy on
the total memory consumption for the different technologies. For making this
plot, we use the ITRS report [I] to obtain the trend for the memory leakage
and the dynamic power through technologies. Also, for estimation of the
cell retention time we used HSPICE simulation. We assumed the threshold

voltage variation through technologies according to [6]. According to our
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simulation, a significantly higher retention time can be made for the higher
technologies (3.5-4 higher for the 20nm FinFETs than for the 10nm devices)
for the same environmental conditions (temperature, voltage).

Figure [6.11| shows that, as the technology shrinks, the dynamic energy
is going to continue to reduce. The results are normalised to the 20nm
technology node. Figure presents the energy consumption for the SRAM
and DRAM caches with the BLOCK refresh. At the same time, a further
increase in memory leakage is expected. For this plot, we assumed a constant
working frequency of 2.5GHz as in our previous results.

On the other hand, due to the reduction in the retention time for the
lower technology nodes, we expect a higher contribution of refresh energy.
Following the results in Figure [6.11, we can conclude that smart refresh
techniques have a smaller impact on the refresh contribution to the overall
energy consumption in higher technologies. However, for the future sub 20nm
technologies where the retention time is significantly less, our proposal, of
reducing refresh energy, has a big impact on the overall memory energy

consumption.

6.5.9 Cell Ageing

We used cell access time as a primary metric of the cell ageing. In order to
estimate cell ageing we followed the reaction diffusion method explained in
the section 2.2.3] The major assumption that we used in our simulation is
that device ageing is proportional to the activity factor fac(S,) according to
the Equation [6.1]

qNrr(t)
ox

AVTH X XX fAc(Sp) X KDC x t" (61)

Here are detailed simulation steps for evaluations.

1. Obtain full system simulation of the baseline system. From the simula-
tion extract the average cache occupation. When a cache line is invalid,
it holds "0" in the every cell (as the value will have leaked away). Dur-

ing this period, the PD transistor is not exposed to PBTI. This can be
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interpreted as the reduction of S, in the PD transistor (which ages the
most due to the PBTI);

2. From the activity results in step 1) calculate Vipypr; shift due to the
PBTI based on the Equation The results are pre-calculated based
on the results presented in [13]. As in [I5], we assume a linear depen-

dency of Vry to S,.

3. Perform HSPICE simulations to calculate the cell read access time with

the newly computed threshold voltage Vrgpprr in the PD transistor.
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Figure 6.12: Total valid lines for different refresh policies normalised to the
SRAM coherent cache for the MESI protocol

Figure presents the memory occupation over time for the different
refresh policies. In general, the most of the cache is occupied by lines that
are in "Modified" or "Exclusive" state and a very small number of lines
are in "Shared" state. Consequently, the system execution time increases
differently when the different refresh policy is applied, so a trade-off between
memory occupation and the system performance should be found.

When cache occupation is used to calculate the ageing (Read Access
Time) according to the Equation [6.1] it can be seen that the cell ageing pro-
cess can be significantly reduced by different refresh policy and benchmark
(Figure . For the policies that occupy the most of the cache memory, we
observed an increase in the cell Read Access Time up to 16%. However, when
the refresh policies are applied, this number is reduced to just 2% (NONE) or
3%(S) on average. However, as it has been already shown in Figure[6.4] these
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Read Access Tlme vs. Refresh Pol|cy
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Figure 6.13: Read access time for different refresh policies normalised to the
SRAM coherent cache for the MESI protocol

policies produce the largest performance loss. Other refresh policies achieve
a trade-off between the performance degradation and the cell ageing. For
example, if only lines in the Exclusive state are refreshed, the degradation
is reduced by 4x (16% reduced to 4% nominal) with a performance loss of
7%. Ageing reduction goes to 3% for the dynamic approach. Benefits of this
proposal are even higher for larger periods of time (5-10 years) because the

nominal ageing of the cache is greater.

6.5.10 Retention Time

According to our analysis, the retention time of the cell is not affected sig-

nificantly by the cell ageing. There are two reasons for that:

e The gate capacitance of the PD transistor (that holds the value of the
cell) does not depend on the voltage shift due the ageing.

e The probability of activating the WR transistor of a particular word
in the cache (interval when the WL is "1") is very small. Additionally,
even for higher probability, the ageing of the WR transistor and Vg
increase would manifest as a reduction in the WR transistor leakage.
According to that, it is reasonable to expect that the retention time of

this cell would increase a little due to the ageing.

This small increase in the retention time of the cell is at the cost of

an increase in the cell write access time that would increase slightly, too.
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However, these effects are expected to be subtle (low probability of activating

WR) and because of that we excluded it from our analysis.

6.5.11 Comparison of the 3T and the 6T cell ageing with
respect to the signal probability

The good side of gain cells in terms of ageing is that they are not symmetric.
When compared to the 6T SRAM cell that comprises two paired inverters,
the gain cell is one sided. As a consequence of the 6T cell symmetry, the
minimal ageing of it is achieved when the signal probability is S; = 0.5
(this means that both inverters are equally stressed). Any shift of the signal
probability in any direction will cause that one PD transistor (as well as its
diagonal PU transistor) to have a higher Vyypr shift which will eventually
result in higher ageing (i.e. a noise margin reduction and an increase in the
read access time).

On the other side, there is only one PD transistor in a gain cell whose
ageing is proportional to the probability of writing "1". In other words, if
the probability of writing "0" in the gain cell (3T) is higher than 0.5, the
ageing of the PD transistor is going to be smaller than in the 6T SRAM
(if the probability of writing "0" is less than 0.5, a simple inverted logic of

writing should be applied and the same results results are achieved).

6.5.12 Cache coherency ageing reduction with respect

to signal probability

Although the signal probability affects a gain cell ageing less than the 6T cell;
it is good to give some presentation of its effects on the cell ageing. Here, we
present how our proposal affects cell ageing for two signal probabilities.
Figure shows the ageing of the cache when the probability of writing
"1" in the cell is 0.25 and 0.10. It can be noted that the ageing of the
baseline system drops significantly when the signal probability is smaller.
The increase in the read access time is 3% for signal S; = 0.25 for the

baseline cache architecture. When the signal probability is .5; = 0.10, this
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value is even smaller. In the case of such a small degradation, benefits of our

proposal are negligible.

Read Access Time vs. Refresh Policy and Signal Probablllry
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Figure 6.14: Read access time for different refresh policies and signal proba-
bilities normalised for the SRAM coherent cache for the MESI protocol

6.6 Application of coherency based cache re-

fresh on other cache architectures

The results that are presented in the previous sections, clearly state the re-
fresh energy savings with a small performance loss for a particular system
configuration. However, considering the vast diversity in the cache archi-
tectures it is very hard to find some optimal solution that is reasonably
applicable to the every cache configuration. In other words, optimisation
that delivers certain advance for one type of cache, does not necessarily have
the same effects on some other. In that environment it is hard even to make
some fair comparison between different proposals because the most of the
optimisations are applicable only for particular configuration and environ-
mental conditions from the great diversity of all possible cases. Because of
that we have not made some comparison of this proposals with some work
from many papers that appear every year. We, rather, only wanted to prove
the hypothesis that cache coherency can be used as an insight for reducing
refresh energy under certain conditions. However, it is good to give some
general range of application of this proposal as well as to give some direc-

tions in the analysis of the idea of using gain cells in a high-speed cache
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memory design.

Some rules should be clear. Cache size is very important. For instance,
data in larger caches exist for greater period of time, and only applying an
optimisation on the caches which size is 2MB (or higher) could lead to higher
performance loss than when the same optimisation is applied on 32KB caches
if the retention time of a memory cell is the same. The reason for this could
be different (e.g. a 2MB cache is greater and slower and it is reasonably to
assume that miss penalty is higher). This of course depends of the application
too, especially of the application footprint size.

In general, two significant parameters define the range of application of
our proposal; cache size and cell retention time. For instance, if the retention
time is too small, performance loss will be too high, but the greater amount of
refresh energy could be saved. Similarly, for a larger caches more significant
amount of energy is needed for refresh.

We have proven in this work that cache coherency can be used for finding
trade-off between performance loss and energy savings under certain con-
ditions. However, its application is limited to the small number of cache
architectures. If the retention time is big enough, refresh energy will not
contribute overall cache memory energy budget, so that kind of optimisation
does not have sense. If the retention time is too small (comparing to the
cache size) cache memory will lose its purpose since the performance lost will
be very high.

Besides these two parameters, a set of other variables have influence, too.
The overall contribution of the leakage in the cache energy budget. If the
percentage of the leakage in the budget is very small comparing to a gain cell
memory, the idea of gain cell memory does not apply.

The leakage strongly depends on the circuit temperature so indirectly
temperature plays a significant role in the leakage energy budget as well as
in the retention time. Similar conclusions can be said for the technology node
used for a cache implementation.

Also, the type of application and its configuration is very important. In
this work, we used set of parallel benchmarks that are available to us, but

simulate all application that exist or could exist in the future is impossible
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to cover in one work.

6.7 Conclusion

This chapter describes how the coherency protocol can be exploited to reduce
refresh energy and cache ageing in the dynamic high-speed cache memories.
At first, we defined line refresh policies based on the cache coherence state
and then we presented how to find the optimal refresh policy that keeps
performance high while minimising refresh energy. In addition, it has been
investigated how the performance and energy consumption of the system
are affected when the memories are exposed to the effects of process and
environmental variations. These variations translate to a higher memory
leakage, a lower retention time and, eventually, a higher the refresh energy.

In our analysis, we show the significant savings in the refresh energy of
coherent caches, up to 37%, and a very small increase in the execution time
(up to 5% for MESI coherence protocol) by coherency-based refresh. The
energy savings are even higher in the conditions of a higher chip temperature
or lower cell retention time as a consequence of the process and environmental
variations.

Results also show that the read access time degradation of the memory
can be reduced more than 4x when this proposal is applied (3% increase over
three years comparing to the baseline degradation of 16%).

However, a bad side of this approach is its range of application. Significant
benefits of energy reduction work under certain conditions - chip tempera-
ture, cell retention time, technology and cache size, and signal probability

when ageing reduction is considered.
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Conclusions and Future Work

7.1 Summary of Contributions

With continuous technology scaling issues related to the power, and the re-
liability tends to increase with every generation. The innovations from the
every level of the design abstraction are necessary in order to fight the process
and environmental variation in order to achieve the low power consumption
and satisfying chip yield.

The Introduction of the FinFET technology in the IC design 3 years ago
by Intel Corporation has prolonged the Moore’s law by solving the problem
of process variation caused by Random Discrete Dopants by manufacturing
the transistor gate from more than one side. However, variations caused by
LER and MGG are still going to pose a significant problem in transistor
production, especially for the 10nm technology nodes. This thesis tries to
address and investigate the problems that arise in the 10nm FinFET devices
when used in the high speed cache design, and to propose some efficient
solutions of those issues.

The major contribution of the thesis are:
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e Presentation of an original method to simulate process variability when
a standardised BSIM-CMG model cards are used in HSPICE Monte
Carlo circuit simulation. Additionally, we presented how the Tri-Gate
FinFET models can be used for simulating static properties of the

circuits that are implemented by Independent Gate FinFETs.

e Characterisation of the classical 6T and 8T SRAM cells as the most
sensitive units to the process and environmental variations. We show
that although, these circuits can demonstrate high stability in terms of
the RSNM and WLNM for the nominal value of the Vpp its stability
(especially the WLNM) can be significantly compromised when the
nominal value of supply voltage is reduced. Some improvement in the
WLNM can be achieved by using the IG FinFETs, and the reverse
back-gate biasing is applied to the PU transistor, but this goes on the

cost of complicated routing.

e Characterisation of the dynamic Gain Cell for the 10nm FinFETs, the
comparison with the classical SRAM circuits and proposition of the
techniques for increasing retention time for this cell. We have shown
that the speed of this cell (RAT) is in the range of the 6T SRAM, and

the area is 40% smaller.

e Proposal of one micro-architecture solution that can be used to min-
imise refresh energy of the high-speed coherent caches when they are
implemented by the dynamic 3T gain cells. The technique uses the
cache coherence state as a proxy for finding the minimal number of
cache lines that should be refreshed and not degrading the performance
very much at the same time. Additionally, this solution can be also used
for the mitigation of the cell ageing since the lines that are not refreshed

are less active and accordingly their lifetime can be extended.
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7.2 Future Work

Reliability of the memory and logic circuits designed for the future FinFET
technology is the crucial topic that should be discussed researched further.
Although some initial investigation of the DRAM-based caches is covered in
this thesis, the reliability of complex cache structures is critical, and it can
be extended.

A study of the gain cell reliability is shown in Chapter [6] when the cache
coherency is used to mitigate cache ageing. However, the development of an
efficient method for reliability estimation and solutions to keep memory yield
high is still work that can be extended. The major idea, that we plan to do in
the future, is to develop an efficient analytical model for calculating memory
yield with a superb precision. As the input this tool would use parameters
from different levels of design abstraction (process and environmental vari-
ability, cell layout parameters, cache micro-architecture configuration...) and
it should provide an efficient reliability estimation of such structure in a very
short time. Using this type of tool would be highly beneficial because the
evaluation of system reliability at early stage is very important and tradi-
tional techniques based on the Monte Carlo simulations are time consuming
and limited to a certain level of design abstraction. Even the recent proposals
that use Importance Sampling (IS) although that can speed up simulation
time for a couple of orders of magnitude, they are still slow and their range of
application is limited to the particular cell type and cache micro-architecture
configurations.

The second thing that we plan to do in the future is the investigation of
low power cache memories. Current trends in microprocessor design put cir-
cuit power consumption as a critical parameter and accordingly, the devices
that work in the near threshold and threshold domain. Characterisation of
these devices and circuits demands novel techniques to combat process vari-
ability. Reliability is a significant issue in these devices; i.e. the margin for
error is significantly reduced due to the small supply voltage. Accordingly,
algorithms and circuits have to be modified and adjusted to the environment

of the increased number of failures.
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7.3 Publications

e FEnhancing 6T SRAM Cell Stability by Back Gate Biasing Technique
for 10nm SOI FinFETs under Process and Environmental Variations,
Z. Jaksi¢, R. Canal, Mixed Design of Integrated Circuits and Systems
(MIXDES), 2012 Proceedings of the 19th International Conference;

e FEnhancing 3T DRAMs for SRAM replacement under 10nm tri-gate
SOI FinFETs, 7. Jaksi¢, R. Canal, Computer Design (ICCD), 2012
IEEE 30th International Conference on;

o Fffects of FinFET Technology Scaling on 3T and 3T1D Cell Perfor-
mance Under Process and FEnvironmental Variations, 7. Jaksi¢, R.
Canal, Workshop on Resilient Architectures, Held in Conjunction with
45th International Symposium on Microarchitecture (MICRO), 2012

o Comparison of SRAM Cells for 10-nm SOI FinFETs Under Process
and Environmental Variations, 7. Jaksi¢, R. Canal, Electron Devices,

IEEE Transactions on, January, 2013;

e DRAM-based Coherent Caches and How to Take Advantage of the Co-
herence Protocol to Reduce the Refresh Energy, 7. Jaksi¢, R. Canal,
Design, Automation and Test in Europe Conference and Exhibition
(DATE), 2014

e (Coherency Based Refresh and Degradation Adjustment in FinFET-based
DRAM Caches, 7. Jaksi¢, R. Canal, Design, Submitted to the ACM
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