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Abstract

Spin-Transfer Torque RAM (STT-RAM) is an emerging non-volatile memory technol-

ogy with the potential to be used as universal memory. The near-SRAM endurance and

CMOS compatibility makes it suitable for use throughout thememory and storage hierar-

chies. However, the density is signi�cantly lower than Flash, and the high write-currents

limit the performance and energy-ef�ciency of STT-RAM caches.

This dissertation presents tools and techniques for modeling and optimizing STT-RAM

for use in high-speed memory system design. This makes it possible to compare published

magnetic tunnel junction (MTJ) designs and perform �rst-order evaluations of cache and

memory designs. Augmenting a Flash-based Solid-State Diskwith a STT-RAM merge

cache can reduce the response time by more than 75%, while sacri�cing the retention-time

of the memory cells improves both the performance and energy-ef�ciency of STT-RAM

caches. Detailed error modeling makes it possible to designa refreshing scheme that main-

tains the reliability of the system, and dynamically adjusting the refresh rate according

to current temperature reduces the refresh overhead. This adaptive refreshing can reduce

the cell area by more than 28%, compared to STT-RAM with error, while simultaneously

limiting the impact of performance and consumption.
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Chapter 1

Introduction

The current multi-core era has resulted in the integration of increasing numbers of cores

into the microprocessors used to power computers and cellphones. Though this can provide

a near linear speedup for embarrassingly parallel applications, most real-world programs

are ultimately limited by memory latency and bandwidth. Historically, the microarchitec-

tural improvements of new processors were accompanied by anincrease in the amount of

on-chip cache per core. However, power constraints make increasing the amount of cache

per core dif�cult, since the number of cores continues to increase.

Advanced SRAM designs that reduce power consumption require either a reduction

in performance or a reduction in capacity, neither of which is desirable. Improvements

to cache management may help to ameliorate the reduction in performance, but they are

likely to continue to lag future core microarchitecture performance improvements. The

best approach to resolve this problem is to use a different memory technology that provides

both lower power consumption and higher density. The most common alternative to SRAM,

commodity DRAM, provides very high density at low cost but cannot be directly integrated

with the microprocessor. One solution, already in use, isembedded DRAM, which provides

a signi�cant reduction in leakage power and an� 2� improvement in density. However,

embedded DRAM has not been adopted for any mainstream processors. The largest mar-
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kets for embedded DRAM have been consumer electronics (up to� 32MB) and IBM's

processors for supercomputers and mainframes (up to� 32MB per die) [KSSF10,Sta09].

The Non-Volatile Solution

An alternative solution is to usenon-volatile memory (NVM)technologies, which can

provide low power (especially low leakage), high density, and the ability to retain the

stored data over long time periods (non-volatility) that have made them attractive for

use as secondary storage. Flash memory is already widely used in consumer electronics

and in solid-state disks due to its low cost and extremely high density. However, it

suffers from extremely lowwrite endurance, which is the number of times each storage

cell can overwritten before it wears out. While commodity and embedded DRAM cells

can be written> 1015 times, Flash cells can only be written> 105 times [ACG+ 09].

Phase-Change Memory (PCM) is a promising replacement for Flash, with similar density

and better performance and endurance. Though PCM cells can still only be written> 109

times before wearing out, it has already been shown to be a viable candidate for use

in main memory [QSR09, LIMB09]. Techniques exist to minimize the impact of this

for mass-storage devices, but they cannot cope with the highwrite traf�c that caches

experience.

Spin-Transfer Torque RAM (STT-RAM) is an emerging NVM technology that has sig-

ni�cantly higher write endurance (at least 1012 cycles). STT-RAM is being actively ex-

plored by industry [DLW+ 07,CAD+ 10,RSKD09] and has the potential to be anUniversal

Memorytechnology [GIS10, RCC+ 10]. Though not as dense as Flash and PCM, it is ca-

pable of high performance operation suitable for caches andcan be integrated within the

microprocessor. In particular, the combination of high endurance and the lack of cell leak-

age makes it an ideal candidate for use in a wide range of applications from cellphones to

servers.
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Figure 1.1 qualitatively compares these three NVM technologies against SRAM for

various �gures of merit. The relative trends are based on data from ITRS and other publi-

cations on these memory technologies [ACG+ 09]. Theretention timeis the duration that

data is preserved in the absence of an external power source.The outer boundary of the

hexagons represent the ideal characteristics of an universal memory, while the heavy black

line represents SRAM.

Dotted border is optimal, black line is SRAM

Figure 1.1: Comparison of NVM technologies to SRAM
(Based on ITRS roadmap data [ACG+ 09])

As the �gure shows, none of the three NVM technologies can approach the performance

or endurance of SRAM, though its leakage power is far higher than any of the NVM tech-

nologies. STT-RAM and PCM have similar performance and energy characteristics, while

Flash gives up performance in exchange for density. However, poor endurance and lack

of CMOS compatibility inhibits the use of Flash on the processor die, and, though better

than Flash, the endurance of PCM is still signi�cantly lowerthan STT-RAM (109 versus

1012 write cycles [ACG+ 09]). Combining high endurance with low leakage, STT-RAM is

the best candidate for use within the processor, though it suffers from high write energies

and signi�cantly slower writes than SRAM. Addressing thesetwo issues is critical before

STT-RAM can be effectively used in the cache hierarchy.
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Using STT-RAM Throughout the Memory Hierarchy

The lack of density makes it unlikely that STT-RAM will be a suitable replacement for

either Flash or PCM. At the storage level, STT-RAM could be used to augment high-density

Flash or PCM to help mitigate their endurance and performance limitations. Battery-

backed DRAM could also perform this role, but such schemes must quickly write all modi-

�ed data to the backing store to ensure no data will be lost. STT-RAM with a storage-class

data retention time is superior as it ensures that all user data will be reliably stored without

restriction. Similarly, researchers have proposed using PCM to signi�cantly increase the

capacity of main memory, but the schemes have required a large DRAM cache to mitigate

the limited write endurance. As for storage devices, using STT-RAM to build this cache

would eliminate this limitation.

At the other end of the memory hierarchy, the high-performance caches of the micro-

processor certainly bene�t from the improved density and reduced leakage of STT-RAM.

However, performance is reduced when using storage-class STT-RAM, as it requires a large

amount of energy to perform writes. By leveraging the fact that the data in the micropro-

cessor caches generally has a short lifetime, it is possibleto mitigate this by usingreduced

retention-timeSTT-RAM. Though this may reduce the retention time to one second or less,

it can mitigate the write performance and energy penalty associated with STT-RAM caches.

The use of a non-volatile memory (NVM) with high performanceand endurance, such

as STT-RAM, makes it possible to enable a memory hierarchy that has some degree of non-

volatility at each level. This opens new opportunities for optimizing both the performance

and energy-ef�ciency of the system. In addition, the non-volatility can also be exposed to

the software, which enables new paradigms [CCA+ 11].

Contributions of this Dissertation

Chapter 2 will describe the system I have created for evaluating STT-RAM cache and

memory designs [SINGS11]. Chapter 3 then describes using STT-RAM-basedmerge
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cacheto improve the performance of Flash-based solid-state disks (SSDs) [ICG10]. Mov-

ing up to the microprocessor level, Chapter 4 demonstrates the bene�ts of replacing the

SRAM caches with reduced retention-time STT-RAM caches. Reduced retention-time

caches require “refreshing” to maintain correctness, so Chapter 5 analyzes the nature of

random errors for STT-RAM memories and describes a temperature-controlled refresh

policy. Before going into the contributions of this work, Sections 1.1 to 1.3 will �rst

provide background information on the operation and behavior of STT-RAM.

1.1 Overview of Magnetoresistive Memory Technologies

STT-RAM is a new, more ef�cient variant of magnetoresistiveRAM (MRAM) in

which a single bit of data is stored in the magnetic orientation of the free layer of a

magnetic tunnel junction (MTJ). MTJs consist of at least twoferromagnetic layers with

an oxide barrier (insulator layer) between them, as shown inFigure 1.2. One of the two

magnetic layers is called thehard, pinned, or �xed layer and has its magnetic orientation

permanently set during fabrication The other is called thesoft or free layerand has a

weak magnetic orientation that can be changed dynamically.MRAM and STT-RAM

are non-volatile because the free layer does not need an electric current to maintain its

orientation.

Figure 1.2: Structure of MTJ

MRAM never gained signi�cant traction in the memory market due to its extremely

high write energy requirements, caused by the use of rotating electric �elds to change the
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free layer state. STT-RAM instead uses thespin-transfer torqueeffect to switch the free

layer, which only requires passing a large electric currentdirectly through the MTJ [Slo96].

This switching effect behaves according to a thermally-controlled stochastic process, and

will be described in more detail in Section 1.2. To minimize the impact of this randomness,

the currents used are larger than strictly necessary to ensure reliable operation. Despite this,

the write energy and circuit complexity is signi�cantly reduced over MRAM.

The presence of the oxide barrier between the ferromagneticlayers creates a noticeable

resistance to electric current, dependent on the free layerorientation. When the two layers

are oriented in the same direction, the MTJ is in theparallel (P) state and exhibits a low

resistance (RP), and when the two layers are oriented in opposite directions, it is in the

anti-parallel (AP) state and exhibits a high resistance (RAP). Figures 1.3a and 1.3b graphi-

cally demonstrate the two free layer states. Reading the state of the MTJ is accomplished by

using a small current through the MTJ to estimate the resistance value. Performing a write

requires holding the write current for a suf�cient amount oftime, which is called either the

write pulse widthor theMTJ writetime, to ensure the free layer has changed state.

(a) Parallel state (b) Anti-parallel state

(low-resistance) (high-resistance)

Figure 1.3: Magnetic tunnel junction (MTJ) operation

1.2 Macromagnetic Behavior of MTJs

The parallel and anti-parallel states of the free layer of a MTJ always correspond

to the two directions of theeasy-axis, though the physical orientation depends on the
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type of MTJ. Figures 1.4a and 1.4b show the precession (change in orientation) of the

magnetic moment under spin-transfer torque from the anti-parallel state to the parallel

state for the two main types of MTJs. The magnetic moment has been normalized us-

ing the saturation magnetization(Ms), and the rate of precession is determined by the

Gilbert damping coef�cient(a ). The presence ofeasy-axis anisotropyattempts to keep

the moment oriented in either the parallel (Z=+1.0) or anti-parallel (Z=-1.0) positions and

is proportional to theuniaxial anisotropy(Hk) factor andMs. Both Hk andMs depend on

the materials and design of the MTJ and are derived from empirical measurements.

The free layer behavior is statically determined by the easy-axis anisotropy, easy-plane

anisotropy (for in-plane MTJs), and demagnetization (for perpendicular MTJs) magnetic

�elds. These are combined with the dynamic spin-transfer torque and stochastic thermal

noise models into the Landau-Lifshitz-Gilbert equation tonumerically simulate the switch-

ing behavior of the free layer [Slo96]. The transport model described in Section 1.2.3

calculates the total current through the MTJ and effective spin-polarized write current in

the free layer for a given applied voltage [NMG+ 10]. As most high-speed STT-RAM MTJs

are extremely compact, it is possible to approximate the behavior of the free layer as a mon-

odomain magnet, which allows us to perform Monte-Carlo simulation of MTJ switching

for a wide range of write voltages [Sun00].

1.2.1 In-plane MTJ

For the in-plane MTJ shown in Figure 1.4a, the plane of the MTJlies in the Z-Y

plane and current �ows up or down in the direction of the X-axis. The �attened shape

of the motion is caused byeasy-plane anisotropy, which attempts to keep the magnetic

moment within the plane of the MTJ. As the easy-axis lies within the easy-plane, the two

types of anisotropy work in tandem to maintain the state of the MTJ, though the easy-

plane anisotropy makes spin-transfer torque more dif�cult, as will be discussed shortly.
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(a) In-plane MTJ

(b) Perpendicular MTJ

Figure 1.4: Example of magnetic moment precession

(The precession is from anti-parallel to parallel, with theZ-axis represent-
ing the easy-axis and the lower plane representing the planeof the MTJ)
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Partial perpendicular anisotropy (PPA) partially offsetsthe easy-plane anisotropy, which

allows switching to occur more easily.

1.2.2 Perpendicular MTJ

Figure 1.4b shows a perpendicular MTJ, for which the plane ofthe MTJ lies in X-Y

plane while current �ows in the direction of the Z-axis. As the free layer is signi�cantly

wider and longer than it is thick, ademagnetizationforce attempts to pull the moment

back into the plane of the MTJ. Since the easy-axis is perpendicular to the plane of the

MTJ, the easy-axis anisotropy must be strong enough to overcome the demagnetization

force (Hk > 4pMs) to maintain the orientation of the magnetic moment, since they are in

direct competition. However, the demagnetization force assists the spin-transfer torque in

�ipping the magnetic moment. Perpendicular MTJs typicallyhave higher-density and faster

switching, but their fabrication is more dif�cult to integrate with CMOS logic processes.

1.2.3 Spin-Transfer Torque Switching

In 1996, Slonczewski showed how a spin-polarized current passing through the plane of

a thin free layer could be used to change its state [Slo96]. A fraction of the electrons �owing

through a MTJ will become spin-polarized by a �xed magnetic layer and, with enough

current, can overcome the anisotropy and demagnetization forces and �ip the free layer's

orientation. This works most straightforwardly with one �xed layer for each orientation

(they are often calledspin �lters). This also works with a single �xed layer, though it

requires signi�cantly higher currents to switch to the anti-parallel state than the parallel

state.

The spin-polarized current applies torque on the magnetic moment, pulling it in

the corresponding direction. Since increasing the total current increases the amount of

spin-polarized current, the MTJ will �ip its orientation faster, resulting in a shorter path
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with fewer rotations around the Z-axis. However, without the current, the moments in

Figures 1.4a and 1.4b would have remained near the initial, anti-parallel, position.

1.3 Characteristics of STT-RAM MTJs

When considering the use of MTJs to build STT-RAM memory devices, the most im-

portant characteristics are: (i) theretention time, (ii) the write latency, and (iii) thewrite

energy. All three of these characteristics are interrelated, and it is dif�cult to change one

without affecting the other two. This section provides a foundation for understanding how

they interact.

1.3.1 Stability and Retention

Theretention timeof a MTJ is a characterization of the expected time until a random bit-

�ip occurs and is determined by thethermal stability(D) of the MTJ. The thermal stability

is approximated by Equation (1.1), which depends on the geometry and magnetic param-

eters of the MTJ free layer.A andtF are the planar area and thickness of the free layer,

respectively, whilekB is Boltzmann's constant andT is the operating temperature. A high

stability value indicates that the cell is unlikely to suffer from random bit-�ips but is more

dif�cult to write, requiring either higher currents or moretime. In addition to determining

the retention time, the thermal stability also factors intothe time and energy required to

switch the MTJ state and will be described in further detail in Chapter 2.

D�
A� tF � Hk � Ms

2kB � T
(1.1)

Retention time� 1ns� eD (1.2)
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Rizzoet al. use Equation (1.2) to estimate the average time to a MTJ bit �ip [RDJ+ 02].

This model is reasonable for individual MTJs, but Chapter 4 will introduce a more accurate

model of retention time for STT-RAM memory arrays with errorcorrection and detection.

Table 1.1 shows a range of thermal stabilities and the corresponding approximate retention

times at both 300 K and 350 K. The huge drop in retention time due to increased tempera-

tures has lead many researchers to requireD to be above 60 to ensure high-reliability for

storage-class STT-RAM across a range of operating temperatures [ACG+ 09,CAD+ 10].

Table 1.1: Example thermal factors (D)

D@ 300 K: 44.90 42.60 40.29 37.99 35.52 34.04 32.09
Retention time: 1000 years 100 years 10 years 1 year 1 month 1 week 1 day

D@ 350 K: 38.48 36.51 34.53 32.56 30.45 29.18 27.51
Retention time: 1.6 years 3 months 12 days 1.6 days 4.6 hours 1.3 hours 15 minutes

1.3.2 Switching Performance

STT-RAM experiences three different switching modes, depending on the magnitude

of the applied write current and the exact state of the free layer. For a given target

MTJ writetime(t ) one can estimate thecritical write current(Ic) necessary to reliably

switch the free layer. Above 10 ns, spin-transfer torque causesthermally activated switch-

ing, given by Equation (1.3) [DLW+ 07, RSKD09]. The critical current is determined by

the write time, the planar area, thermal stability,t 0= 1ns, andJc0, which is thecritical

current densityat zero temperature (which is discussed in the following section).

ITherm.
c (t ) = A� Jc0 �

�
1+

1
D

ln
�

t
t 0

��
; t > 10ns (1.3)

IPrec.
c (t ) = A�

�
Jc0 +

C
t g

�
; t < 3ns (1.4)

Below 3 ns,precessional switching, given by Equation (1.4), dominates the required

current. Between 3 ns and 10 ns, a combination of these two effects, calleddynamic rever-
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sal switching, occurs that is more dif�cult to characterize [DLW+ 07]. Though these two

equations seem quite simple, the constantC must be �tted against experimental or, at least,

simulated data on the precessional switching behavior of the speci�c MTJ. Also extracted

from empirical or simulated data, the exponent,g, varies from� 1, for a curve �tted to

the maximum critical currents, up to� 1:27, for a curve �tted to the average critical cur-

rent. Once the critical current has been estimated, it can becombined with the write time

and thewrite voltage(Vwrite) to derive a conservative estimate of the write energy using

Equation (1.5).Vwrite is derived from a model of the MTJ oxide barrier based onIc and will

be described in Chapter 2.

dWrite Energye= Vwrite � Ic (t ) � t (1.5)

I developed a simulation methodology for estimating the parameters of Equation (1.4).

This methodology was also extended to create a complete model of MTJ behavior and was

integrated with CACTI to enable the high-level modeling of STT-RAM caches and memo-

ries. This modeling system, the STT-RAM Simulation and Modeling System (STeTSiMS),

and the modeling and evaluation of three published MTJ designs are described in Chapter 2.
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Chapter 2

The STeTSiMS STT-RAM Simulation

and Modeling System1

The general operation and behavior of Spin-Transfer TorqueRAM (STT-RAM) was

described in Chapter 1. This chapter describes the STT-RAM Simulation and Modeling

System (STeTSiMS) methodology for creating a complete model of magnetic tunnel junc-

tion behavior and integrating it into CACTI to model STT-RAMcaches and memories.

Section 2.1 discusses the important technology parametersand �gures-of-merit used in de-

scribing MTJ behavior. Section 2.2 gives a overview of the transport and macromagnetic

models used to characterize the switching behavior of STT-RAM MTJs, and Section 2.3

demonstrates a method for parameterizing and normalizing the behavior of published MTJs

to enable direct comparison. The extensions to CACTI necessary for modeling STT-RAM

is described in Section 2.4 and is used to compare the three previously parameterized MTJs.

1This chapter covers work previously published in:
Clinton W. Smullen IV, Anurag Nigam, Sudhanva Gurumurthi, and Mircea R. Stan. The STeTSiMS

STT-RAM Simulation and Modeling System. InProcessings of the International Conference on
Computer Aided Design, November 2011

Anurag Nigam, Clinton W. Smullen IV, Sudhanva Gurumurthi, and Mircea R. Stan. Delivering on the
Promise of Universal Memory for Spin-Transfer Torque RAM (STT-RAM). In Proceedings of the
International Symposium on Low-Power Electronics and Design, pages 121–126, August 2011
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Section 2.6 discusses related work on performing high-level modeling of STT-RAM MTJs,

and Section 2.7 summarizes the contributions presented in this chapter.

2.1 Figures of Merit

The behavior of a MTJ is determined by the materials and geometry used to make

the free layers, the electron transport behavior of the oxide barrier, and the operating

temperature,T, in kelvin. The oxide barrier determines the resistance presented by the

MTJ, which controls how much current can be passed through itand thus how fast the

MTJ can switch. The free layer is characterized by its thickness (tF) and planar area

(A) (whichever multiplied give the volume) and thesaturation magnetization, Ms, the

uniaxial anisotropy, Hk, and theGilbert damping coef�cient, a . The physical meaning

of the last three parameters will be described in Section 2.2, and they are not always

independent. The rest of this section explains the key �gures-of-merit for MTJs: the

(i) Tunneling Magnetoresistance (TMR), (ii) the thermal stability (D), and (iii) the criti-

cal write current (Ic) . These parameters are often given in or can be easily derived from

published evaluations of MTJs.

2.1.1 Tunneling Magnetoresistance (TMR)

The TMR determines how distinguishable the two states are from one-another, and a

high value allows read operations to be both faster and more reliable. The TMR is de-

termined by the design of the oxide barrier and its interfacewith the ferromagnetic ele-

ments, and it is often analyzed using Equation (2.1), which puts it in terms of the high

(anti-parallel) and low (parallel) resistance states. Values above 100% are preferred, but

many MTJs have extremely low TMRs due to a very narrow separation in the energy levels

of the two electron spin bands.
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TMR =
RAP � RP

RP
(2.1)

Even when the TMR or resistance values are not explicitly stated by a paper, they can

often be estimated from hysteresis plots of resistance versus the voltage, current, or an

applied magnetic �eld that many publications include. Using the transport model created

by Nigamet al. [NMG+ 10], the parameters are �tted to produce the same resistanceand

TMR values and to match resistance-voltage or resistance-current plots, when they are

given. Given a voltage, the transport model can calculate both the total current �owing as

well as the amount of spin-current, given the orientation ofthe magnetic moment.

2.1.2 Thermal Stability (D)

For temperatures above absolute zero, the moment will neverremain at exactly� Z

due to thermal noise that prevents the moment from reaching the minimum energy posi-

tion. It can be modeled as a Langevin thermal �eld whose variance is determined by the

thermal stability. The thermal stability,D, can be estimated by Equation (1.1) (wherekB

is Boltzmann's constant). Storage-class STT-RAM, which can retain data for at least ten

years, requiresDto be at least 40 [RDJ+ 02]. However,D� 47 is required to allow elevated

temperatures of up to 350K, and it has been shown thatD � 75 is necessary to meet the

requirements for a 1 Gb STT-RAM array in the absence of error-correction [DSWN+ 10].

D�
A� tF � Hk � Ms

2kB � T
(1.1)

WhenD is provided along with the geometry of the free layer, it can be used to deter-

mine the range of possible values forHk andMs. Halving the free layer's volume would

cut the write current in half, but at the cost of also halvingD. This would take a ten-year

retention time and cut it to less than one second. Since most research has focused on pro-

ducing storage-class STT-RAM, write-energy reduction using such techniques has not been
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explored in detail, though Smullenet al. did perform a high-level evaluation of reducing

the area to lower the write latency and energy for use in on-die caches [SMN+ 11]

2.1.3 Write Current ( Ic (t ))

The write current (Ic) for a givenwrite pulse width(t ) is the (magnitude) threshold of

current above which the free layer will reliably change its state in less thant time. Analyti-

cally modelingIc (t ) is dif�cult because it simultaneously depends on the magnetic param-

eters, the geometry, the oxide barrier, while also behavingdifferently depending ont itself.

Since this makes using measured write currents to compare MTJs dif�cult, researchers

instead use thecritical current densityat zero temperature,Jc0, as a key �gure-of-merit.

Jc0 =
2e
h̄

�
a
h

� tF � Ms � (Hk + Hext+ 2p � Ms � X) (2.2)

X =

8
>>>><

>>>>:

1 ; In-plane

1� PPA; In-plane PPA

� 2 ; Perpendicular

(2.3)

Equation (2.2) gives a formulation ofJc0, where the constante is the charge of an elec-

tron, h̄ is the reduced Planck's constant, andh is the spin-transfer ef�ciency.Hext is the

strength of an externally applied magnetic �eld relative tothe free layer's easy axis, which

is usually zero. The constantX is calculated according to Equation (2.3) depending on

whether the MTJ is in-plane, in-plane with PPA, or fully perpendicular. The PPA constant

measures the fraction of easy-plane anisotropy that is negated by the partial perpendicular-

ity. The spin-transfer ef�ciency is not actually a constant(it depends on the orientation of

the magnetic moment), but it is treated as such when presentingJc0. Using the known area

of the MTJ, one can easily calculate the critical current with Ic0 = A� Jc0.
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2.1.4 Extrapolating Missing MTJ Parameters

GivenJc0, D, and the MTJ geometry and type, one can solve Equations (1.1)and (2.2)

to obtain formulae forHk andMs in terms ofa . In the absence of speci�c details,h = 1

is assumed. Using the knowledge of the typical range forHk andMs for the given type

of MTJ, this makes it possible to estimate values for the three magnetic parameters that

are consistent with bothJc0 andD. Table 2.1 shows the expected range of each parameter

for the three MTJ types. These ranges will be used to validateextrapolated parameters in

Section 2.2.

Table 2.1: Typical parameter ranges by MTJ type

In-plane In-plane PPA Perpendicular

Hk [200;1000]Oe [4;21]kOe

Ms [800;2000]emu=cm3 [200;500]emu=cm3

a [0:005;0:02]

Jc0 [1;6]MA=cm2 [0:5;2]MA=cm2 [0:5;2]MA=cm2

D [40;70]

2.2 Detailed MTJ Simulation

After estimating the technology parameters for a MTJ design, it is necessary to per-

form detailed simulations to estimate its performance. Section 2.2.1 describes the transport

model which is used to model the relationship between current and voltage for the MTJ

stack. Section 2.2.2 describes the use of the transport model together with macromagnetic

simulation to estimate the transient behavior of the speci�c MTJ being modeled.
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2.2.1 Transport Model

The amount of current passing through the MTJ oxide barrier is determined by the

transport model. Despite being a “resistive” memory technology, STT-RAM MTJs have

a very non-linear relationship between current and voltage, as shown in Figure 2.1. This

relationship has been modeled by Nigamet al. using a combination of physical and syn-

thetic �tting parameters [NMG+ 10]. Their model is �tted using whatever combination of

RP, RAP, TMR, and explicit current-voltage pairs are available.
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Figure 2.1: Example of transport model voltage-current relationship

2.2.2 Macromagnetic Simulation

The transport model is used in conjunction with a simulationof the macromagnetic

state of the free layer to predict the transient response fora speci�c initial condition. This

simulation accounts for the forces that were outlined in Section 1.2. The mathematics were

mostly derived from d'Aquino's thesis on STT-RAM micromagnetics [d'A04], with the

addition of Nigam's thermal noise model [NSIGS11]. The MTJ is allowed to warm up

for 10 ns to allow the thermal noise to randomize the initial state. Afterward, a voltage is

applied to the transport model, which then estimates the amount of total and spin-polarized

current passing through the free layer. The simulation continues until the free layer has
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�ipped, and the total time (excluding the warmup period) is reported. The actual switching

time varies widely depending on the randomized initial state. As such, for each write volt-

age, Monte-Carlo simulation is performed to estimate the writetime that yields a reliable

estimate of switching behavior.

2.3 Modeling Real-World MTJs

Many papers evaluate the designs for STT-RAM MTJs, but theirresults cannot be di-

rectly adapted to meet high-level design goals. The technology parameters introduced

in Section 2.2 are rarely given in complete detail in the literature. As such, this section

presents a methodology and tool-chain for evaluating and comparing various MTJ designs.

The parameter relationships presented in Sections 2.1 and 2.2 are used to extrapolate MTJ

technology parameters from a technical evaluation to produce a complete model of the

MTJ.

After estimating the parameters for each design type, the parameters are then adjusted

to normalize the estimated behavior with respect toD, Jc0, or other �gures-of-merit. This

makes it possible to directly compare the performance and energy ef�ciency of different

MTJs and to ask “what if” questions that would otherwise be impossible without extensive

resources and technical expertise in making MTJs. The parameters for the completed model

are combined with existing analytic models and interfaced with CACTI, a widely used,

high-level, cache and memory array modeling tool developedby HP Labs [TMJ07,MBJ09].

Figure 2.2 shows all of the steps involved with theSTeTSiMSmethodology. The set

of parameters expands as the user moves from stage to stage, though the normalization

step may either be skipped or repeated multiple times as required. Published demon-

strations of STT-RAM MTJs usually include only a subset of the parameters describes

in Sections 2.1 and 2.2. For example, Yakushijiet al. focused on the innovative fabrica-
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tion techniques used to create their perpendicular MTJs, but they only provided the TMR

�gure-of-merit [YSK+ 10].

Figure 2.2: Block diagram of STeTSiMS

In Section 2.3.1, the �tting methodology is described and demonstrated using three

different types of MTJs: a traditional in-plane MTJ, a perpendicular MTJ, and a hybrid in-

plane MTJ with partial perpendicular anisotropy (PPA). Section 2.3.2 normalizes the three

MTJs types to have the same retention time and similar oxide barrier performance, and

Section 2.3.3 evaluated the performance of the normalized MTJ designs when used to

build: (i) a high-speed upper level cache, (ii) a high-capacity last-level cache, and (iii) a

high-density memory. Section 2.4 describes the models incorporated into CACTI to model

STT-RAM and compares the three MTJ types in each of the three use-cases.

2.3.1 Fitting

For this work, three single-barrier MTJs were modeled: (i) an in-plane MTJ by Diao

et al. [DPP+ 06], (ii) another with PPA by Chenet al. [CLDS+ 10, CAD+ 10], and (iii) a

perpendicular MTJ by Yukushijiet al. [YSK+ 10]. The published parameters for these

designs are given in Table 2.2, with question marks indicating information that is unknown.
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When �tting parameters, the performance characteristics of the MTJ are maximized while

respecting these constraints.

Table 2.2: Published properties for the three MTJ types

In-plane In-plane PPA Perpendicular
[DPP+ 06] [CLDS+ 10,CAD+ 10] [YSK+ 10]

Hk ? ? 21kOe
Ms 1050emu=cm3 ? 530emu=cm3

PPA N/A � 80% N/A

a ? ? ?
tF ? 2.2 nm 1:2nm
A p=4 � 125� 205nm2 p=4 � 90� 180nm2 p=4 � 202nm2

Jc0 2MA=cm2 1MA=cm2 ?
D ? 60 @ 300 K ?

RP 2:5kW 3:8kW ?
RAP 6kW 7:2kW ?

TMR 150% 100% 62%
(? indicates an unknown parameter, while N/A means it is not applicable)

In-plane

As the in-plane design is missing theHk, tF , andD parameters, so it is impossible to

precisely extrapolate additional parameters. As such, begin by making the assumption that

D = 60, which allows us to estimate that thatHk 2 [126;535]Oe andtF 2 [1:86;0:44]nm.

HigherHk improves performance, so choose the latter(Hk; tF) pair, which corresponds to

a = 0:02. The MTJ is fully modeled after aligning the transport model to the givenRP,

RAP, and TMR.

In-plane PPA

None of the magnetic parameters are given for the partial perpendicular anisotropy

(PPA) in-plane MTJ, though Chenet al. state that the PPA effect is at least 80% [CLDS+ 10].

SinceJc0, D, and the geometry are given, one can solve Equations (1.1) and (2.2) to see that

Ms 2 [1492;673]emu=cm3 andHk 2 [119;264]Oe. LowerMs values will improve switch-
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ing performance, so useHk = 220,Ms = 808, anda = 0:015. As before, align the transport

model's parameters to produce the given resistance and TMR values.

Perpendicular

The given magnetic and geometry parameters can be directly used to calculate that

D = 51. Since neithera nor Jc0 were given, �rst use the general range of values for

a 2 [0:005;0:02] to see thatJc0 2 [1:4;5:5]MA=cm2. Since perpendicular MTJs are ex-

pected to require much less current to switch, use the lowestvalue ofa = 0:005 to get

Jc0 = 1:4MA=cm2, thougha is usually higher for perpendicular MTJs than for in-plane

MTJs. Using the default values for the transport model adjusted to match the TMR pro-

duces resistances ofRp = 38kWandRAP = 61kW. High resistances are to be expected due

to the extremely low area of this MTJ design.

Independence

As previously mentioned, these parameters are not always independent. For their MTJ

design, Yakushijiet al. showed thatMs is affected by thickness whileHk is not [YSK+ 10].

As the relative strength of the different forces affect performance more than the actual val-

ues, it is dif�cult to predict the impact of changing these parameters. In the next section,

planar dimension scaling is used to adjust these MTJ designs. Note that changes to the pre-

viously �tted parameters are very likely to signi�cantly alter the real-world MTJ behavior.

2.3.2 Normalization

Each of the three MTJs parameterizations differ signi�cantly from the others. All of the

MTJs have high resistance values with respect toJc0, and are thus incapable of high-speed

operation. The perpendicular MTJ also has signi�cantly lowerD than the others. To adjust

for these disparities and to enable high-speed operation,normalizethe designs to achieve

the desired performance characteristics.
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Increasing the planar dimensions of the perpendicular MTJ by 2nm along each axis

(to p=4 � 22� 22nm2) givesD = 61. The perpendicular MTJ has the fastest demonstrated

switching performance but is limited by the high resistancevalues. Adjusting the oxide

barrier to allow up to 10� Jc0 at 1.1 V for the anti-parallel (low-resistance) state reduces

RP to 14kWandRAP to 23kW. Applying the same idea to the in-plane MTJ makesRP =

140WandRAP = 360W, and, for the in-plane PPA MTJ, it givesRp = 570W andRAP =

1140W. As the TMR remains as it was for all three MTJs, the voltage-current relationship

is only nominally equivalent between the different designs. The three types have now been

normalized with respect to retention time and current-carrying performance, though the

actual switching performance will still differ, as the nextsection demonstrates.

2.3.3 Performance Modeling

With a complete set of MTJ parameters, it is now possible to model the switching per-

formance. However, the signi�cant differences between high- and low-speed operation re-

quire different modeling techniques. High-performance designs require using Monte-Carlo

simulation of the macromagnetic model to estimate the �tting parameters in Equation (1.4),

while the lower-performance designs can be directly estimated using Equation (1.3) with

the MTJ model parameters.

ITherm.
c (t ) = A� Jc0 �

�
1+

1
D

ln
�

t
t 0

��
; t > 10ns (1.3)

IPrec.
c (t ) = A�

�
Jc0 +

C
t g

�
; t < 3ns (1.4)

High-Performance

For each of the three MTJs from Section 2.3.1, a Monte-Carlo simulation is performed

with 10,000 runs of the macromagnetic model, each with a 10nswarmup period to random-



24

ize the initial state. The simulation is run until the magnetic moment has completed two

full rotations around the easy-axis as it approaches the target orientation. For high-speed

switching, the energy is an approximately linear function of t , and for a high-performance

write voltage of 1.1 V, the perpendicular MTJ reliably completes writes in< 2:5ns, with

room for error, and required less than 0:056pJ=ns of energy. On average, the writes com-

plete in� 0:8ns, but leveraging this fact would require early write-termination circuitry, as

proposed by Zhouet al. [ZZYZ09]. The in-plane MTJ takes less than 1ns on average but

requires upwards of 9ns to be reliably �nished, with� 9pJ=ns. The in-plane PPA MTJ

requires up to 8ns to perform the operation (� 2:5ns average) and 1:9pJ=ns.

These results demonstrate the fundamentally different behavior of each MTJ type.

Though in-plane MTJs are capable of extremely fast switching, they require large amounts

of energy to perform it. In-plane PPA MTJs will always require less time and energy to

switch than an in-plane MTJ (when all other parameters kept the same). The lowHk signif-

icantly raises the expected average latency, though it achieves a lower maximum latency

and signi�cantly lower write energies due to the reducedJc0. The overall superiority of the

perpendicular MTJ in every respect is dampened only by the challenge of integration such

MTJs with CMOS logic processes.

High-Density

For storage applications, ultra-fast write performance ismuch less critical than density.

To facilitate this, use Equation (1.3) to determineIc for 20 ns. The in-plane MTJ requires

383mA, the in-plane PPA MTJ requires 121mA, and the perpendicular MTJ requires 5mA.

These values are all more than an order-of-magnitude less than their high-performance

counterparts, and should thus permit signi�cantly more dense memory arrays to be de-

signed.
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2.4 Cache and Memory Modeling

I have incorporated the modeling of STT-RAM memory arrays into CACTI 6.5 [TMJ07,

MBJ09]. CACTI is a high-level tool created by HP Labs that is widely used to estimate

the latency, area, and energy consumption of caches and memories. The tool is used to

perform �rst-order evaluations of the three normalized MTJdesigns from Section 2.3.2.

The SRAM and all peripheral circuitry is modeled using the 32nm ITRS roadmap process

built into CACTI [ACG+ 07].

2.4.1 STT-RAM MTJ Model

The analytic MTJ model is fully parameterized to allow exploring a wide range of

designs. The desired planar MTJ area is used to calculate thearea of the elliptical free

layer, while maintaining an aspect ratio of� 2 : 1. Combining this area with the temper-

ature and the magnetic parameters allows us to estimateD and the retention time using

Equations (1.1) and (1.2). The MTJ parameters allow the STT-RAM cell to be modeled

within CACTI using the implementation details for reads andwrites given below. Using

the output from CACTI, the MTJ writetime is manually tuned togive the desired perfor-

mance and energy characteristics.

2.4.2 Read Operations

To read the state of the MTJ, a user-speci�ed voltage is applied to the transport model

(from Section 2.1) to produce a current, which is compared tothe average of two reference

MTJ cells. As CACTI does not currently have models for current-based senseamps, it is

necessary to adapt it to a voltage. Figure 2.3 shows the circuit used to adapt the current-

based operation of the MTJs to the voltage-based senseamp modeled in CACTI [NCPK09].

This circuit was modeled using SPICE at 45 nm and found to require � 50ps for stabiliza-

tion. It is included in CACTI as part of the senseamp delay, asit a conservative estimate
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for the delay at 32 nm. The additional area and read energy of the two references cells is

included with each senseamp. Figure 2.4 demonstrates the dependence of read latency on

the MTJ read voltage.

Figure 2.3: MTJ read sensing circuit

One of the reference cells is in the parallel (low resistance) state while the other is in

the anti-parallel (high resistance) state. After the circuit has stabilized, the current passing

through them is the harmonic mean of the parallel and anti-parallel cell read currents and is

mirrored by the three PMOS transistors at the top of the circuit. The inputs to the senseamp

will measure the voltage across the PMOS transistors connected to the test cell and to the

anti-parallel reference cell. The clamping limits the bitline voltage to improve performance

and reliability. Using a higher read voltage (above 0.5 V formost MTJs) reduces the read

latency by swinging the bitlines more quickly but also increases the likelihood of causing

read disturbs [CAD+ 10]. However, the senseamp requires� 0:1V to ensure proper detec-

tion, though Figure 2.3 shows that this gives 20% slower reads than 0:6V. As they balance

reliability and performance, read voltages in the range 0.1–0.3 V are used for this work.

2.4.3 Write Operations

STT-RAM cells typically use an access transistor to reduce the overall energy and to

prevent write disturbs [DLW+ 07]. Each cell is connected to both a bitline and a senseline,
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Figure 2.4: Read latency against read voltage for a 128� 8b memory

as shown on the left of Figure 2.3, which are isolated from theread circuitry during a write.

High-speed STT-RAM switching requires large write currents, so CACTI is not allowed

to multiplex bitlines, which ensures that each bitline has dedicated write circuitry. This

will negatively impact the design of low-speed STT-RAM as extra bitline drivers will be

added. The MTJ writetime and energy necessary to switch the MTJ at the desired speed

is added to the latency and energy values CACTI models. The voltage used to estimate

latency in Section 2.3.2 is assumed to remain constant on theMTJ throughout the write

operation and to be identical for both free layer orientations. As CACTI does not perform

transient modeling, the maximum write current is used to size the access device using the

high-performance ITRS transistor scaling roadmaps [ACG+ 07].

2.4.4 Array Modeling

CACTI models both traditional and non-uniform banked caches and memories using

SRAM, embedded DRAM, or commodity DRAM. It uses a combination of analytic models

along with parameters extracted from ITRS roadmaps to modelthe tag and data arrays of

the desired cache or memory device [ACG+ 07,TMJ07]. Each bank is capable of supporting

parallel accesses and is comprised of one or more identicalsubbanks, which are themselves

comprised of an array of identicalmats. Given the total capacity, the number of banks,
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the associativity (for a cache), and the technology parameters, CACTI computes all legal

permutations for dividing each bank into subbanks and mats.

A mat has four identical subarrays which share pre-decodinglogic, and each subarray

is a basic array of memory cells combined with decoding logic, senseamps, multiplexers,

and drivers. CACTI supports the addition of ECC bits within the subarrays as well as

the addition of extra subarrays for redundancy. It selects the best candidate using a user-

provided optimization function that establishes an ordering over all possible designs.

Support for using STT-RAM is primarily incorporated as partof the mat and subarray

models. The MTJ technology parameters are derived from the �tted models and perfor-

mance simulations. The built-in ITRS high-performance N-channel transistor is used to

model the MTJ access transistor. The access transistor is important for STT-RAM as it

helps to prevent write disturbs and to eliminate wasteful energy consumption [DLW+ 07].

CACTI is allowed to freely vary the internal organization tooptimize for (in order of

importance): (i) read latency, (ii) leakage power, (iii) area, (iv) read energy, and (v) cycle

time. The difference between the write latency and energy and the read latency and en-

ergy is dominated by the write current and writetime, so theyare excluded from CACTI's

automated optimization procedure.

2.4.5 Model Limitations for Small Arrays

Ideally, the model should scale from the small structures within the processing cores

to the main memory. However, it has 50% slower reads than SRAMfor a 128 B array, as

shown in Figure 2.5, which shows the read latency for a range of small memory arrays

using a 1 ns MTJ writetime. The gap between STT-RAM and SRAM, which is just over

60 ps, remains relatively constant as the capacity is increased and is actually dominated

by the MTJ read sensing circuit described earlier in this section. As such, this model is

useful only for replacing the SRAM data arrays found in the cache and memory hierarchies.

However, this is not a limitation of STT-RAM, as Guoet al. have demonstrated that MTJ-
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based look-up-tables can be used to build the small, high-speed arrays found within the

core [GIS10].
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Figure 2.5: Read latencies for small memories
(with a 8 B access size)

2.5 Evaluating Cache and Memory Designs

This section combines the MTJ �tting performed in Section 2.3 with the STT-RAM

cache and memory modeling in Section 2.4. Though a read voltage of � 0:3V gives

good read performance, the �tted MTJs conduct> 2 � Jc0 at 0:3V, because the normal-

ized MTJ transport models permit high currents across the voltage range. To minimize

the chance of read disturbs, the read voltage is kept at 0.1 V.Sections 2.5.1 and 2.5.2

evaluate high-performance and high-capacity caches against SRAM equivalents, while

Section 2.5.3 builds a high-density main memory and compares it against traditional com-

modity DRAM.

2.5.1 High-Performance Cache

The high-performance MTJ models are used to build high-performance, eight-way set-

associative caches ranging in size from 32 kB to 512 kB, for which Figures 2.6a and 2.6b

show the read and write latencies. Each cache has a single bank with a single read-write

port and a 64 b data interface with no error-correction. The caches use high-performance
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Figure 2.6: High-performance cache designs
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peripheral circuitry to maximize performance. In general,the write latency for a STT-RAM

data array is equal to the read latency plus the writetime. This holds for both the in-plane

and in-plane PPA MTJs but not for the perpendicular MTJ. Thisis caused by the extremely

high resistance that it presents to the bitline, which requires strong drivers even though the

required current is the lowest of the three. This can only be resolved by increasing the read

voltage, which signi�cantly raises the risk of read disturbs, or by renormalizing the MTJ to

accept reduced write performance.

Table 2.3: Detailed information for the 32 kB high-performance cache

Read Energy Write Energy Area
SRAM 0.21 pJ=bit 0.13 pJ=bit 0.063 mm2

In-plane 0.18 pJ=bit 62.0 pJ=bit 0.11 mm2

In-plane PPA 0.14 pJ=bit 16.2 pJ=bit 0.043 mm2

Perpendicular 0.90 pJ=bit 1.04 pJ=bit 0.053 mm2

Table 2.3 shows more detailed information for the 32 kB cachedesigns. The energy-

per-bit includes the cost of utilizing both the peripheralsand tag array. Looking at the write

energy, the in-plane MTJ is the highest by far, which is expected because it has a signi�-

cantly higherJc0 than the other two MTJ types. In addition to reducing the performance,

the large amount of peripheral circuitry necessary to support the high write current also

results in the area being nearly double that of the SRAM design. The perpendicular MTJ

has signi�cantly higher read energy than SRAM, though both of the in-plane MTJs use

less. This is caused by the read latency penalty due to the extremely high resistance, which

affects neither the write latency nor energy.

2.5.2 High-Capacity Cache

Figures 2.7a and 2.7b show the read and write latency for high-capacity, sixteen-way

set-associative caches ranging in size from 1 MB to 32 MB, each with four banks. As in the

previous evaluation, these were designed with the high-performance MTJ designs. Each

has a single read-write port with a 576 b data interface that includes standard single-bit
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Figure 2.7: High-capacity cache designs
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error correction. These caches use low power and leakage peripheral circuitry to maximize

the density while minimizing power consumption.

The density improvements that STT-RAM arrays can achieve over SRAM allows the

in-plane PPA and perpendicular MTJs to achieve signi�cantly lower read latencies for ca-

pacities above 8 MB. Though its impact appears to have diminished, the fact that the 32 MB

design has faster write performance than read indicates that the penalty from high resistance

continues to have a larger impact than the writetime. Despite this, the 32 MB perpendicular

design is still able to exceed both the read and write performance of the SRAM design by

a sizable margin.

Table 2.4: Detailed information for the 32 MB high-capacitycache

Read Energy Write Energy Area
SRAM 3.69 pJ=bit 3.62 pJ=bit 65.2 mm2

In-plane 4.81 pJ=bit 883.9 pJ=bit 115.9 mm2

In-plane PPA 2.48 pJ=bit 60.0 pJ=bit 29.0 mm2

Perpendicular 1.27 pJ=bit 1.40 pJ=bit 12.5 mm2

The continued poor performance for the in-plane MTJ and the stellar performance of

the perpendicular MTJ can be seen more directly in Table 2.4.Compared to SRAM, the

in-plane MTJ requires more energy to read and almost 300� the energy to write, all while

occupying almost twice as much space. The in-plane PPA MTJ still requires a great deal

of energy to write, though its almost 4� improvement in density could make it suitable to

replace on-die caches that use embedded DRAM [MS05]. For theperpendicular MTJ, the

almost 10� reduction in area works to mitigate both the read latency penalty due to high

resistance and the 2:5ns writetime. The 16 and 32 MB designs end up being strictly better

than their SRAM counterparts.

The reduced performance requirements for these designs enable the in-plane PPA and

perpendicular designs to use their density advantage to shorten the bitlines and wordlines.

This provides better latency scaling than the in-plane MTJ or SRAM, which allows them to

(eventually) catch up to the performance of the SRAM designs. However, further increases
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in capacity would require the use of lower leakage cells, which acts to reduce the demands

placed on the peripherals, greatly extended the time beforethe in-plane PPA designs have

faster write latencies.

2.5.3 High-Density Main Memory

STT-RAM is not currently dense enough to match either Phase-Change Memory (PCM)

or Flash memory. However, it is possible that it could be usedto augment, such as Qureshi

et al. did with PCM [QSR09], or replace the commodity DRAM used as main memory.

Figures 2.8a and 2.8b shows the read and write latencies for aset of main-memory style

memory chips that have eight banks, a 2 kb page size, and 64 b data interface. These use

the low-speed,t = 20ns MTJ designs, and all peripheral circuitry use the lowest power

and leakage transistors. The write latency is reliably found by adding 20 ns to the read

latency, and all three MTJ types track one another consistently. However, the perpendicular

design shows increased read latency due to the high resistance penalty for the designs below

256 MB.

For these array sizes, the major limiting factor is simply geometry, as shown by

Figure 2.8c: the in-plane MTJ cells are at least 58% larger than the PPA cells, which are

themselves 33x large than the perpendicular MTJ cells. This enables the perpendicular

MTJ designs to approach the density of DRAM, since they have signi�cantly shorter

bitlines and wordlines than the other two MTJ types. However, the high resistance penalty

prevents their read latency from approaching that of DRAM. This shows that the sensitivity

to high resistance persists even at much larger scales, despite having been subsumed for

high-capacity caches.

2.5.4 Implications of the Results

At the cell level, perpendicular MTJs appear to have the mostdesirable characteristics

for STT-RAM: high-density, high retention-time, and fast switching. However, the high
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Figure 2.8: High-density main memory chip designs
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resistance that is a consequence of the high-density requires the designer to choose between

having fast writes and having fast reads. As expected, the in-plane PPA MTJs perform

consistently better than their in-plane MTJ counterparts,but a chasm remains between PPA

and fully perpendicular MTJs with respect to high-speed writes.

2.6 Related Work

STT-RAM requires very high write energy when compared to SRAM and DRAM. As a

result, circuit and architecture level studies that explore STT-RAM have focused on reduc-

ing the write energy of STT-RAM [ZZYZ09,SDX+ 09,RCC+ 10,GIS10,SMN+ 11]. Other

studies have focused on using magnetoresistive RAM (MRAM)-based memory technology

to design disk caches and main memories [ICG10,DLKB02]. Guoet al. developed a �xed

analytical STT-RAM model in CACTI to analyze the power savings of replacing CMOS

components with STT-RAM in a modern processors [GIS10]. More comprehensive tools

and methodologies are necessary to provide �exibility for design experiments. STeTSiMS

attempts to �ll this void by providing a methodology for extrapolating a coherent set of

MTJ parameters from a publication that meets the require characteristics and by presenting

a �rst-order STT-RAM cache and memory model based on CACTI, awidely used high-

level cache and memory modeling tool [MBJ09,TMJ07].

Existing STT-RAM device models are based on both analyticaland physics-based eval-

uations of magnetic tunnel junction (MTJ) properties. Lee et et developed a HSPICE com-

patible model for MTJs with Gaussian curve �tting to simulate the DC current-voltage

characteristics [LLSK05], Zhaoet al. used a conductance tunnel current model to study

the I-V characteristics of MTJs [ZBM+ 06], and Nigamet al. developed a model capturing

both the steady state and transient properties of the MTJ that is used here [NMG+ 10]. After

�tting the parameters for a MTJ, a modi�ed Simmons tunnel current is used to calculate the

current, resistances, TMR, and the amount of spin-polarized current. This interfaces with
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the transient model that is used to solve the stochastic Landau-Lifshitz-Gilbert (LLG) equa-

tion for the magnetic moment. The caveat remains that changing parameters in isolation

can easily result in physically impossible designs. Further research is need on analyzing

the relationship with the various parameters, which would make this approach more robust

and more powerful.

Device research has focused on resolving the issues of high write current with improved

material properties [Hua08]. Dual-barrier MTJs have been shown to signi�cantly lowerJc0,

though it is usually accompanied by a sizable reduction in the TMR [DPD+ 07, DLW+ 07].

The use of early write termination would make it possible to leverage the fact that the aver-

age switching time is signi�cantly (up to 8x) less than the maximum [ZZYZ09]. Similarly,

the use of reduced retention-time MTJs could directly lowerthe necessaryIc without requir-

ing circuit modi�cations [SMN+ 11]. With further extensions, the STeTSiMS methodology

may be extended to these types of approaches.

2.7 Summary

Spin-Transfer Torque RAM (STT-RAM) is a promising non-volatile memory (NVM)

technology with CMOS compatibility, high endurance, and low intrinsic leakage. I cre-

ated the STT-RAM Simulation and Modeling System (STeTSiMS)to allow memory sys-

tem architects to explore the potential of STT-RAM without needing intimate knowledge

of magnetic tunnel junctions (MTJs). It uses analytic models to estimate a complete set of

MTJ technology parameters, and the normalization technique makes direct comparison of

different MTJ designs possible. These parameters are fed into macromagnetic and trans-

port models to estimate the write latency using Monte-Carlosimulation. The collected data

can then be used to estimate the performance, area, and energy consumption of caches and

memories using the version of CACTI that I have enhanced.
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Chapter 3

Augmenting Storage with STT-RAM 1

One of the key bene�ts of Spin-Transfer Torque RAM (STT-RAM)compared to other

non-volatile memory (NVM) technologies is its near-SRAM endurance. The high density

and low cost of Flash has made it ubiquitous in consumer electronics devices, but this

also spurred its adoption in the mass-storage devices for laptops, workstations, and servers.

Though it cannot compete on price-per-Gigabyte, Section 3.1 describes how Flash-based

solid-state disks (SSDs) can meet a the needs of enterprise performance while using signif-

icant less power than hard disk drives. Though very fast, Section 3.2 describes why the

nature of Flash causes SSD performance to be workload dependent, which makes it more

dif�cult to design ef�cient enterprise systems.

Previous solutions have required changing either the �le system or the block-device

interface to overcome these limitations. Instead, themerge cachedescribed in this chapter

uses STT-RAM to improve the performance of Flash-based SSDs. Section 3.3 provides

an overview of the nature of Flash, Flash Translation Layers(FTLs), and Section 3.4 dis-

cusses pre-existing auxiliary NVM designs. Section 3.5 characterizes a set of enterprise

workload traces and describes why themerge cachedesign presented here works well for

1This chapter covers work previously published in:
Clinton W. Smullen IV, Joel Coffman, and Sudhanva Gurumurthi. Accelerating Enterprise Solid-State

Disks with Non-Volatile Merge Caching. InProceedings of the First International Green Comput-
ing Conference, pages 203–214, August 2010
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them. The details of this design and its management policiesare explored in Section 3.6,

while Section 3.7 describes the evaluation framework and results. The contributions of this

chapter are summarized in Section 3.7.3.

3.1 The Enterprise Storage Power Challenge

Enterprise datacenters use a large number of hard disk drives (HDDs) to meet both ca-

pacity and performance requirements. However, HDD performance improvements signif-

icantly lag that of processors, and estimates by Freitas andWilcke show that, within the

next decade, enterprise servers will require millions of HDDs to achieve the required level

of performance [FW08]. Storage already represents more than a third of a typical datacen-

ter's direct power consumption [Rad07], as shown in Figure 3.1, and can be over 70% for

storage-heavy installations [ZCT+ 05].

Figure 3.1: Typical datacenter power breakdown [Rad07]

High-performance (10k and 15k RPM) HDDs provide signi�cantly higher performance

than consumer HDDs. However, Polteet al. showed that enterprise-level Flash-based SSDs

easily provide more than two orders-of-magnitude increasein random access performance

over hard disks [PSG08]. Figure 3.2 combines their performance data with published

power data for six of the storage devices they tested to estimate the power ef�ciency (in

thousands of I/O operations per second (IOPS) per Watt). TheFlash-based SSDs, high-

lighted on the left, signi�cantly improve both the random and sequential power ef�ciency

over any of the hard drives, while the right-side shows that the performance bene�ts of
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Figure 3.2: Power ef�ciency of writes for various storage devices
The left three drives (highlighted) are SSDs

[Performance data from Polteet al. [PSG08], with average power
estimated from datasheets and online reviews.]

higher-speed hard drives is offset by the increase in power consumption. Even mainstream

SSDs (Intel X25-M and Memoright GT) easily exceed the ef�ciency of hard drives while

using less power. The reliability issues of Flash-based SSDs have largely been mitigated by

improvements to their design. However, the fact that Flash memory is a (mostly) random

access device indicates that it should be possible to close the gap between sequential and

random access performance.

Narayananet al. predict that a smaller number of SSDs can displace many of the high-

power, high-performance hard disks [NTD+ 09]. As Flash-based SSDs cannot match the

cost-per-GB and GB-per-Watt of hard disks, energy ef�cientdisk drives will still be re-

quired for capacity [GSKF03, Hit04, SGS08], while the SSDs hold the most active data.

The signi�cant reduction in the required number of drives (both SSDs and hard disks) can

signi�cantly improve energy ef�ciency as the needs of data centers continue to grow. It has

been predicted that the addition of SSDs to enterprise servers will save 58,000 MWh/year

by 2013 [Pre09, Zhe09]. However, before Flash-based SSDs can become ubiquitous in

enterprise storage systems, a key performance bottleneck must be overcome.
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3.2 The In-place Update Problem

The difference between the sequential and random write performance is explained by

the inability of Flash to perform in-place updates. Modifying a small piece of data necessi-

tates writing the data to a new Flash page, leaving stale datawithin the original erase-unit.

Large numbers of random writes, common in many enterprise workloads, will increase

the fragmentation within erase-units, reducing performance as expensive merge operations

must be performed. This magni�es the already slow speed of writes, preventing Flash-

based SSDs from achieving their full potential, reducing the energy savings, and increasing

costs by requiring a larger number of SSDs to meet the same performance requirements.

Previous work in making modi�cations to the �le-system and changing the disk-block

interface have shown that adding byte-addressable non-volatile memory (NVM) can signif-

icantly improve both the performance and the endurance of Flash-based SSDs [DCLN07,

KLCB08]. However, the changes required by these previous proposals prevent them from

being a drop-in replacement for magnetic hard disks. Moshayedi and Wilkison claimed

that enhancements targeting the latency and endurance of Flash are required for SSDs to

achieve enterprise-level performance [MW08].

The merge cachedescribed by this chapter provides the same bene�ts by redirecting

writes to an auxiliary, byte-addressable NVM, but it requires no changes to the �le system

or block layer. As the byte-addressable NVM performs signi�cantly better than Flash for

both reads and writes, a number of cache management policiesare explored to improve

its performance. The performance sensitivity of the merge cache to NVM capacity is also

evaluated. Before describing the merge cache, Section 3.3 will �rst give background on

how Flash-based SSDs operate.
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3.3 Background on Flash-based SSDs

Flash-based SSDs use a Flash Translation Layer (FTL) to provide the block-based inter-

face of a hard disk. Reads and writes take roughly the same time on a hard disk, while writ-

ing to Flash is almost an order-of-magnitude slower than reading. Furthermore, a region

of Flash must be erased before it may be written, an operationtwo orders-of-magnitude

slower than reading, and each region may only be erased a limited number of times. The

purpose of the FTL is to mask this behavior from the host system. An overview of the

limitations of Flash memory technology is given in Section 3.3.1. Section 3.3.2 describes

the operation of the most common types of Flash Translation Layers.

3.3.1 Limitations of Flash Memory Technology

Flash has a minimum write size of a page, which is typically 4 kB for the large-block

NAND Flash used in SSDs. These pages are grouped together to form erase units around

256 kB in size, which forms the smallest erasable unit. The FTL uses copy-on-write seman-

tics to mask the behavior and latency of writes and erasures by changing the mappings for

each logical block as needed. The old versions of a page continue to occupy space until

their units are erased. However, any valid pages still in theerase unit must �rst bemerged

onto a new one duringgarbage collection. As each erase unit has a 10,000–100,000 pro-

gram/erase cycle limit, it is necessary for the FTL to perform wear-leveling.

3.3.2 Designing the Flash Translation Layer

This section summarizes the principle FTL designs, but Gal and Toledo have reviewed

many other proposals [GT05]. The two traditional schemes for storing the logical to phys-

ical page mappings are page-based and block-based. A page-based FTL can map any log-

ical page to any physical page, a strategy reminiscent of fully associative caches, simply

requiring a large amount of fast storage to hold the mapping table. Such a �ne granularity
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mapping will not scale inde�nitely as the capacity of the SSDincreases, for it requires a

signi�cant amount of memory to store the mapping table. A block-based FTL performs

the same translation but restricts which erase units a logical block can map to, similar to a

set-associative cache. This map is at least an order-of-magnitude smaller than a page-based

map. However, block-based schemes experience a much highernumber of merges as each

datum can only go in a limited number of locations.

Hybrid FTL schemes attempt to bridge the gap by partitioningFlash into data blocks

and log (or update) blocks [CPP+ 06, LSKK08, LPC+ 07]. Data blocks are mapped using

a block-based scheme while log blocks are mapped using a page-based scheme, reducing

the total size of the mapping. The log blocks receive all of the updates, minimizing the

amount of data that must be copied, and keeping garbage collection overheads low. When

the device exhausts the set of free log blocks, the garbage collector must merge the log and

data blocks and rewrite the result to already erased blocks,an expensive operation.

DFTL provides a page-based FTL variant that requires only the scratchpad SRAM

within the SSD's controller [GKU09]. Since the capacity of the scratchpad SRAM is ex-

tremely limited, it is only used to cache the entries of the page-based map. Rather than

reconstruct the missing FTL entries when a cache miss occurs, DFTL writes complete seg-

ments of the page-based map to Flash on a cache eviction. Guptaet al. showed that DFTL

signi�cantly reduces the number of expensive merge operations required over hybrid FTL

schemes, though it does not perform as well as a simple page-based FTL, as it requires

extra reads and writes to Flash to save and restore segments of its map.

3.4 Related Work on Augmenting SSDs with NVM

Despite the large number of publications on non-volatile memory (NVM) technologies,

few have investigated SSDs that combine multiple technologies. Designed for magnetic

disks, the HeRMES �le system uses Spin-Transfer Torque RAM (STT-RAM) to buffer
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writes and hold all metadata [MBL01]. Dohet al. proposed a �le system for Flash memory,

MiNV, that stores all metadata in NVM and all �le data in Flash, showing that it improved

performance while reducing the number of Flash erase operations needed [DCLN07]. Kim

et al. [KLCB08] proposed using Phase-Change Memory (PCM) to holdmetadata along

with a page-based FTL called hFTL. They showed that moving both FTL and �le-system

metadata updates off of Flash signi�cantly improves performance while reducing the num-

ber of Flash writes and erasures. However, these implementations require modifying the

block-device interface and software to identify the metadata.

Though effective, the amount of space required to store all of the �le-system metadata

in NVM quickly becomes prohibitive—roughly 300 MB for a 30 GBFlash device in the

best case. Additionally, validating a �le system is a dif�cult task required before a �le

system will be adopted in enterprise systems. Signi�cant device interface changes hinder

adoption as they prevent devices from being used as drop-in replacements for magnetic

hard disks. The recently added SSDtrim command improves performance by allowing

the OS to indicate blocks belonging to erased �les, thus reducing garbage collection over-

heads. However, the command does not change the underlying device abstraction and SSD

manufacturers currently do not rely on it for good performance, as software support is still

limited.

Sunet al. designed a hybrid FTL that stores its log blocks in PCM [SJC+ 10]. Because

PCM is byte-addressable, updates may be performed in-placealthough care must be taken

to ensure the log region does not wear out before the underlying Flash. Their dynamically

allocated log provides superior performance to both in-place logging (where the log is

written to Flash) and static log allocation by associating an arbitrary number of log blocks

with each Flash erase unit. However, freeing log entries requires merging an entire log for

some erase unit back to Flash, dramatically increasing the cleaning overhead. To mitigate

this, Sunet al. use 1 GB of PCM to support 32 GB of Flash.
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Themerge cacheconcept builds on the performance and �exibility of page-based FTLs

shown by Guptaet al. [GKU09], although it assumes that there is enough auxiliary memory

(DRAM or NVM) to hold the entire page-based map. This design requires neither �le

system modi�cations nor does it distinguish between metadata and ordinary �le data. The

merge cacheis general enough to improve the performance of any small write pattern

and may be used as a drop-in replacement, and it provides the performance improvements

achieved by hFTL while allowing enterprise servers to continue using their preferred �le

system. Additionally, none of the pre-existing designs have used the auxiliary memory to

buffer reads as well as writes.

3.5 Workloads

Four enterprise server traces collected from production systems in Microsoft data cen-

ters were used to evaluate the merge cache system [KWZS08]. TheExchangeserver is a

corporate mail server with more than 5000 users. TheMSN �le server supplies the �les

requested by various Live data services. The LiveMaps trace comes from the Virtual Earth

servers responsible for retrieving map imagery and combining it other information before

presenting it to users.RADIUS is an authentication server responsible for worldwide cor-

porate remote access and wireless authentication.

Because many of the original traces touch far more than 32 GB of storage, a subset of

each trace was created by using all of the accesses within a speci�c time slice. Even within

this time slice, the original addresses may not be con�ned to32 GB so they are remapped to

a compressed address space that �ts within the simulated device. The remapping function

provides the following three guarantees: (i) sequential accesses in the original trace are

guaranteed to be sequential in the compressed trace, (ii) the transformation of addresses at a

page granularity ensures that the number of Flash pages accessed is unchanged, and (iii) the

transformation will not create new sequential accesses. Unlike disks where the position of
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the disk arm and the address play a signi�cant role in latency, SSDs have constant latencies

for sequential and random accesses. Hence, the compressionof sparse addresses into a

dense address space will not signi�cantly alter the performance of the simulated system,

though this would not be true for hard disks.

Table 3.1: Characteristics of the workload traces

Workload Duration Read / Write Ratio Small Writes Overwritten Pages

Exchange 1 hour 0.35 : 1 21.2% 78.4%
Maps 2.5 hours 4.21 : 1 2.1% 46.2%

MSN-FS 20 minutes 2.08 : 1 15.0% 34.3%
Radius 16 hours 0.12 : 1 39.4% 82.8%

Table 3.1 shows the characteristics of the workload traces,with a small write being any

write less than a page (4 kB) in total size. Due to the number ofsmall writes and the large

fraction of overwritten data, themerge cachemay prove extremely useful for SSDs. The

non-volatile merge cache coalesces small writes, which both improves performance and

reduces wear on the Flash memory. Note that the merge cache will be most bene�cial for

workloads with a large number of small writes (e.g., Radius and Exchange) because this

access pattern is the worst for Flash-based SSDs.

3.6 Design

This section describes the design of themerge cachesystem and how it can improve the

performance of SSDs. The design are based on the enterprise SSDs investigated by Polteet

al., as these devices display the superior performance and reliability that is critical in server

environments. Section 3.6.1 describes why STT-RAM was chosen as secondary NVM

technology to augment the Flash already present, though other NVM technologies would

also work. The merge cache architecture is described in Section 3.6.2, and Section 3.6.3

describes a range of read, write, and eviction policies thatwere implemented.
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3.6.1 Auxiliary NVM Selection

The design of the merge cache necessitates the ability to write (and easily rewrite)

logical block (512 B) sized datum into the auxiliary NVM. This NVM augments the Flash

already present in the SSD; the NVM is used as a replacement for the DRAM that is used

as cache in enterprise SSDs [MW08]. Replacing DRAM with NVM reduces the idle power

consumption of the SSD while providing similar access times. Density is not a signi�cant

concern since only a small amount (� 64 MB) of auxiliary NVM is required. Potential

candidates include NOR Flash, small-block NAND Flash, PCM,and STT-RAM. NOR

Flash permits word-level writing but requires erasing the entire logical chip at once as well

as having write latencies up to 900 ms. Small-block NAND Flash uses a page size matching

that of a logical block [Mic07], but it still requires erasing at a larger granularity than a page,

complicating management.

Both Phase-Change Memory (PCM) and Spin-Transfer Torque RAM (STT-RAM) are

byte-addressable NVM technologies, but PCM suffers from limited write endurance (cur-

rently in the range of 104–108 set-reset cycles [RBB+ 08, QSR09, LIMB09]) and has write

speeds an order of magnitude slower than DRAM [KK09]. In contrast, STT-RAM has

practically unlimited endurance but is signi�cantly lowerin density and higher in cost than

Flash. In an effort to provide an SRAM-compatible interface, many designs equalize the

speeds of reads and writes even though writes are signi�cantly slower in practice.

As previously discussed in Chapter 2, STT-RAM is a new variant of magnetoresistive

RAM (MRAM) under active industrial development [Gra09] that has the potential to solve

the two traditional drawbacks of MRAM: high write currents and large cell sizes [BKS+ 08,

KK09,Zhu08]. Many other technologies are also in development, but they have yet to reach

the maturity of the technologies listed above. STT-RAM is used in designing the merge

cache because its high endurance simpli�es the management,though MRAM is presently

more expensive than competing technologies and STT-RAM hasyet to be commercialized.
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Other NVM technologies could be used, but the addition of wear-leveling may result in

different trade-offs than was found using STT-RAM.

3.6.2 Merge Cache Architecture

In this design, the auxiliary NVM is split into two segments:the �rst holds the page-

based FTL and the second the merge cache itself. Both segments also contain auxiliary

structures to manage the FTL and the merge cache. The FTL dataneed not reside in

NVM, but it does obtain the side bene�t of reducing startup time. The merge cache and its

management structures do require non-volatility to ensurethe data is persistent.

Like other page-based FTLs, the in-memory direct map is indexed by the logical page

number and translates to a physical Flash page. Given the typical Flash page size of 4 KB,

the � 30 GB SSD modeled here requires 23 b per entry for the physicalpage. The entry

also stores a bit indicating whether any sectors within the page currently reside in the

merge cache. As 32 b is used to hold each entry, this design cansupport signi�cantly larger

amounts of Flash without modi�cation, though it requires signi�cantly more NVM to hold

the complete direct map. The physical page number of all 1's is reserved to represent an

invalid mapping, supporting software's use of thetrim command. This allows the OS to

tell the SSD that the corresponding data blocks may be immediately reclaimed.

An inverted index is used to track all of the merge cache entries, each of which maps

a NVM physical sector (512 B) to a logical block address. If the inverted index contains

an entry for a given logical block address, its location in the merge cache is given by the

entry's NVM physical sector. Given the temporal locality exhibited by many enterprise

workloads [GKU09], this design caches a portion of the inverted index's entries within a

small (256 kB) hash table stored in the disk controller's SRAM scratchpad and indexed

by the logical page number, which can hold more than1
7 of all the entries in the default

con�guration used here. The cache is excluded from further discussion as it is very effective

even with only these simple management policies.
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Figure 3.3 shows the design of a SSD with the NVM replacing theexisting DRAM. The

NVM contains the page-based FTL, merge cache, and auxiliarystructures related to the

merge cache bookkeeping.. Figures 3.4a and 3.4b show the read and write access paths for

I/O operations. When an I/O operation enters the SSD, the FTLis used to identify whether

or not the requested data is stored in Flash and the merge-cache translation layer (MTL)

identi�es if any updated blocks reside in the merge cache. Iffound, the SRAM cache is

probed using the logical page address to �nd the entry for thepage. On a miss, a linear

search of the inverted index is performed to reconstruct themissing cache entry.

For both cases, the entry in the MTL identi�es the NVM physical sectors that hold

blocks from the page, which can then be accessed. For a write,misses andpartial hits,

Figure 3.3: Merge cache SSD architecture

(a) Normal read operation (b) Normal write operation

Figure 3.4: Read/write data access paths
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where only some of the blocks have been allocated to the mergecache, are given to the

write policy to decide whether to allocate them to the merge cache or bypass them to Flash.

A write that fully hits in the merge cache can bypass the writepolicy completely. Reads

are always forwarded to Flash on a miss or partial hit.

3.6.3 Merge Cache Policies

The management of the merge cache provides a rich design space for exploration. The

write policy determines whether to bypass a write to Flash orallocate new sectors in the

merge cache. The optional choice of a read policy decides whether to cache or prefetch

pages. Variations of least recently used (LRU) and most recently used (MRU) eviction poli-

cies are also explored, but the four workloads used here givenearly identical results re-

gardless of the policy used. The traditional LRU policy is used to ensure the best overall

performance.

Write Policies

The write policy decides whether or not to allocate new entries on a miss or partial hit

in the merge cache. Writes to the STT-RAM NVM are almost two orders-of-magnitude

faster than writes to Flash, and sub-page writes are even more expensive to perform on

Flash, as they require merging the data within the page. Thus, write policies should buffer

all sub-page writes and as many other writes as possible in the NVM.

� Writebuffer: The most straightforward policy is to allocate every write request to

the merge cache. Sectors that already reside in the merge cache are simply updated,

while the eviction policy ensures that there is enough free space in the merge cache

to allocate the remainder. This policy leverages the reduction in write latency the

auxiliary NVM provides to its fullest, though it may be unable to reduce the number

of merge operations needed.
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� Sub-page Writebuffer: This policy directly targets sub-page Flash merge opera-

tions by allocating merge cache entries only for sub-page writes. Writes that update

an entire page bypass the merge cache and are sent immediately to Flash, silently

evicting any sectors currently residing in the merge cache for that page. This policy

conserves merge cache space while giving up the write latency bene�ts of the full

writebuffer policy.

� Saturating Sub-page Writebuffer If an entry in the merge cache is subsequently

overwritten, it is possible that it will be overwritten again. If a write covers all the

sectors in a page in the merge cache, this policy allocates the remaining sectors to

the merge cache as well. Thus, subsequent updates will hit completely in the merge

cache. This conserves less space than the sub-page writebuffer policy, while attempt-

ing to better leverage the write latency bene�ts of the auxiliary NVM.

Read Policies

Most read caching and prefetching policies are designed foruse in the operating system,

which is able to analyze the traf�c for each application independently, or for magnetic

disks, where rotational latency dominates access time and the incremental cost of reading

subsequent disk blocks is extremely low. The shift from mechanical hard disk drives to

Flash SSDs changes the nature of both the algorithms and the data that should be cached

and prefetched. Reading one or all of the blocks within a pagetakes about the same time,

but reading blocks in two different pages may take twice as long, regardless of where the

pages are. As a miss in the merge cache for any block of a page requires accessing the entire

page, all of the read caching and prefetching policies operate on full pages to maximize the

ef�ciency when accessing Flash.

Because modern SSDs use many Flash chips in parallel, large reads are best handled

directly by Flash as the total bandwidth (and thus average latency) is signi�cantly lower

than the NVM. The NVM can perform individual reads up to an order-of-magnitude faster
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than Flash. However, as writes to Flash are signi�cantly slower than reads, any read policy

should avoid interfering with the write policy. As data cached or prefetched is simply a copy

of data residing in Flash, it is not necessary that it be held in NVM, and DRAM could be

reintroduced to separately hold this data, though this mandates a �xed partitioning between

the read and write policies. Instead, the policies are allowed to transparently share the same

pool of fast storage and simply use more conservative read policies to minimize the impact

on the write policy.

The policies presented below require no extra bookkeeping and only a negligible

amount of computation. Though not mandatory, a dirty bit is added for each page in the

merge cache to eliminate unnecessary writebacks. The conditions used by the policies

below to selectively cache or prefetch data may seem somewhat arbitrary, but they maintain

the simplicity of the read policies while signi�cantly reducing their impact on the write

policy.

� Selective Read Caching:With the ONFI 2.0 interface, the difference in transferring

one block or an entire page from Flash is very small. The simplest approach is thus

to cache all pages as they are read from Flash, though this pollutes the merge cache

with much unused data. Instead, only the last page of a read request is cached, and

only if the last logical block within the page was not requested. This improves the

performance for sequential access patterns that are not aligned to page boundaries.

This policy will not pollute the merge cache as heavily as traditional read caching.

� Selective Read Prefetching:The selective read caching policy can work well for

sequential access patterns, but it stops at the page boundary. This policy actively

prefetches the page immediately following the end of a read request. Unlike for

read caching, this policy may signi�cantly increase latency as it sends extra read

requests to Flash. To reduce the merge cache pollution, thispolicy only prefetches

the page when the read request accessed the last logical block within the last page in

the request. To prevent prefetching from interfering with the read request, the pages
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to prefetch are appended to a queue that is processed only after the request has been

handled.

� Selective Read Caching and Prefetching:As the two policies above are indepen-

dent, it is trivial to combine the two together. This combined policy should improve

performance for many sequential access patterns.

Eviction Policies

When the merge cache runs out of free blocks, it is necessary to evict entries. Four

different eviction policies were tested, and are explainedbelow, but a minimal number of

NVM sectors are kept free at all times to permit the majority of writes to proceed without

delay. Without this feature, an eviction could block a writewhile the non-volatile state of

the page is being written back to Flash.

� LRU: A list of the merge cache entries sorted by access time is maintained in the

LRU scheme. When merge cache entries must be evicted, this list to select which

entries should be written back from the merge cache to Flash.Evicting a particular

sector will result in an entire page being written to Flash, and all of the entries cur-

rently in the merge-cache are combined into a single Flash write. A pseudo-LRU

scheme could be used instead to reduce the implementation overhead, but a perfect

LRU policy to eliminate implementation variance.

� MRU: MRU eviction policies are often used as their implementation is much simpler

than LRU policies. These policies can perform better than LRU when the working

set size is larger than the size of the merge cache. In particular, MRU policies work

very well for streaming I/O, in which most sectors will neverbe touched again after

allocation. In these situations, the MRU policy is able to keep a stable set of blocks

in the merge cache, while LRU policies cause thrashing.



54

� Split-LRU and Split-MRU: These schemes maintain two lists using either LRU or

MRU eviction, respectively: one for Flash pages that have every sector present in the

merge cache and the second for all other pages. Given the choice, the eviction of full

Flash pages from the merge cache is preferred as they never need a merge operation.

3.7 Evaluation

Details of the simulation framework used to evaluate the bene�ts of merge caching are

given in Section 3.7.1. The results, presented in Section 3.7.2, compare the effectiveness of

the various management policies for each of the four enterprise workloads in Section 3.5.

This is followed up by an evaluation of the impact of NVM capacity on the effectiveness

of merge caching.

3.7.1 Simulation Model

Agrawalet al. previously developed a simulator for Flash-based SSDs [APW+ 08], im-

plemented as a module for DiskSim 4.0 [BSSG08]. It supports awide range of realistic

Flash device con�gurations using a page-based Flash Translation Layer (FTL) with no la-

tency. This model was extended to support auxiliary NVM, themerge cache, and the

policies from Section 3.6.3. The STT-RAM is modeled using a SRAM interface with sym-

metric 10 ns access latency, based on values in the ITRS roadmap [ACG+ 07]. It is assumed

that there are enough chips to form a 32-bit word, that each chip has eight internal banks,

and that the data and address buses operate at 200 MHz. The Flash chips are assumed to

utilize the Open NAND Flash Interface (ONFI) 2.0 speci�cation, which uses a 200 MHz

double data rate (DDR) to signi�cantly increase the bandwidth available to transfer data to

and from the Flash devices [Int08b]. The baseline system is organized like Agrawalet al.'s

but with the FTL data held in NVM, which reduces performance by less than 1%
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3.7.2 Results

Initially, the NVM is modeled using only 64 MB of STT-RAM. As the FTL utilizes

29 MB, the merge cache is left with 35 MB. In addition to the policies from Section 3.6.3,

two perfect policies are used that assume that all requests of the stated type(s) will be

satis�ed by the merge cache. These policies show the maximumpossible improvement

that may be achieved from the latency reduction of the NVM. Inpractice, the difference

between the two perfect policies is small, as the latency reduction has much more impact

on writes than reads. A design approaching a perfect policy is meeting the locality needs

of the workload and leaves little room for further improvement.

Metrics To reduce the potential for confusion, the primary metrics used to evaluate the

designs are now described in detail. These metrics are normalized against either the base-

line system without a merge cache or another, stated point ofcomparison. Normalizing

the results eases comparison and makes it possible to calculate the average improvement

across all four workloads.

� Response Time:The primary performance metric used is the average responsetime,

though I/O operations per second (IOPS) is conventionally used to measure I/O per-

formance. Because the traces contain timestamps, the I/O rate is �xed to that of the

the original system. The response time for a request is the total time from when the

request is �rst sent by the host system until the entire response is received by the host

system. As such, reducing the response time potentially allows for higher IOPS as it

can service more requests in the same amount of time.

� Access Time Ratio:Theaccess time ratiois de�ned as ratio of the average device

access time to the average response time. The device access time is a component

of the response time; though it counts only the time to accessthe NVM and Flash

subsystems within the SSD. As the access time ratio approaches unity, the response

time is dominated by access time and the SSD is performing as ef�ciently as possible.
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Figure 3.5: Average response time normalized to the baseline (lower is better)
[64 MB STT-RAM]

When it approaches zero, the response time is instead dominated by queuing and

transmission delays. Workloads that have many large requests will always have a

lower access time ratio due to transmission and queuing delays becoming signi�cant.

� Erase Operations:Each Flash block can be erased a limited number of times and is

signi�cantly slower than even a write to Flash. As such, reducing the total number

of erasures can improve performance while also extending the device lifetime.

Write Policies

Figure 3.5 shows the average response time for each workloadand write policy combi-

nation, normalized to that of the baseline con�guration, along with the mean normalized

response time across the workloads. All three writebuffer policies reduce the average re-

sponse time, but the two sub-page writebuffer policies provide negligible improvements

for the Maps workload, as expected from the extremely low fraction (2.5%) of sub-page

writes. The writebuffer policy performs signi�cantly better on every workload than the two

sub-page writebuffer policies, indicating that the latency bene�ts of the NVM far exceed

the slowdown caused by merge cache pollution.
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The low write intensity of the Radius workload allows the writebuffer policy to ap-

proach the performance of having perfect writes, while the write intensities of Exchange

and MSN-FS are so high that theperfect writespolicy is indistinguishable from zero. The

average response time for Maps is above zero but still well ahead of the writebuffer policy.

Despite the signi�cant reduction in response time, only Exchange and Radius show signif-

icant merge cache hit rates (19.5% and 25.1%, respectively)for pages in the merge cache

for writes, though neither shows sensitivity to the policy used; and for all workloads, the hit

rate for reads is extremely low and indifferent to the policyused. The decent write hit rate

for Radius is re�ected in the fact that it is the only workloadto show a signi�cant bene�t

from the saturating sub-page writebuffer policy over the sub-page writebuffer policy.

Figure 3.6 shows the average access time ratio, still normalized to the baseline. Maps

and Radius have the lowest request intensity, giving them normalized access times near

one; and Exchange shows access time ratios commensurate with the performance improve-

ment given in Figure 3.5, approaching unity only with the perfect writes policy. Though

it performs well, this �gure shows MSN-FS suffering from queuing delays caused by high

request intensity, only alleviated by the perfect policy. The fact that its access time never

approaches unity indicate the presence of a large number of large requests, which require a

signi�cant amount of time to transmit data to and from the SSD.

Figure 3.7 shows the number of erase operations normalized to that of the baseline. The

write coalescing nature of the merge cache can truly eliminate erasures, as long as there are

hits in the merge cache. As the merge cache has limited capacity, the reduction in erasures

may simply be a deferral, as indicated by the low hit rates forwrites for Maps and MSN-FS.

However, the page write hit rates of 19.5% and 25.1% for Exchange and Radius (using the

writebuffer policy( indicate that write coalescing eliminates a large number of erasures.

These results show that, though the sub-page policies provide signi�cantly less perfor-

mance improvement than the writebuffer policy, all three policies improve performance

while reducing the number of Flash block erasures.
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[64 MB STT-RAM]
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[64 MB STT-RAM using the writebuffer policy]

Read Policies

Figure 3.8 shows the response time for the three read policy variants, each using the

writebuffer write policy evaluated in Section 3.7.2, alongwith the perfect reads and writes

policy for comparison. Each datapoint is normalized to the writebuffer policy operating

without a read policy. Radius, which has an extremely low number of reads compared to

writes, shows no signi�cant change, and Maps is also unaffected by the selective prefetch-

ing policy as its requests are more random in nature. However, it performs poorly under

the selective caching policy due to merge cache pollution, which also carries over into the

combination policy, reducing the number of write hits by 13%. The simplest approach to

mitigating this is to statically limit the number of pages that may be cached within a given

time intervet

Exchange shows an almost 20% improvement in response time from the use of selec-

tive caching but sees no further improvement from selectiveprefetching. MSN-FS shows a

35% improvement using the selective prefetching policy butis insensitive to the selective

caching policy. Neither policy is able to bring any of the workloads closer to the perfor-

mance of having perfect reads and writes, indicating that further improvements require

more aggressive read policies with adaptive control to minimize cache pollution.
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Combining the selective caching and selective prefetchingpolicies provides the best

performance for Exchange and MSN-FS and performs well overall.

Eviction Policy

Figure 3.9 shows the normalized average response time for each of the workloads using

each of the four eviction policies. MSN-FS shows slightly reduced performance when using

a MRU-based eviction policy instead of an LRU-based policy,but the remaining real-world

workloads are completely insensitive to the eviction policy. MRU-based eviction policies

are generally most effective when the working set for a workload is larger than the cache

size.

Capacity Sensitivity

Figure 3.10 shows the normalized response time for STT-RAM capacities ranging

from 32 MB to 256 MB using either the writebuffer policy by itself (Figure 3.10a) or the

writebuffer policy in conjunction with the selective read caching and prefetching policy

(Figure 3.10b). As the FTL data requires 29 MB of space, this means that the smallest ca-

pacity has only 3 MB for the merge cache. Despite this, the performance of the real-world

workloads is not signi�cantly reduced by shrinking the STT-RAM capacity.

In fact, Figure 3.10a shows that only Exchange performs signi�cantly better as the

NVM capacity is increased. The large jump in performance at 192 MB indicates that Ex-

change has a large working set for writes. Radius fails to operate with the 32 MB NVM as

it issues write requests larger than the merge cache can handle when using the writebuffer

policy. Modi�cations could be made to over�ow such data to Flash, similar to what the

sub-page writebuffer policy does.

Figure 3.10b shows nearly identical results for Exchange, Maps, and Radius. Exchange

shows a larger reduction in performance going to 32 MB than itdid with no write policy,

and Maps continues to suffer reduced performance due to the selective caching, indicating
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[64 MB STT-RAM using writebuffer policy]
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that the cache pollution can only be mitigated by unattainably large NVM sizes, reinforcing

the need for either limits on the caching policy or adaptive control to improve selectivity.

MSN-FS shows the same caching and prefetch ef�ciency regardless of capacity, but the

write hit rate varies directly with capacity. This shows that, though the read policy is

working well, it can limit the effectiveness of the writebuffer policy. Overall, lower NVM

capacities interact poorly with this read policy, though the addition of adaptive control may

be able to prevent the signi�cant loss of performance due to cache pollution.

If the cost of STT-RAM is a signi�cant concern, these resultsshow that a design can

achieve the majority of the performance bene�ts by continuing to use DRAM to hold the

FTL data while using 4–16 MB of STT-RAM with the writebuffer policy for the merge

cache. Increasing the amount of either DRAM or STT-RAM enables the use of selective

read caching and prefetching, providing signi�cant performance improvement for some

workloads.

3.7.3 Summary of the Results

Figure 3.11 summarizes the performance bene�ts of the best-choice read and write poli-

cies. Using a write policy improves the performance of each workload, though the write-

buffer policy is the most effective policy. The writebufferpolicy is the best at masking the

order-of-magnitude latency difference between Flash reads and writes. The simple read

policies presented improve the performance of some workloads while adding almost no

overhead. Furthermore, the write coalescing performed by the merge cache reduces the

number of moves, merges, and erase operations on Flash, all of which can improve the

lifetime of the solid-state disk (SSD).

In this chapter, I have demonstrated how to design a general purpose merge

cache, in which the byte-addressable non-volatile memory (NVM) used also holds the

Flash Translation Layer (FTL) data. This architecture requires neither a new �le system

nor modi�cations to the device interface. As the merge cachecan hold data inde�nitely,
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Figure 3.11: Average response time normalized to the baseline (lower is better)
[64 MB Spin-Transfer Torque RAM (STT-RAM)]

the system can coalesce writes, thus reducing the number of writes and erasures that the

Flash must perform and improving SSD endurance. The resultsshow that merge cache

improves performance by over 75%, on average, for the enterprise-level workloads used

here, while also reducing the number of erasures needed by more than 20%, on average.
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Chapter 4

Relaxing STT-RAM Volatility 1

This chapter presents a novel approach to reducing the writeenergy and improving the

write performance of Spin-Transfer Torque RAM (STT-RAM) toallow it to approach the

characteristics of SRAM. The key idea is tosigni�cantly relax the non-volatility require-

mentfrom the typical ten year storage-class retention time. Figure 4.1 shows the impact

of reducing the retention time, with the arrows illustrating the major changes to energy,

performance, and retention time. As for Figure 1.1, the outer boundary of the hexagons

Dotted border is optimal, black line is SRAM

Figure 4.1: Bene�ts of relaxed non-volatility STT-RAM

1This chapter covers work previously published in:
Clinton W. Smullen, IV, Vidyabhushan Mohan, Anurag Nigam, Sudhanva Gurumurthi, and Mircea R.

Stan. Relaxing Non-Volatility for Fast and Energy-Ef�cient STT-RAM Caches. InProceedings
of the 17th IEEE International Symposium on High Performance Computer Architecture, pages
50–61, February 2011
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represent the ideal characteristics of an universal memory, while the heavy black line rep-

resents SRAM.

Shorter retention times can be achieved by reducing the areaof the free layer of the

magnetic tunnel junction (MTJ), which is the storage element for STT-RAM, which re-

duces the energy required to write the cell. Techniques for optimizing memory arrays

built using STT-RAM are described, and a number of memory andcache designs are pre-

sented. Reduced retention-time STT-RAM caches are designed for a multicore processor

and their performance and energy impact is evaluated. To ensure correctness, it is neces-

sary to model STT-RAM errors to know how often the cache-lines must be “refreshed”.

As the thermal stability is highly dependent on temperature, it is possible to use thermal

monitoring circuitry to dynamically adjust the refresh interval to minimize the impact on

performance while maintaining reliable operation. To the best of my knowledge, this is

the �rst study to have proposed and evaluated the relaxationof non-volatility constraints to

improve STT-RAM dynamic energy and performance.

An introduction to STT-RAM technology was provided in Chapter 1, and Chapter 2

described the high-level modeling of STT-RAM caches and memories. Section 4.1 dis-

cusses the existing work on mitigating the high write energyof STT-RAM. Section 4.2

describes the details of reduced-retention STT-RAM, a set of optimization techniques, and

the performance and energy bene�ts. Section 4.4 evaluates the bene�ts of using a relaxed

non-volatility STT-RAM cache hierarchy for a four-core microprocessor by simulating a

range of workloads. Section 4.5 summarizes the contributions of this chapter.

4.1 Related Work

STT-RAM is a promising new technology that has the potentialto become a truly uni-

versal memory. Existing studies have looked at using STT-RAM within the processor to

exploit the leakage power bene�ts of STT-RAM [GIS10,CAD+ 10,RCC+ 10]. Guoet al. de-
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signed combinational logic and on-chip caches using scalable RAM blocks, look-up tables

(LUTs) and by re-architecting the pipeline using STT-RAM [GIS10]. They use a subbank

write buffering system to increase write throughput and to allow read-write bypassing in

order to hide the high write latency of STT-RAM. The address and data for the write are

latched within the sub-bank, which frees the bank to performreads and writes to the other

sub-banks. High-speed STT-RAM caches will generally have more sub-banks than a simi-

lar SRAM design, due to the high write currents, which makes this technique very effective

for the �rst-level caches.

Rasquinhaet al. address the high write energy of STT-RAM by using policies that pre-

vent premature eviction of lines from higher level caches tolower level caches [RCC+ 10].

They propose a new replacement algorithm to increase the residency of dirty lines at the

penalty of increasing the miss rate. Other studies have usedthe predecessor to STT-RAM,

magnetoresistive RAM (MRAM), to design memory systems thattake advantage of their

low leakage [DLKB02, SDX+ 09, WLZ+ 09]. However, these designs circumvent the write

energy and write latency penalty of STT-RAM memory technology by changing the mi-

croarchitecture rather than the memory cells themselves. Unlike previous work, this chap-

ter describes methods for adapting STT-RAM to make it suitable as a drop in replacement

for SRAM by reducing the latency and energy.

Cache line refresh policies have been evaluated by Lianget al. in the context of 3T-1D

memory arrays [LCWB07]. They evaluated refresh policies and replacement algorithms to

handle the limited retention of 3T-1D cells, and Emmaet al. make the case for reducing

main memory DRAM power consumption by reducing the refresh intervals [ERM08]. Less

intrusive retention-aware policies are feasible for STT-RAM because the refresh interval

required can be tuned for the memory structure's usage patterns and size.
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4.2 Designing Caches with Spin-Transfer Torque RAM

In this chapter, caches are modeled using the methodology introduced in Chapter 2. The

read voltage is set to 0:3V to provide the lowest read latencies while still preventing read

disturbs. Section 4.2.1 describes naive cache optimization, while Sections 4.2.2 to 4.2.4

improve performance by leveraging the synchronous clock-based behavior of most micro-

processor caches. Section 4.3 shows the performance improvements possible by reducing

the non-volatility of the MTJs, and Section 4.3.1 shows the tradeoffs between these differ-

ent approaches for replacing SRAM with STT-RAM in the cache hierarchy of a modern

multicore processor.

4.2.1 Basic Optimization

Figures 4.2a and 4.2b show the read and write latency, respectively, plotted against

the MTJ writetime for a 1 MB memory array. The MTJ planar area is �xed and the read

voltage kept at 0.3 V, as previously described, while the MTJwritetime is varied within

the precessional switching mode from 0.1 ns to 3 ns by steps of50 ps. The jumps in the

curves are caused by CACTI optimizing the internal array organization as the writetime is

changed. As the peripheral circuitry is largely shared between reads and writes, the write

latency can be estimated as the read latency plus the MTJ writetime. The horizontal dashed

lines are the latency for a high-performance SRAM cache, andthe heavy vertical line at

1.35 ns shows the STT-RAM design that matches the SRAM read latency while minimizing

the write latency. Increasing the MTJ writetime beyond thisthreshold will give faster reads

than SRAM at the cost of even slower writes, while reducing itgives faster writes at the

cost of slower reads.

Unfortunately, these results show that STT-RAM is unable tomatch the write latency

of SRAM, regardless of how slow reads are made. Since a tradeoff must be made between

read and write latency, the next section explores differenttechniques for optimizing the
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Figure 4.2: Latency against MTJ writetime for a 1 MB memory
(Using a 64 B line size)

design of STT-RAM-based caches and memories. However, it ispossible to improve on

these results by leveraging the fact that latency variations less than one clock cycle will not

affect performance, since most caches operate synchronously with the processor's clock.

Thus, matching the readperformanceof a SRAM design requires only that the cycle-based

read latency be the same. Below, two procedures are described that meet or exceed the read

performance of SRAM while maximizing the write performance. In this work, a somewhat

aggressive clock frequency of 4 GHz is used (current processors top out at around 3.5 GHz).

However, the procedures described below can be applied to any clock speed.

4.2.2 Write Optimization

The write performance is �rst maximized while matching SRAMread performance

(that is, the cycle-based latencies). The �rst step is to increase the read latency, thus reduc-

ing the write latency, without impacting the performance ofreads, as shown in Figure 4.3a.

The vertical dashed line shows the original design choice from Section 4.2.1 while the verti-

cal solid line shows the design chosen by this �rst step, withthe arrow showing the direction

of travel. Figure 4.3b shows the second step, where the MTJ writetime was increased to

�nd the Pareto optimal point, thus reducing the read energy by 5% and the write energy

by 3% while giving the same read and write performance. The vertical dashed lines again
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show the obsolete designs, while the solid vertical line shows the �nal write-optimized

design chosen by following the arrow. Overall, this procedure reduces the effective write

latency by three cycles compared to the naive approach used in Section 4.2.1 (six cycles

instead of nine), while giving the same effective read latency of four cycles.
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Figure 4.3: Latency against MTJ writetime for a 1 MB memory
(Using a 64 B line size)

4.2.3 Read Optimization

The write optimization of the previous section attempted tominimize the negative per-

formance impact of switching to STT-RAM by matching the SRAMas close as possible.

Alternatively, it is sometimes possible to provide better read performance by sacri�cing

write performance. The �rst step, as shown in Figure 4.4a, isto increasethe MTJ write-

time until the read performance is maximized. As before, thedashed vertical line shows

the original design selected in Section 4.2.1, the arrow shows the direction of travel for the

optimization procedure, and the solid vertical line is the intermediate design selected in

step one. Though further reductions to the readlatencyare possible, they would not result

in any additional improvements to readperformancefor the 4 GHz processor modeled here.

The second step is the same as before: continue to reduce the writetime to �nd the Pareto

optimal design point. For this example, no further reductions are possible, which is indi-

cated in Figure 4.4b by the absence of an arrow. This design procedure has one cycle less
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read latency than the write optimized design and actually maintains the nine cycle write

latency of the naive design from Section 4.2.1, though this is three cycles higher than the

write optimized design.
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Figure 4.4: Latency against MTJ writetime for a 1 MB memory
(with a 64 B access size)

4.2.4 Optimization Summary

Table 4.1 shows the SRAM and STT-RAM designs for the 1 MB memory with 64 B

line size that was explored in this section. The percentage rows show the relative change

for the write- and read-optimized STT-RAM designs as compared to the SRAM. In addi-

tion to having higher write latencies, both STT-RAM designsalso have higher dynamic

energy consumption while having signi�cantly lower leakage power than the SRAM de-

sign. Owing to the complexity of the peripheral circuitry required to obtain high write

performance, the write-optimized design is actually larger than the SRAM design, while

the read-optimized design is able to leverage the signi�cantly smaller cell size to reduce

the area of the array.

The choice between write- and read-optimized STT-RAM depends on the usage of the

structure being changed. If there are delay tolerant structures in the system, they should

bene�t from the energy savings that read-optimization provides. Even further reductions in

energy use are possible, but only by sacri�cing even more performance. While it is always
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Table 4.1: Detailed characteristics of optimized 1 MB memory designs

(with a 64 B access size)
Latency Energy Leakage

Read Write Read Write Power Area
SRAM 0.77 ns 0.77 ns 0.28 nJ 0.29 nJ 447 mW 4.2 mm2

Write-optimized 0.96 ns 1.47 ns 0.48 nJ 3.38 nJ 192 mW 4.7 mm2

STT-RAM + 25% + 90% + 70% + 1072% � 57% + 12%

Read-optimized 0.75 ns 2.24 ns 0.31 nJ 1.68 nJ 105 mW 1.9 mm2

STT-RAM � 3% + 190% + 11% + 484% � 45% � 55%

possible to perform both write- and read-optimization, thetwo designs may show the same

read performance, particularly for small memories and caches. In this scenario, the read-

optimized design will have strictly worse performance, though it will still consume less

energy. For the remainder of this work, the write-optimizedSTT-RAM design is always

used if the read performance is identical, so as to maximize the overall performance.

4.3 Relaxing Non-Volatility

The optimization techniques in Section 4.2.1 were applied only to STT-RAM using the

32F2 planar area MTJs, which gives at least two weeks of reliable storage at 350K or below.

ITRS predicts that, within the next few years, STT-RAM should reach 10F2 on a 32 nm

process but that it is unachievable with existing storage-class MTJ designs [ACG+ 09].

Chapter 1 discussed how the volume of the MTJ free layer has a direct impact on both

the retention time (viaD) and the write current. Reducing the planar area is not the only

way to reduce retention time and write current, as both are also directly dependent on the

magnetic parameters,Hk andMs, and the free layer thickness. However, though these al-

ternative changes would give similar cell-level bene�ts asthe 10F2 cells modeled here, the

larger planar area could limit the total impact the latency,energy, and area of the resulting

design.
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Reducing the planar area from 32F2 to 19F2 reduces the retention time at 350K to little

more than one second — a dramatic reduction. Reducing it further to 10F2 reduces the

retention time to only 56ms. The downside, particularly for 10F2 designs, is that reducing

the retention time may require a form of refreshing or error scrubbing to ensure correctness.

However, unlike DRAM, it is unnecessary to write the data line if no error is detected, as

STT-RAM has non-destructive reads.
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Figure 4.5: Latency against MTJ writetime for a 1 MB memory
(With a 64 B line size, 10F2, 19F2, 32F2 are STT-RAM designs, WO/RO
indicates the write- and read-optimized design points, respectively)

Figures 4.5a and 4.5b show the read and write latency plottedagainst the MTJ writetime

for these three MTJ planar areas, with the SRAM design again included for comparison.

The write-optimized designs are marked with circles, whilethe read-optimized designs are

marked with diamonds, and the 10F2 design has the same write- and read-optimized design

point. Both the 19F2 and 10F2 write-optimized designs are able the improve write perfor-

mance (only one cycle slower than SRAM). The 19F2 read-optimized design improves

the read performance by one cycle, obtains the same write performance as the 32F2 write-

optimized design from Section 4.2.1, all while reducing theread and write energy by 35%

and 69%, respectively. The 10F2 design has one cycle faster read and one cycle slower

write performance than SRAM, while using even less dynamic energy than either of the

19F2 designs (though leakage power is slightly higher).
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4.3.1 STT-RAM Cache Hierarchy Handbook

Sections 4.2.1 and 4.3 described orthogonal changes to the STT-RAM cell design that

signi�cantly improve the performance and energy of the STT-RAM designs over the naive

implementation. However, none of these techniques are ableto match the write perfor-

mance of SRAM. The bene�ts to energy consumption must be weighed against the impact

on performance (positive or negative).

Table 4.2: Cache con�gurations

Structure Size Associativity Banks
IL1 32 kB 4-way 1 bank

Private (per-core) level 1 instruction cache

DL1 32 kB 8-way 1 bank
Private (per-core) level 1 data cache

UL2 256 kB 8-way 1 bank
Private (per-core) level 2 uni�ed cache

SL3 8 MB 16-way 4 banks
Shared level 3 uni�ed cache

Consider a three-level, on-chip cache hierarchy for a four-core processor, similar to

the Intel Core i7 or AMD Phenom X4 processors, operating at 4GHz, as used in previous

sections. The L1 instruction cache (IL1), L1 data cache (DL1), uni�ed L2 cache (UL2),

and shared L3 cache (SL3) use the parameters shown in Table 4.2. All caches use

single-bit error correction, dual-bit error detection (SECDED), which enables the refresh

scheme described later. High-performance transistors areused for the peripheral circuitry

and tag arrays, except in the SL3 cache, which uses low power transistors and serialized

tag lookup to help reduce energy consumption. The reductionin area that the density of

STT-RAM affords is limited by the size of the peripheral circuitry necessary to enable

high-speed writes.

Figure 4.6 compares the STT-RAM designs to the SRAM designs for the IL1 cache.

Each of the six properties ((i) read latency, (ii) write latency, (iii) read energy, (iv) write

energy, (v) leakage power, and (vi) area) have been normalized against the SRAM design
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(a) 32F2 WO (b) 19F2 WO

(c) 10F2 WO

Figure 4.6: Comparison of IL1 STT-RAM designs against the SRAM baseline
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(a) 32F2 WO

(b) 19F2 WO (c) 19F2 RO

(d) 10F2 WO (e) 10F2 RO

Figure 4.7: Comparison of UL2 STT-RAM designs against the SRAM baseline
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(shown as the darkened ring at 100%) and plotted on an inverted log scale. The ideal

universal memory would beat SRAM on every metric and would thus �ll the majority of

the chart area. Read optimization does not provide improvedread performance for either

the IL1 or DL1, so they are removed from consideration. Figure 4.6a shows that while the

32F2 design reduces leakage power and area the high write currentdramatically increases

the write latency and energy. The 10F2, shown in Figure 4.6c, approaches the write energy

and latency of SRAM while signi�cantly reducing all other properties. The 19F2 design

lies roughly half-way between the other two, though its readenergy is at parity with SRAM.

The DL1 has similar characteristics, though the higher associativity increases the latency,

energy, and area.

As expected, relaxing the non-volatility also improves thewrite latency, read en-

ergy, and write energy for the UL2 as well, as shown in Figure 4.7, though there is no

read-optimized 32F2 design. Comparing the read-optimized 19F2 and 10F2 designs

(Figures 4.7c and 4.7e) to the write-optimized designs (Figures 4.7b and 4.7d) shows

that there is a de�nite tradeoff between write latency and all other characteristics. The

read-optimized 10F2 design exceeds SRAM in every way except write latency, in which it

is signi�cantly worse than the write-optimized version. The SL3 shows these same trends

and tradeoffs, though all three MTJ sizings have read-optimized counterparts.

The write latency gap between STT-RAM and SRAM cannot be completely eliminated.

However, the signi�cant improvements provided by optimizing the relaxed non-volatility

designs may prove enough to match the performance of SRAM, though possibly not at

the DL1, which is the most write intensive. Furthermore, themassive improvements to

dynamic energy and leakage possible with STT-RAM should signi�cantly reduce the total

energy consumption. Next, architectural simulations are performed to evaluate the impact

of STT-RAM caches on performance and total energy and to determine whether write- or

read-optimized STT-RAM is more effective in practice.
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4.4 Migrating to STT-RAM-based Caches

The cache hierarchies modeled in Section 4.3.1 will now be evaluated using the simula-

tion infrastructure and workloads described in Section 4.4.1. The write- and read-optimized

designs for each of the three retention times are compared inSection 4.4.2, and the bene�ts

of hybrid designs that combine both SRAM and STT-RAM are examined in Section 4.4.3.

Low-retention time STT-RAM is likely to have random bit-�ips, so the impact of a simple

refresh policy on energy-ef�ciency is considered in Section 4.4.4.

4.4.1 Experimental Setup

A 4 GHz processor with four out-of-order cores was modeled using M5 [BDH+ 06].

Main memory is assumed to have a �xed 200 cycle latency, and the processor uses the

three-level cache con�gurations previously described in Table 4.2. The simulator was mod-

i�ed to model cache banks and to use the subbank write buffering proposed by Guoet

al. [GIS10]. Once a MTJ write operation has been initiated within a subbank, the write

buffer maintains the data to be written and the bank is free tohandle a new request. As

long as they access different subbanks, subsequent requests can occur concurrently with the

write, thus ameliorating the latency gap between reads and writes. CACTI calculates the

number of subbanks for each cache design, but, in general, the write-optimized STT-RAM

designs have twice as many subbanks as read-optimized ones.

Three metrics are used to evaluate the STT-RAM designs: (i) speedup, (ii) total energy

used by the caches, and (iii) energy-delay (E-D) product fora set of multithreaded work-

loads drawn from the PARSEC 2.0 benchmark suite [BKSL08, BL09]. Each workload

uses one thread per core (four threads total) and is run usingthe small input size, which

gives the characteristics shown in Table 4.3. To permit direct comparison between work-

loads, each metric is normalized against the SRAM-based design. Simulation statistics are

collected only for the parallel portion of the workload, skipping the initialization and ter-
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Table 4.3: Workload characteristics

Instruction Read & Write Read-Write
Workload Count Volume Ratio Application Description

blackscholes 817 M 11 GB 2.8 : 1 Computational �nance
canneal 495 M 5.7 GB 5.9 : 1 EDA Kernel
rtview 5.3 B 100 GB 5.6 : 1 Real-time raytracing
x264 8.5 B 67 GB 7.3 : 1 Video encoder

facesim 24 B 288 GB 3.1 : 1 Facial animation

mination phases. The leakage power is estimated by multiplying the value determined in

Section 4.3.1 by the total execution time. The dynamic energy consumption is calculated

for each cache using the total number of reads, writes, and �lls combined with the energy

per operation from before. However, as most of the writes to the DL1 cache will be� 8B

in size, the estimate for write energy is lowered by using theaverage number of bytes writ-

ten (by both writes or �lls) to interpolate between the energy per write operation(which

assumes 64 B are being written) and the energy per read operation (a conservative estimate

for writing zero bytes).

4.4.2 Directly Replaceming SRAM with STT-RAM

Initially, all three levels of cache are replaced with the STT-RAM-based designs from

Section 4.3.1. The performance of this aggressive change isshown in Figure 4.8, with

each bar representing the speedup relative to the SRAM cachebaseline, and a speedup

of less than one indicating reduced performance. Each bar represents replacing SRAM

with the stated variant of STT-RAM; WO indicates the exclusive use of write-optimized

STT-RAM, while RO indicates the use of read-optimized STT-RAM for the UL2 and SL3

caches. However, the 32F2-RO design uses the write-optimized UL2 design since the read-

optimized version has no performance bene�ts, as describedin Section 4.3.1.

As expected, the increased write latency has a signi�cant negative impact on perfor-

mance for most of the workloads, though it is almost eliminated by relaxing the retention

time. Despite having higher write latencies, the read-optimized STT-RAM designs do not
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Figure 4.8: Performance of write- and read-optimized cachehierarchies
(Normalized to SRAM baseline)

show any signi�cant difference in performance from the write-optimized designs, and they

even achieve speedup (for x264 and canneal) using the 10F2 designs! This improvement

is due to latency sensitivity in the UL2 caches, as indicatedby the fact that the read- and

write-optimized 32F2 designs give identical performance.

Figures 4.9a to 4.9e show the total energy for each design, aswell as the breakdown

into read, write, and leakage energy. As expected, STT-RAM reduces the leakage power

by more than 3� . On average, it uses only 31% of the total energy for the 32F2 designs and

21% for the 10F2 designs. As the �rst-level caches dominate the read and write energy, the

slight reduction in energy per read operation at that level results in a signi�cant reduction in

the total read energy (almost halved for the 10F2-RO design), regardless of retention time.

However, the write energy for canneal is almost 5� that of SRAM for the 32F2 designs,

2� for 10F2, and still increased by 13% for 10F2. Overall, the 32F2 designs do increase

the write energy by 46% on average, but the 19F2 and 10F2 designs are able to reduce it

by at least 12%.

The normalized energy-delay for these designs is nearly identical to the normalized

energy, as the reduction in leakage alone far outweighs the reduction in performance. Over-

all, the massive reduction in energy (particularly leakage) makes a strong case for using
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Figure 4.9: Energy consumption of write- and read-optimized cache hierarchies
(Normalized to SRAM baseline.)

STT-RAM caches, though only the 10F2 designs are able to consistently match the perfor-

mance of SRAM. Despite having higher write latencies, the bene�ts of reducing the read

latency and energy consumption allows the read-optimized UL2 and SL3 cache designs to

be more energy-ef�cient.

4.4.3 SRAM and STT-RAM Hybrid

The performance statistics from the previous simulations showed that the DL1 caches

have more than two orders-of-magnitude more writes and �llsthan the UL2 caches, while

the SL3 has roughly the same number as the four UL2 caches combined, indicating that

the DL1 is the most write-latency sensitive cache. Though the IL1 caches have far fewer

writes than the DL1 caches, delays in handling IL1 misses canhave a signi�cant impact on
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processor performance as well. As the �rst-level caches represent only a fraction of the total

power, negating the performance slowdown should improve the performance and could also

improve the energy-ef�ciency. To test this, the DL1 and IL1 caches were reverted to SRAM

for the read-optimized designs used in Section 4.4.2.
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Figure 4.10: Energy-ef�ciency of hybrid cache hierarchies
(Normalized to SRAM baseline)

As a result, the 32F2 hybrid design reduces the peak slowdown from 23% to 3%, while

the 19F2 and 10F2 hybrid designs meet or exceed the full performance of the SRAM

baseline in all but one instance. However, the hybrid designs generally have lower energy-

ef�ciency than the pure STT-RAM designs, though still far better than SRAM, as shown in

Figure 4.10. The performance improvement does reduce the leakage energy for the second

and third level caches. However, the �rst-level caches dominate the dynamic read and write

energy of the cache hierarchy, and reverting them to SRAM thus negates the improvements

to both dynamic and leakage energy. The STT-RAM IL1 caches give a 16% (for 32F2)

to 52% (for 10F2) average reduction in total energy, and the DL1 caches give a34% to

48% average reduction. For the SRAM+32F2-RO design, the 8% increase in average total

energy is mitigated by a matching 8% increase in average performance. The performance

improvement for the 19F2 and 10F2 designs is unable to overcome their respective 15%
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and 24% increase in average total energy. Though pure STT-RAM hierarchies provide the

best energy-ef�ciency, further improvements to the use of STT-RAM for �rst-level caches

are necessary to completely bridge the performance gap.

4.4.4 Refreshing Non-volatile Memory

The previous sections have demonstrated that reducing the retention time of STT-RAM

caches improves both performance and energy ef�ciency. Thus far, however, the possible

correctness issues that may arise due to random bit-�ips have been neglected. The use of

SECDED facilitates the implementation of arefresh-like operation that reads the contents

of a line and writes it back after performing error correction. As previously mentioned, the

non-destructive nature of STT-RAM reads makes it unnecessary to perform the writeback

if no error is detected.

DRAM memory uses a simple refresh policy that iterates through each line, refresh-

ing them in-turn. In applying this policy to STT-RAM caches,the worst-case scenario is

conservatively assumed, in which every refresh operation detects an error and requires a

writeback. The refresh interval is calculated to guaranteethat every line will be “refreshed”

within the retention time interval. Even at 350 K, the 32F2 design can retain data for more

than two weeks, negating the need for a hardware-based cacherefresh policy. The 19F2

designs retain data for more than 30 seconds at room temperature and slightly more than

one second at the operating temperature, still far larger than the standard DRAM refresh

interval of 64 ms.

However, the 10F2 design has only 345ms retention time at room temperature and 56ms

at 350 K. This is a problem for the SL3 since, on average, it must refresh a line every 427 ps.

Each bank must start a refresh every 1.7 ns, which is less thanthe write latency and only

slightly more than the read latency. Though possible, this would leave almost no time to

service actual requests, negating any bene�ts to the read and write latency. Because of the

excessive refresh rate, the 10F2 SL3 design is excluded from the refresh evaluation. The
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microsecond retention time STT-RAM is used for the UL2, as the lower capacity gives a

refresh interval of 13:7ns. For comparison, the 19F2 SL3 has a refresh interval of 33ms.
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Figure 4.11: Impact of STT-RAM refreshing on the energy-delay product
(Normalized to SRAM baseline)

Two designs were modeled using the DRAM-style refresh policy: the �rst using 19F2

for both the UL2 and SL3 caches (SRAM+19F2-RO+REF), while the second switches

the UL2 caches to the 10F2 design (SRAM+10=19F2-RO+REF). These designs are based

on the hybrid designs from Section 4.4.3 to provide a consistent performance reference.

Figure 4.11 shows the normalized energy-delay product for these designs as well as the

original hybrid designs. As expected, the energy and performance impact of performing

refreshing is negligible for the 19F2 designs. Despite the addition of refresh operations,

which take time and consume energy, the 19F2 design continues to provide improved en-

ergy ef�ciency over the 32F2-based design. However, switching the UL2 to 10F2 increases

the energy while providing no performance improvement which, overall, slightly reduces

the energy-ef�ciency. Though unsuitable for use with the DRAM-style refresh policy,

the hybrid combination of SRAM-based �rst-level caches with the 10F2 read-optimized

STT-RAM still has 15% better ef�ciency than 19F2 and is almost 20% better than the

storage-class 32F2.
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The 19F2 STT-RAM cache designs using a simple refresh policy can improve per-

formance and reduce energy consumption over the more directimplementation of 32F2

STT-RAM designs while providing signi�cantly higher densities. Improving the density

of on-chip memory is important as it facilitates the continued scaling of multicore pro-

cessors [ZIIN07]. Planar areas other than 10F2 and 19F2 are possible, and it may be

necessary to tune the retention time for each structure to achieve the best balance between

performance and total energy consumption. The use of a more advanced design, such as a

policy that only refreshes dirty cache lines or a multi-bit error-correcting code, could make

ultra-low retention designs practical.

4.5 Summary of Results

This chapter has described techniques for optimizing STT-RAM cache and memory

designs. This provides the best possible write performancewhile giving the same, or bet-

ter, read performance as SRAM, irrespective of the retention time. To the best of my

knowledge, I am the �rst to propose intentionally relaxing the non-volatility of MTJs to

improve performance and energy-ef�ciency. This chapter has shown that reducing the pla-

nar area makes it possible to signi�cantly reduce both the latency and energy consumption

of STT-RAM memories. The three-level SRAM-based cache hierarchy for a four-core

microprocessor was replaced with reduced-retention STT-RAM and evaluated using vari-

ous �gures-of-merit. Because retention time was sacri�ced, a “refresh” is used to prevent

the loss of data. This simple refresh scheme adds almost no overhead, though exploiting

extremely low-retention STT-RAM requires more complex refresh schemes. Overall per-

formance was not signi�cantly increased, but the energy-ef�ciency was improved by over

70%, on average.
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Chapter 5

STT-RAM Error Modeling and

Advanced Refresh Policies

Chapter 4 looked at reducing the retention-time of STT-RAM to improve perfor-

mance and lower energy consumption. However, it was assumedthat the retention

time of the magnetic tunnel junction (MTJ) extrapolated to the retention time of the

cache, which is almost always overly optimistic. Chip designers most often start with

the desired cache con�guration along with a targetfailure rate, which is related to the

Mean Time to Failure (MTTF)by Equation (5.1). In the context of memory systems, afail-

ure is any uncorrectable error that affects modi�ed data or an undetectable error that affects

unmodi�ed data. The expectedretention timeof a memory device is intrinsically linked

to its MTTF, and the failure rate is typically stated in unitsof Failure(s) In Time (FIT)

(equivalent to one failure in 109 device-hours).

Mean Time to Failure (MTTF)=
1

Failure rate
(5.1)

In this work, the MTTF is assumed to be synonymous with the retention time, but

this assumption is far from universal. For example, consider two systems designed to

have an expected device lifetime of 10 years. The �rst system's designers choose to set
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MTTF = 10years, which gives a failure rate of 11407 FIT, while thosedesigning the

second system instead specify a desired failure rate of 1000FIT, which would give a MTTF

of 114 years. While both provide a ten year lifetime, only thelatter system can maintain

this reliability as part of a larger system.

Section 5.1 provides detailed modeling of STT-RAM errors, the MTTF of STT-RAM

caches and memories with and without error protection, and the relationship between the

thermal stability,D, and the target failure rate. Section 5.2 extends this analysis to cover

scrubbing and refreshing, which reduces the requiredD by guaranteeing the periodic elim-

ination of errors. In addition to knowing the required thermal stability to achieve a target

failure rate, a chip designer must also know the operating temperature at which theD must

hold. Section 5.3 analyzes the thermals for a Core i7-like processor, demonstrating that the

operating temperatures vary widely, depending on the number of active cores and the state

of the cooling system. These variations in operating temperature may be exploited by adap-

tively adjusting the refresh rate to match the current temperature. Section 5.4 describes a

simple adaptive refreshing scheme for STT-RAM caches, and presents a stochastic perfor-

mance and energy model of the worst-case behavior to evaluate its impact for a range of

operating temperatures.

5.1 Error Modeling

The bene�ts of error-correction for SRAM and DRAM memory failure rates has been

studied for more than forty years [LM76,MBR82,BGM88], but it continues to be an impor-

tant topic today [MR09,MEFR04]. All memory technologies are susceptible tohard errors

in the circuitry, which persist until the device is repaired. Though techniques for repairing

such faults online have been developed, they still require an active intervention to correct.

The most commonly used protection scheme, single-bit errorcorrection, dual-bit error

detection (SECDED), is instead designed to correctsoft errors, which represent transient
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Equations (1.2), (5.3) and (5.4): One bit of STT-RAM

Single-bit MTTF= t = t 0 � exp(D) (5.2)

Droom =
Toperating

Troom
D (5.3)

Pr(Error; t) = 1� exp
�

�
t
t

�
(5.4)

faults due to high-energy particles strikes on the memory cells [MEFR04]. Despite predic-

tions, the continued reduction in cell geometry has actually reduced the soft error rate for

DRAM memory, though it has increased the incidence of hard errors [BSS08]. Due to this

effect, traditional SECDED schemes have become less effective as the independent nature

of errors has gone down [SPW09].

Though the peripheral and driver circuitry used in STT-RAM memories is just as sus-

ceptible to hard errors as SRAM and DRAM, MTJs are immune to soft errors since they

store data magnetically. However, high temperatures and reduced retention times lower

the thermal stability,D, which increases the occurrence of random bit �ips. The truly ran-

dom nature of these failures makes the simpler SECDED error correction scheme a good

match for STT-RAM [CAD+ 10]. Though many classic error correction papers worked to

unify the modeling of all types of memory errors into a singlemodel [MBR82, BGM88],

this work focuses exclusively on the cell and block failureswhich are affected by MTJ bit

�ips.

In Section 1.3, Equation (1.2) (which Equation (5.2) is an expansion of) was given to

estimate the retention time for STT-RAM, witht 0 being the attempt interval of 1 ns, but

it more precisely describes the Mean Time to Failure (MTTF) for a single MTJ [RDJ+ 02].

Given the desired single-bit MTTF, this equation can be usedto calculate the minimumD,

which is then adjusted using Equation (5.3) to compensate for the difference between the

operating temperature (Toperating) and room temperature (Troom), which is generally taken

to be 300 K.
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Equations (5.5) and (5.6): Integration-by-parts reduction of the MTTF equation

MTTF = E[T] =
Z ¥

� ¥
t � f (t) d t =

Z ¥

� ¥
t �

d
d t

(F(t)) d t (5.5)

=
�
t � F(t) �

Z
1� R(t) d t

� ¥

� ¥

= � t � (1� F(t))
�
�
�
¥

� ¥
+

Z ¥

� ¥
R(t) d t

=
Z ¥

� ¥
R(t) d t

=
Z ¥

� ¥
r (t)N d t (5.6)

Mathematically, the MTTF is the expected value of the error probability density func-

tion, f (t), which can also be rewritten to use the cumulative distribution of errors,F(t), as

shown in Equation (5.5), which can be simpli�ed using integration by parts. In this work,

R(t) is used to denote thereliability functionof the entire cache or memory, which consists

of N blocks of memory, each with the reliability functionr(t). The reliability function is

equivalent to 1� F(t) and represents the probability that the device (block or larger) hasnot

experienced a failure by timet. If the errors of each block are assumed to be independent

and identically distributed (i.i.d.), which is true for thecase of no error correction, then

R(t) = r(t)N, giving Equation (5.6). AsN can be extremely large (8 GB of memory has

230 eight-byte blocks), a two pronged strategy will be used to analyze and make use of

STT-RAM failure models: (i) precise analysis of the block-level MTTF to characterize the

impact of the STT-RAM parameters followed by (ii) a numerically-based analysis of total

cache and memory failure rates.

Bit-�ips for MTJs follow the Néel-Brown relaxation formula, making them exponen-

tially distributed [DLW+ 07]. Thus, the probability that the MTJ will have switched after

a time oft seconds follows Equation (5.4). In the presence of uniform temperatures, the

failure probabilities of am-bit block of STT-RAM MTJs will be independent, so the prob-

ability of having more thank errors can be determined by combining Equation (5.4) with
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Equations (5.7) and (5.8): Reliability function for am-bit STT-RAM memory block
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a binomial distribution, which gives Equation (5.7). This equation is manageable for the

case of no error correction (k = 0) and for a single block, but it quickly becomes intractable.

Blaum et al. introduced the idea of replacing this with a sum of Poisson distributions, as

shown in Equation (5.8) [BGM88]. Though not technically a precise approximation unless

N is very large, the typically small value ofm
t makes the difference almost indistinguish-

able.

Strong error protection is almost always used in storage devices to ensure reliable op-

eration, and it is also commonly used to improve the reliability of caches and main mem-

ory [SPW09], particularly for the last-level caches and main memory, which comprise most

of the data bits in the memory system. For performance, caches and memories typically

use Hamming-code SECDED schemes that add 8 b ofcheck bitsfor each 64 b data block,

which scales the total number of bits by a factor of9
8. The overhead of these check bits lim-

its the ef�ciency of any error correction or detection scheme, since they must also protect

themselves.

The �rst analysis below, in Section 5.1.1, demonstrates that STT-RAM can achieve an

arbitrarily low failure rate simply by adjusting the thermal stability. However, the capaci-

ties of modern caches and memories requireD to be over 70, which is much higher than

that estimated for real MTJs in Chapter 2. Because error protection works to improve the

reliability, using it with STT-RAM makes it possible to signi�cantly lower the requiredD,

as Sections 5.1.2 and 5.1.3 demonstrate for single blocks and full memory arrays.
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Equations (5.9) to (5.11):N � m-bit STT-RAM without error correction

Prm(Errors= 0; t) = exp
�

� N � m�
t
t

�
(5.9)

MTTF =
t

N � m
=

1
Failure rate

(5.10)

D� � ln(t 0 � Failure rate)+ ln(m)+ ln(N) (5.11)

5.1.1 No Error Correction

For a N � m-bit STT-RAM memory array with no error correction or detection, a

failure occurs when one or more bits are �ipped, so Equation (5.7) can be reduced to

Equation (5.9). From this, the MTTF for the entire memory canbe calculated and set

equal to the desired failure rate, as shown in Equation (5.10), which can then be used to

solve for the minimum necessaryD, giving Equation (5.11).

Given a failure rate of 1000 FIT, Equation (5.11) gives the expectedD � 42:7 for a

single MTJ. However, a 1 Gb device would requireD � 63:5 to reach the same relia-

bility. Compensating for an operating temperature of 80� C increases this toD � 74:7,

which matches the required thermal stability that was previously determined by Chenet

al. [CAD+ 10, DSWN+ 10]. As in Chapter 4, the �rst Intel Core i7 processor is used as

the baseline microarchitecture for the models presented here. This processor series has a

shared 8 MB L3 cache along with two 32 kB L1 caches and a private256 kB L2 cache for

each of the four cores. This gives 9472 kB of total data storage (excluding the tag arrays, er-

ror correction bits, and any other overheads), which requiresD� 71:1 to provide the same

reliability as SRAM.

These thermal stability values are signi�cantly higher than those used in Chapter 4

and even the values estimated for the published MTJ designs in Chapter 2. This could be

because 1000 FIT corresponds to a MTTF of over 114 years, but,even with a lower target

of ten years (11407 FIT), the 1 Gb memory still requiresD � 61:1 without temperature

compensation. The cache similarly still requiresD� 68:2, with temperature compensation,
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Equations (5.12) to (5.15):m-bit memory block with SECDED
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ECC Block MTTF=
2m� 1

m(m� 1)
� t (5.14)

EDC Block MTTF=
3m2 � 6m+ 2

m(m� 1)(m� 2)
� t (5.15)

which demonstrates the effect of the exponential relationship betweenD and the single-

big MTTF, t . The rest of this section will omit the temperature compensation, as it is

independent of the error modeling, but it will be revisited in Section 5.4.

5.1.2 Single Error Protected Memory Block

Substitutingk = 1 for single-bit error correction (correctable errors) into Equation (5.7)

simpli�es to Equation (5.12), which is similar to that determined by Maestroet al. [MR09].

Similarly for two-bit error detection (detectable errors), substituting k = 2 gives

Equation (5.13). Performing the integration of Equation (5.6) gives Equations (5.14)

and (5.15), which imply that the block MTTF will be at least doubled or tripled, for

correctable and detectable errors, respectively, though this is reduced by the check bit

overhead.

Table 5.1 summarizes the failure modes, the required MTTF (t ), and the required ther-

mal stability (D) for a memory block withm-bits of data storage. The reduction inDdue to

error correction or detection is independent of the target failure rate (F). Though SECDED
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signi�cantly increases the reliability of a memory, neither the correctable nor the detectable

block MTTF is reduced enough to signi�cantly impact the minimum D enough to offset

the increased area and energy costs of the 12.5% increase in the number of MTJs. This

demonstrates that order-of-magnitude improvements are necessary to signi�cantly reduce

the minimumD.

Table 5.1: MTTF andD for am-data-bit memory block

Block Size Failure Type Requiredt RequiresD

No ECC m-bits Undetectable m=(Failure Rate) � ln(t 0 � F)+ ln(m)

ECC 9=8m-bits Uncorrectable m=(1:79� F) DNo ECC� 0:582

ECC 9=8m-bits Undetectable m=(2:70� F) DNo ECC� 0:995

5.1.3 Error Protected Memory Arrays

Blaumet al. were the �rst to simplify the reliability function for memory arrays by using

the Poisson distribution, as given in Equation (5.8) [BGM88]. They also demonstrated that

the MTTF of this function is equivalent to thebirthday paradox�rst analyzed by Knuth

for linear probing hash table collisions [Knu68], which is exactly given by Equation (5.16)

and closely approximated by its �rst two terms, which are given in Equation (5.17). This

function measures the expected number of bit-�ips that would occur until a double bit-

�ip occurred, and can be used to calculate the MTTF with Equation (5.18). Salehet al.

introduced a simpler form, given in Equation (5.19), that guides the adaptation of the block

MTTF to the array MTTF [SSP90].

The case of two-bit error detection is signi�cantly more complex. Though the three-

person variant of the birthday paradox can be expanded, it does not easily collapse into a

closed form solution. Modifying the simpler approximationof Salehet al. by multiplying

by
p

2 and replacing the square-root with a cube-root makes it possible to see the analytic

behavior of the two error case. The block MTTF formulas can beadapted by dividing them

by
p

N, for one bit-error, and3
p

N, for two bit-errors.
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Equations (5.16) to (5.19): Correctable MTTF approximations for aN � m-bit memory
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(5.19)

The above analytic formulations are useful for analyzing the behavior of the MTTF, but

the performance of modern computers makes it easy to numerically integrate Equation (5.6)

for an arbitrary range of parameters. Figures 5.1a and 5.1b show plots of the failure rate

against data capacity for the set of approximations as well as the numerically simulated

exact solution. Each curve is produced usingt � 1 = 1FIT , which givesD = 49:6, and

the horizontal line through the middle of the chart shows theFIT value equivalent to a

ten-year MTTF. In Figure 5.1a, the approximations of both Blaumet al. and Salehet al.

almost coincide with the exact solution for all but the smallest capacities. In both graphs,

the scaled block MTTF formulae are too optimistic, as they aren't able to take the birthday

paradox scaling factor into account.

The fact that all of the approximations are able to track the exact solution demon-

strates that it is possible to factor the MTTF equations intotwo parts. The �rst half,R,

accounts for the birthday paradox effect and is the numerical simulation of Equation (5.20).

Equation (5.21) combines this with the second term combinesthe single-bit MTTF,t , with

the number of bits in a block. The separation of terms makes itpossible to solve fort

and obtain Equation (5.22), a semi-analytic formula for theminimum thermal stability. For
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Figure 5.1: Failure rates for memory arrays with SECDED
(Using t � 1 = 1FIT ! D= 49:6)
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Equations (5.20) to (5.22): Alternative MTTF form that gives a minimumD inequality

R (k; N; t ! l ) =

Z l

0

exp(� N � t) �

"
k

å
i= 0

t i

i!

#N

d t (5.20)

�
Z l

0
Pr(Errors� k; t)Nd t

MTTF = R (k; N; t ! ¥ ) �
t
m

(5.21)

D� � log(R (k; N; t ! ¥ )) + log(m) � log(t 0 � Failure rate) (5.22)

N � 8GB, R (1; N; t ! ¥ ) � 1:2533 andR (2; N; t ! ¥ ) � 1:6233, which makes it pos-

sible to convert this equation into an analytic approximation, if desired.

Recall that the objective of adding error protection to STT-RAM was to lower the re-

quired thermal stability. Figure 5.2 uses Equation (5.22) to determine the thermal stability

required to obtain a ten-year MTTF for the same range of capacities as in Figures 5.1a

and 5.1b. Using error correction lowers the minimumD required for the 1 Gb memory

from Section 5.1.1 from 61:1 to 52:7. This reduction is easily large enough to accommo-

date the MTJ area required for the check bits, and is inline with theD for the MTJs �tted

in Chapter 2 (after performing temperature compensation),though it is still signi�cantly

higher than that used in Chapter 4. The minimumD for correctable errors in the Core i7-

style cache system goes from 58:5 to 51:3, without temperature compensation, which is

just enough of a reduction to cover the additional area overhead, though still higher than

the values used in Chapter 4.

The ability to tolerate uncorrectable errors signi�cantlyimproves the MTTF, since at

least three errors must occur within the same cache line to cause a fault. The minimum

D for the 1 Gb memory and the cache system can be further reducedto 49:6 and 48:8,

respectively. However, the upper-level caches close to theprocessing cores are unlikely to

be able to take advantage of this, due to the higher likelihood of their holding dirty data.
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Figure 5.2: MinimumD required to get a 10 year MTTF

However, it is possible to use a variant of Equation (5.20) which allows only single-bit

errors for the L1 and L2 caches while continuing to allow two-bit errors in the 8 MB L3

cache, which gives a minimumD of 50:4. The L1 and L2 caches combined have a MTTF

of just over ten years, while the L3 cache has a MTTF of �fty years. Approximating the

total MTTF of the entire cache system by summing the failure rates gives an estimate of

8.4 years. While a reasonable �rst-order estimate, it is extremely conservative since the

actual MTTF is 19% higher. Since modeling the total MTTF thisway intertwines the

parameters of each of the components, it is dif�cult to change one component without

affecting all others.

5.2 Scrubbing and Refreshing

Section 5.1.3 showed that traditional single-bit error correction, dual-bit error detec-

tion (SECDED) is able to signi�cantly reduce the minimumD for STT-RAM caches and

memories, especially if uncorrectable two-bit errors can be tolerated. To further reduce

the thermal stability, it is now necessary to analyze at the impact of scrubbing and refresh-
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ing, as was proposed in Chapter 4. Both scrubbing and refreshing intermittently check the

contents of each SECDED-protected memory block.

A simple scrubbing scheme might periodically evict all cache lines and memory pages,

which limits the maximum amount of time the data may reside within that level of the

memory hierarchy. More ef�cient policies leave error-freedata blocks alone after check-

ing, while blocks with correctable errors will either be rewritten (removing the error) or

evicted [SSP90, MEFR04]. For a data block that has not been modi�ed by the software

(clean), detectable errors can also be silently ignored, as long asa clean copy of the data

exists elsewhere in the system. For adirty block which has been modi�ed, an uncorrectable

error results in a fault that can be reported to the software.

Refresh schemes are a more active approach which attempts tokeep errors from becom-

ing faults by much more frequent (usually hardware directly) validation of each block's

check bits. Correctable errors are almost always rewrittenin-situ to preserve the block's lo-

cality in the cache or memory hierarchy, though unmodi�ed blocks may simply be evicted,

as for scrubbing. As before, uncorrectable errors of modi�ed data represents a fault that

should be reported to the software.

Scrubbing has been proposed for SRAM caches and memories to remove the effects

of soft errors [SSP90, MEFR04]. DRAM memory requires refreshing due to the charge

leaking from the cell which must be replenished. STT-RAM is an inherently permanent

non-volatile memory, given a low-enough operating temperature. Furthermore, no action

is required if no error is detected, since most designs have non-destructive reads (unlike

DRAM).

5.2.1 Basic Analysis

Though the differences between scrubbing and refreshing make a difference in their

practical implementations, the mathematical analysis of the two is identical as long as both

use deterministic intervals. Probabilistic scrubbing is also possible, though Salehet al. have
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Equations (5.23) and (5.24): General form for scrubbing/refreshing Mean Time to Failure
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shown it to be less effective [SSP90]. Assuming that every block is refreshed (scrubbed)

everytref seconds, the reliability function can then be rewritten like Equation (5.23). This

formula captures the fact that non-faulting errors are irrelevant to all future refresh intervals.

In the case of an uncorrectable error, the block would actually have to be evicted,

but this equation assumes that it can be instantaneously refetched. This is not an issue,

since evicting a block would automatically prevent it from causing a fault. By apply-

ing a sequence of algebra and calculus identities, this equation can be simpli�ed into

Equation (5.24). This integral is actually signi�cantly more complex to evaluate than the

non-refreshing case since the integral will take on values at both endpoints.

5.2.2 Refreshing a Single Memory Block

As before, it is useful to analyze the single-block MTTF behavior using Equation (5.24)

before looking at complete arrays. SinceN = 1, that equation can be simpli�ed to

Equation (5.25), which makes it possible to compute both thecorrectable and detectable

MTTFs by calculating three smaller integrals. This gives rise to Equation (5.26) for
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Equations (5.25) to (5.27): Single block MTTF with scrubbing/refreshing
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3m2 � 6m+ 2

m� (m� 1) � (m� 2)
� t � Equation (5.15)

uncorrectable errors and Equation (5.27), both of which converge to the non-refreshing

solutions calculated in Section 5.1.3.

Figures 5.3a and 5.3b show the single-block relationship between D and tref for

Equations (5.26) and (5.27), respectively, when the failure rate is 1 FIT. The �tted lines

approximate this relationship using the overlaid formulae, and were determined by taking

the limit of these equations astref approaches zero. The block MTTF formula matches the

derivation of Maestroet al., who used a different method to arrive at the answer [MR09].

Though there is a sizable gap between the approximation and the exact solution, it is not a

signi�cant limitation since it requires such a large value for tref.
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Figure 5.3: Scrubbing/refreshing �ttedt formulae for a single STT-RAM block
(Block failure rate is 1 FIT)

As expected from the exponential behavior of Equations (5.26) and (5.27), the mini-

mumD rapidly increases in step withtref until it hits the non-refreshing limit. Performing

scrubbing every ten years is able to reduce a single-block'sDby more than three, for single-

bit errors, and by more than �ve for two-bit errors. However,since this is longer than the

most expected lifetimes, it shows that it is not actually necessary to perform scrubbing or

refreshing to obtain some of the bene�ts. Equations (5.28) and (5.29) show the minimum

thermal stability formulas when using a value fortref below the crossover point. The slope

of these equations arises from the presence of thetref terms and their matching, supplemen-
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Equations (5.28) and (5.29): Approximation for minimum single-blockD with refreshing
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Equation (5.30): Full-array MTTF with precise approximation usingR
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tal t terms. Section 5.2.3 will show that scaled versions of theseblock MTTF formulae

will be much more effective and useful than those for non-refreshing error protection.

5.2.3 Refreshing Complete Memory Arrays

As previously stated, the non-in�nite upper limit on the MTTF integral makes it ex-

tremely dif�cult to simplify. Using the Poisson approximate from Equation (5.8), the inte-

gral for MTTF can be simpli�ed to Equation (5.30) using theR function (Equation (5.20)).

This equation is indistinguishable from the precise resultwhen used to calculate the mini-

mumD, but it is much easier to simulate.

Maestroet al. showed that the block MTTF formula with a factor of 1=N also works

for total MTTF [MR09]. Figures 5.4a and 5.4b show both the exact solution and the extrap-

olated block MTTF formula for a 32 kB STT-RAM memory device, solved to guarantee
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Figure 5.4: MinimumD for 1 FIT failure rate for a 32 kB memory

a reliability of 1 FIT. The extrapolated block MTTF formulaswork exceptionally well for

both single-bit correctable errors and two-bit detectableerrors, using the same 1=N factor.

As N is increased, the gap between the exact and approximate solutions continues to

shrink. Thus, while it is still best to useR to calculate the non-refreshing minimumD to

�nd the crossover, it is not necessary when solving for a desired reliability. However, unlike

for single blocks, the large capacity of modern cache and memory systems eliminates theD

bene�t from extremely long scrubbing intervals of ten or more years. However, even fairly

long scrubbing intervals can have a signi�cant impact onD, as Section 5.2.4 will discuss

in more detail. Equation (5.31) restates the minimumDapproximations to include the 1=N
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Equation (5.31): MinimumDfor aN � m-bit STT-RAM memory withk-bit error tolerance
and atref refresh interval

D�
1

1+ k
�

"
k

å
i= 0

log
�

m� i
1+ i

�
� log(t 0 � Failure rate)+ log(N)+ k� log

�
tref

t 0

� #

(5.31)

factor for one- and two-bit error protection. Though not veri�ed, the equation may also

work for k > 2.

5.2.4 Optimizing Scrubbing and Refreshing

For SRAM and DRAM, a 25% improvement in the Mean Time to Failure (MTTF)

would reduce the failure rate by 20% (due to the inverse relationship), which is a very

signi�cant difference. However, it would barely affect theminimum thermal stability

for STT-RAM, since the exponential nature ofD requires order-of-magnitude changes

in the MTTF. Section 5.1.3 demonstrated that error protection reduces the requiredD by

� 10 (for the same failure rate), which corresponds with a reduction in the MTTF of an

individual MTJ by more than 20;000� .

Scrubbing typically features long intervals that make it ideal for implementation as

a software policy of the system. Figure 5.5 shows the mappingbetween the scrubbing

interval and the minimumD for both the 1 Gb memory and the 9472 kB cache system.

The black lines represent theD required to prevent uncorrectable failures (denoted by 1b),

while the orange lines represent undetectable failures (2b). One year scrubbing interval

only reducesD by � 3%, one month scrubbing lowers it by� 5% for single-bit errors and

� 7% for two-bit errors, and one day scrubbing further improves this to� 8% and� 11%.

Though these values seem somewhat small, recall from Section 2.1.3 that the write current

is either linearly or quadratically dependent on the parameters that compriseD. Thus, any

reduction inD makes it possible to either reduce the energy consumption orto improve

performance by at least a matching amount. As discussed in Section 4.3, a reduction in the



104

planar area can also reduce the energy consumption of the entire memory array, as long as

it also reduces the total memory cell's area.
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Figure 5.5: MinimumD vs. scrubbing interval for a ten-year MTTF

As previously mentioned, it is unlikely that allowing uncorrectable errors in the

upper-level caches can be tolerated. Using the conservative assumption that failure rates

sum, the ten-year MTTF can be divided amongst the thirteen different caches: four

L1 instruction caches (IL1s), four L1 data caches (DL1s), four uni�ed L2 caches (UL2s),

and one shared L3 cache (SL3). Providing an equal share of theMTTF to each cache

would be a bad idea, since each of the small upper-level caches would each get as much

error tolerance as the entire last-level cache. Instead, one can use the common notion of

FIT-per-bit, where the acceptable failure rate is allocated on a per-bitbasis [MEFR04].

The complete 9472 kB cache system above with a ten-year MTTF has a failure rate of

11407FIT, which gives� 1:4702� 10� 4FIT=bit. This can then be used to calculate the

minimum MTTF for the individual caches, as shown in Table 5.2. Note how the L3's

MTTF is very close to the total MTTF, since it comprises the majority of bits in the system,

and how the L1 caches are required to be signi�cantly more reliable than either the L2 or

L3 caches. However, this is simply an artifact of the conservative estimate for total MTTF,

as these parameters require thermal stabilities higher than 51:3 for all four cache types.
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Table 5.2: Failure rates and MTTF for each component of the Core i7 cache system

Cache Data Capacity MTTF Quantity Total Failure Rate
IL1 & DL1 32 kB 2960 years 8 308 FIT

UL2 256 kB 370 years 4 1233 FIT
SL3 8 MB 11.6 years 1 9866 FIT
Total 9472 kB 10 years — 11407 FIT

Each of the caches in this design has different non-refreshing D requirement. However,

because both the number of block,N, and the failure rate appear in a separable fashion in

Equation (5.31), the FIT-per-bit dominates the thermal stability for designs that use refresh-

ing. Figure 5.6 demonstrates this, since all three of the black lines overlap each other, as do

the orange lines. The fact that the refreshing-based thermal stabilities are the same while

the non-refreshing ones are not means that each cache will have a degree of improvement,

which is demonstrated in Table 5.3.
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Figure 5.6: MinimumD vs. refresh interval for a ten-year combined MTTF

Even one-minute refreshing reduces the minimum correctable errorD by 15–20%, and

corresponds to the L3 refreshing one 64 B cache line every 458ms. Though one-second

refreshes only requires refreshing a line every 7.6ms, the 1 ms refresh interval would re-

quire a L3 refresh every 7.6 ns. Accounting for the four independent banks raises this to

30.5 ns, but this still has the potential to interfere with normal cache operations, depend-

ing on the cache read and write latencies. As expected,D is reduced by an additional
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Table 5.3: MinimumD and % reduction for the Core i7 style refreshing cache system

Correctable Errors Detectable Errors
Refresh Interval 32 kB 256 kB 8 MB 32 kB 256 kB 8 MB

¥ 54.2 53.2 51.4 52.5 51.1 48.9
1 minute 43.5 38.3

19.8% 18.2% 15.4% 27.1% 25.1% 21.6%
1 s 41.4 35.6

23.5% 22.0% 19.4% 32.3% 30.4% 27.2%
1 ms 38.0 31.0

29.9% 28.5% 26.1% 41.0% 39.4% 36.6%

� 7% when uncorrectable errors are allowed. The extremely large reductions that refresh-

ing STT-RAM provides makes it much more useful for designinghigh-speed caches and

memory, as outlined in Chapter 4. However, Section 5.3 will demonstrate how adaptively

tuning the refresh interval can signi�cantly improve the performance and ef�ciency.

5.3 Thermal Modeling

Though scrubbing can de�nitely work to create signi�cant reductions in the minimum

D, it is still necessary to over engineer the memory device to account for the maximum

expected temperatures. With hardware controlled refreshing, it is instead possible to adapt

the refresh interval to the current temperature. This section demonstrates how to estimate

the thermal behavior of a Core i7-like processor for a range of high-activity scenarios.

5.3.1 Power Modeling

Bedardet al. created a device to monitor each power rail in modern computer sys-

tems [BLFP10]. They identi�ed the CPU power consumption forhaving one, two, three,

or four cores active for a Intel Core i7 processor. Because they used tight loops to load

the processor, the lower-level caches, memory controllers, and interconnect are active but

idle. These values were scaled to �ll the 130 W maximumThermal Design Pro�le (TDP)
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power limit of the �rst Intel Core i7 processors [Int09a, Int09c]. Linear regression obtains

an extremely accurate �t on this data (R2 = 0:9999), but there is freedom in choosing what

the per-core idle power is. In this work, the uncore (L3 cache, memory controllers, etc.) is

assumed to be 20 W, the core idle power is just over 2 W, and the fully active core power is

27.5 W.

A �oor plan was made for the Core i7 processor using a high-resolution press-kit photo,

and is shown labelled in Figure 5.7 [Int08a]. The most obvious features on the die are the
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Figure 5.7: Die photo of the �rst Intel Core i7 processor [Int08a]

four processor cores and their associated private 256 kB L2 caches. The memory controllers

are found at the top of the die, along with the general-purpose input and output on the upper

left and right and the QuickPath Interconnect (a form of inter-processor communications

link) on the lower left and right. The shared 8 MB L3 cache is divided into four banks,

each with a data array and tag array marked asL3 data # andL3 tag #, respectively. The

communications between the devices on the chip occur through theL3 network or the



108

queues, while the power control unit (pcu) actively regulates the power consumption of

processor.

The linear regression for the idle and active power was used to create power traces that

were fed along with the �oor plan into the HotSpot 5.0 thermalmodeling tool [SSS+ 03].

HotSpot's grid model is used with a 64� 64 grid, and the thermal simulation is run until

it has produced the steady-state temperature distribution. This is a conservative modeling

approach, since transient spikes in the power density wouldresult in even larger variations

in the temperature.

The core active power is spread evenly across the core and L2 blocks, though the large

differences between microarchitectural component power consumption make this unrealis-

tic. A realistic model might not have as high of temperaturesat the edge of the core block,

though it would have much higher temperature variations. The uncore power is divided

equally amongst each of the non-core (and L2) components, giving a power density of

� 15W=cm2. The con�guration models the speci�ed dimensions for the die, thermal inter-

face, and aluminum heat spreader [Int09c, Int09d]. The reference heatsink and fan [Int09b]

were approximated using the new heatsink modeling featuresin HotSpot 5.0 [HSG+ 09].

Due to their large size, most modern heatsinks are built predominantly out of aluminum,

rather than copper, so some parameters were recalculated using the methods described by

Karthik Sankaranarayanan in his dissertation [San09].

The new heatsink model makes it possible to both adjust and disable the heatsink fan,

which makes it possible to alter the thermal pro�le without changing the power pro�le. The

maximum speci�ed fan speed of 3500 RPM provides the most cooling, while 1000 RPM,

the lowest speci�ed, provides a more typical pro�le [Int09b]. To get a worst-case scenario,

the fan is also disabled, which causes a signi�cant increasein overall chip temperatures.
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5.3.2 Temperature Maps

Figures 5.8a to 5.8h show the resultant temperature maps foreach combination of the

four active cores and the two fan speeds. The results with thefan disabled are excluded as

they produce fairly uniform temperatures. To provide the most thermally balanced results,

the active cores are placed as far from each other as possible, though the other permutations

would be equally valid for real-world scenarios. Each combination results in a different

temperature for the L2 caches, and, in the case of three cores, all four L2 caches have

unique temperatures.

All modern processors have a maximum operating temperature, which is de�ned by

the manufacturer. This requires the current temperature tobe measured, typically with an

on-die thermistor. For the Core i7 processor, if the temperature exceeds the maximum,

the thermal trip is activated and all of the processor's functions are terminated [Int09c].

As such, the power management system attempts to keep the temperature below this level

by regulating the chip voltages and frequencies. If the processor's performance is already

being throttled to reduce chip temperatures, it is only necessary for the caches to ensure

data correctness. Thus, a larger performance penalty due tomore aggressive refreshing is

acceptable for transient temperatures near the thermal trip.

This maximum temperature is dependent on the processor's design and manufacture,

and it could be as low as 85� C, as assumed in this work, or higher than 100� C. When the

heatsink fan is stopped (dead), the L2 cache temperates reach up to 86� C, for one core, and

121� C, for four cores, while the L3 cache banks are 5–7� cooler. When the fan is active,

the temperatures of all units stayed well below 85� C.

If a cache data array experiences a large temperature gradient (the difference between

the minimum and maximum temperatures), then it would be possible to leverage this as part

of an adaptive refresh scheme. However, the L2 caches of the active cores have a maximum

thermal gradient of 3–4� , which amounts to a variation inD of at most 0.5. Due to their

size, the L3 bank data arrays have a temperature gradient in every con�guration, though
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(a) 1 Core – 1000 RPM (b) 1 Core – 3500 RPM

(c) 2 Core – 1000 RPM (d) 2 Core – 3500 RPM

(e) 3 Core – 1000 RPM (f) 3 Core – 3500 RPM

(g) 4 Core – 1000 RPM (h) 4 Core – 3500 RPM

Figure 5.8: Temperature maps for 1–4 fully active cores
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it still only reaches 5� . The small impact toD combined with the lack of precision with

on-die thermistors (� 1–3� ), it is impossible to effectively exploit these small intra-bank

temperature differences.

5.3.3 Peak Temperatures

Focusing on the differences between the L2 caches and the L3 cache banks, Table 5.4

shows the maximum temperature temperatures for each of the cache banks. The L2 caches

experience steady-state temperatures ranging from 50� C to 70� C, while the L3 banks see

51–64� C. Inactive L2 caches are up to 10� cooler, so it is important to have independent

temperature measurement and refresh control for each L2 cache. The L3 banks adjacent to

idle cores are only up to 3� cooler than those next to active cores, though this increases to

8 � with the intra-bank gradient.

Table 5.4: L2 and L3 cache maximum temperatures (in nearest� C)

L2 Caches L3 Banks
0 1 2 3 0 1 2 3

1-
co

re 3500 RPM 60 51 51 50 54 52 51 51
1000 RPM 61 52 52 51 55 54 52 52
dead fan 86 77 77 76 80 79 77 77

2-
co

re
s 3500 RPM 61 53 53 61 56 54 54 56

1000 RPM 63 54 54 63 58 56 56 58
dead fan 98 90 90 98 93 91 91 93

3-
co

re
s 3500 RPM 65 64 56 63 59 59 56 58

1000 RPM 68 67 58 65 61 61 58 60
dead fan 112 111 102 110 105 105 102 104

4-
co

re
s 3500 RPM 67 67 67 67 61 61 61 61

1000 RPM 70 70 70 70 63 64 64 63
dead fan 121 121 121 121 114 115 115 114

The entire L3 cache could reasonably share a single temperature measurement, with

guard banding derived from thermal modeling to ensure correctness. However, each cache

bank already has independent access and control circuitry,so this work assumes that they

have independent adaptive refresh controllers. It is assumed that each controller has one
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or more thermistors which enable it to reliably measure the maximum bank temperature to

within 2 � . Maximum performance must be guaranteed up to 70� C for the L2 caches and

up to 64� C for the L3 cache banks. Section 5.4 next describes how to usethis information

to perform adaptive refreshing.

5.4 Adaptive Refreshing

With knowledge of the typical operating temperatures from Section 5.3, it is now possi-

ble to design the memory device with a more optimistic view ofthe operating temperature.

By adaptively adjusting the refresh interval based on thecurrentoperating temperature, it

is possible to reduce the energy consumption and improve performance more than simply

relaxing the retention-time did in Chapter 4. Though using alower temperature at design

time will reduce the cache latency and energy consumption, the processor must meet the tar-

get performanceat the peak expected operating temperature. Below this level,the refresh

rates can be dramatically reduced, which reduces wasted energy and (hopefully) improves

performance further.

Above the expected operating temperature, the refresh ratemust become progressively

more aggressive. If the single-bit correctable refresh rate cannot be sustained at the operat-

ing temperature, then the cache can switch to the two-bit detectable refresh rate, as long as

it �ushes all dirty cache lines �rst. This will likely reduceperformance, as uncorrectable

errors will result in that copy of the block being lost. In thecase of temperatures above

the approaching or exceeding the thermal limit, then parts of the cache (most likely the set-

associativeways) could be dynamically disabled to reduce the refresh burden, which would

further reduce the performance. In a true runaway scenario,these measures should be able

to ensure data correctness against thermal faults up until the processor thermal management

hardware is able to throttle back the core power consumption.
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Designing STT-RAM caches with refreshing combines the operating temperature with

the desired refresh interval,tref, to determine the required forD. The objective is to mini-

mizeD, so that the the latency and energy consumption is minimized, while maximizingtref,

which maximizes performance. Since STT-RAM writes are almost always (see Chapter 2)

slower than reads, the performance impact of refreshing is heavily dependent on the frac-

tion of refreshes that require a writeback. Evaluating thisusing detailed architecture simu-

lation is dif�cult due to the random nature of STT-RAM bit �ips, for which Monte-Carlo

simulation would require tens-of-thousands of CPU hours toevaluate even a small work-

load. Section 5.4.1 considers statistical models for the performance and power consump-

tion, which make it possible to analyze the worst-case impact analytically. Section 5.4.2

uses these models to evaluate the ef�ciency of various adaptive refreshing con�gurations,

while Section 5.4.3 combines the models in this chapter to design an adaptively refreshed

cache hierarchy.

5.4.1 Modeling Stochastic Performance and Energy

The primary detail lost by eliding the use of architecture simulation is the knowledge

of whether or not a refresh operation affects the performance. Performance will only be

reduced if the use of refreshing increases the latency of therunning software's memory

operations. In reality, memory write operations will only reduce the performance of the

software if a subsequent read is delayed, but this work conservatively assumes that they

have an equal impact. The use of out-of-order execution, hardware multithreading, or

sub-bank write buffering would be able to reduce the variations in latency, which would

eliminate the performance impact. However, in the worst-case scenario considered here,

every memory operation is on the critical path and coincideswith the start of and is delayed

by a refresh, which always results in a software-visible delay.

The bene�t of analytical modeling is that the stochastic nature of refreshes may be

considered, and this work considers the impact of refreshing in three scenarios: (i) no
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refresh requires a write back, (ii) every refresh requires awrite back (as in Chapter 4), and

(iii) the fraction of refreshes that require write backs matches the probability of a line having

one or more bit-�ips attref. The �rst two scenarios de�ne the boundaries of performancefor

a STT-RAM cache that uses refreshes, while the third tries toemulate real-world behavior.

If the write back ratio (WBR)is de�ned as the fraction of cache lines that require a write

back, then all three scenarios can be handled by Equation (5.32). For a traditional SECDED

protected 64 B, there are 576 b in each cache line.

WBR =

8
>>>>><

>>>>>:

0% Case (i): no refresh

100% Case (ii): every refresh

1� exp
�

� Bits-per-line�
tref

t

�
Case (iii): probabilistic

(5.32)

This work simpli�es the modeling of reads, writes, and refreshes by assuming that each

can be modeled with Poisson distributions. Each has an arrival rate (l ) which de�nes

the rate at which operations are expected to arrive at the cache. Reads and writes arrive

according tol R and l W, respectively, while the refresh operations are assumed toarrive

at a rate ofl ref that is calculated using Equation (5.33). In reality, the arrival of refresh

operations is more deterministic than a Poisson distribution allows. However, they are

become randomized in this model because of the conservativeassumption that refreshes

always interfere with reads and writes.

l ref =
Number of cache lines

tref
(5.33)

Given an estimate for the rate of memory reads,l R, and writes,l W, the ideal cache la-

tency can be modeled using Equation (5.34), withlR andlR representing the read and write

latencies, respectively. Similarly, the latency overheaddue to refreshing can be modeled
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using Equation (5.35). Rather than cycles, these equationsare actually incycles per unit

time, and the sum of Equations (5.34) and (5.37) must be less than the clock frequency of

the cache to be physically possible. Given read and write latencies, this makes it possi-

ble to calculate the fraction of each cycle that the core spends waiting on the cache, given

by Equation (5.37). As necessary, this work will assume a 4 GHz clock frequency for all

caches, as in Chapter 4. Because of the assumption that refreshes will always slow down

memory operations when possible, it can be shown that the effective latency is equal to

Equation (5.36). This makes it possible to model the slowdown by taking the ratio of the

effective latency with the ideal latency, which simpli�es to Equation (5.38).

Ideal Latency= lR � l R + lW � l W (5.34)

Refreshing Latency= lref � l ref (5.35)

lref = lR +( lW � lR) � WBR

Effective Latency= Ideal Latency+ lref � min(l ref; l R + l W) (5.36)

Overhead=
Effective Latency
Clock Frequency

(5.37)

Slowdown=
Effective Latency

Ideal Latency

= 1+
lref � min(l ref; l R + l W)

Ideal Latency

= 1+

�
1+

�
lW
lR

� 1
�

� WBR
�

� min(l ref; l R + l W)

l R + lW
lR

� l W
(5.38)
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Ideal Power= ER � l R + EW � l W (5.39)

Refreshing Power= Eref � l ref (5.40)

Power Scaling= 1+
Refreshing Energy

Ideal Energy

= 1+

�
1+

�
EW
ER

� 1
�

� WBR
�

� l ref

l R + EW
ER

� l W
(5.41)

The power ef�ciency can be modeled in a similar fashion, except that there is no way

to avoid the energy cost of refreshing. The ideal power is thus given by Equation (5.39),

the refreshing power by Equation (5.40), and the power scaling factor by Equation (5.41).

Since these equations are being used to model the impact of adaptive refresh policies, it is

logical to assume that the latency and energy parameters areconstant, despitetref changing.

As a result, the minimum possible slowdown or energy scalingis 100%.

For the STT-RAM cache designs in Chapter 4, the write latencywas between 1.25 and

3 times the read latency, while the write energy was 1.5 to 10 times the read energy. This

information can be directly used in Equations (5.38) and (5.41) as lR
lW

and ER
EW

. For reads

and writes,l R andl W must be derived from actual workload behavior, and, for the L2 (L3)

caches, are also dependent on the L1 (L1 and L2 for the L3 cache) cache miss rates. To

obtain this data, a tool was written using the Pin dynamic binary instrumentation system to

count the number of reads and writes during program execution [LCM+ 05]. Data was then

aggregated from three independent runs of twenty-eight workloads from the SPEC CPU

2006 benchmark suite (all but perlbench) using the test input [Hen06]. The read and write

rates for individual threads and processes within a run werecombined using the harmonic

mean, and the arithmetic mean and standard deviation acrossthe three runs was used as

an estimate for the actual behavior, though the deviations are excluded below due to their
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Figure 5.9: Memory performance overhead of the DL1 cache
(Fraction of each cycle spent waiting on memory operations at 4 GHz)

extremely low magnitude. The values were scaled to compensate for the less than 4 GHz

clock frequency of the test machine.

5.4.2 Modeling the Minimum Refresh Interval

The objective when using this model is to determine the lowest tref (and thus the highest

l ref) that can be tolerated by a STT-RAM cache. Figure 5.9 shows the impact of refreshing

on the overhead of the DL1 for the the minimum, average, and maximum combined read-

write rates, withlR = 1cycle andlW = 3cycle. The calculation ofl ref takes into account

the 32kB=64B= 512cachelines. In each case, the overhead always reaches a maximum

value once the refresh rate has overtaken the read-write rate, since each read and write

is assumed to be delayed by 1+
�

lW
lR

� 1
�

� WBR. For the workload with the minimum

read-write rate (soplex ), the overhead due to memory operations is insigni�cant, both

with and without refreshing, and so will be excluded from further evaluation. Even the

workload with the highest read-write rate (cactusADM) is far below the 4 GHz limit, though

the overhead is increased by more than 3� . Since the same scaling applies to both the
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average and maximum workload regardless of the write back ratio (WBR), the remainder

of this analysis will look at only the average of the workloads.

The gap between the impact of 0% and 100% WBR demonstrates theneed for a more

realistic assumption. Combining the failure rates from Section 5.2.4 with Equation (5.31)

gives rise to Equations (5.42) and (5.43), for single-bit error correction and two-bit error

detection, respectively. This makes it possible to calculate the expected WBR for each

refresh interval using Equation (5.32).

Correctable Errors: t � exp(20:712) �
p

tref (5.42)

Detectable Errors: t � exp(14:858) � tref
2=3 (5.43)

Figure 5.10 shows the slowdown caused by refreshing for the DL1 for the WBR

case (iii), the statistically expected number of write backs, for the average of the work-

loads with lW
lR

= 3. The solid and dashed black lines show the same results for WBR cases

(i) and (ii) as Figure 5.9. However, the probabilistic WBR case (iii) is indistinguishable

from the zero write base case (i), both for single-bit correctable errors and two-bit de-

tectable errors, because the probability of either having abit �ip is well below one in 1000,

even for a 1 s refresh interval.

The horizontal gray line in Figure 5.10 represents a 5% slowdown, which should be

low enough to be mitigated by real-world hardware. The 100% write back rate requires

tref=132ms to achieve this, while the other two cases intersect at justbelow 44ms This is

somewhat below the refresh rate for the 10F2 designs in Chapter 4 (56ms) which had an

average slowdown of less than 2%. WBR (ii) can achieve the same 44ms refresh interval

only if a 15% slowdown penalty (5%� tW
tR

) is allowed.

Modern �rst-level caches are extremely good at satisfying most requests, with measured

miss rates of less than 2% on real hardware [You07]. This workconservatively assumes
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Figure 5.10: 32 kB DL1 data cache slowdown from refreshing

that only 10% of L1 data cache accesses miss, helping to accommodate less optimized

workloads. Figure 5.11a shows the worst-case overhead for the 256 kB UL2 using the

average of the workload read and write rates,lR = 3cycle andlW
lR

= 3. As demonstrated in

Chapter 4, that the UL2 and SL3 are able to tolerate signi�cantly higher write latencies and

refreshing without signi�cantly affecting the performance. Figure 5.11b shows the worst-

case slowdown for the UL2 with the slowdown limit raised by a factor of ten, to 50%. This

corresponds totref=362ms, which is signi�cantly above the 10F2 designs from Chapter 4,

but still well below the 19F2.

Because the upper-level caches do a very good job at �lteringrequests, it has been

demonstrated that the miss ratio for UL2 caches is higher than the DL1, despite having

signi�cantly higher capacity [ST08]. This work assumes that 20% of the accesses to

the UL2 miss and go to the SL3, giving an aggregate scaling factor of 1
200 of the original

read-write rates. This results in an even lower overhead forthe SL3 cache, as shown in

Figure 5.12a, withlR = 7cycles andlW
lR

= 1:75. However, due to the diminishing direct

impact of the SL3 on performance, the relative slowdown for the SL3 is even higher than

for the UL2, as shown in Figure 5.12b.
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Figure 5.11: 256 kB UL2 cache with refreshing overhead and slowdown

Assuming the traf�c is equally partitioned between the fourindependent banks of the

SL3 cache, the overhead is kept below 0.3%. Since the performance impact is negligi-

ble, the designer is thus free to choose the refresh interval. However, it is impossible for

tref < 100ms to both refresh and satisfy all of the processor requests. Large refresh intervals

will reduce the refresh energy (ignoring the indirect bene�t of a smallerD). A tref of 10 ms

balances these factors, though it is almost 200� larger than that of the 10F2 designs from

Chapter 4.

5.4.3 Designing an Adaptive Refresh Policy

The values fortref from the last section can now be used to determine the re-

quired D using the models from Section 5.1 and the target MTTF for eachcache from

Section 5.2.4. These can then be adjusted using the peak expected operating temperature

from Section 5.3.3 to give the room-temperatureD. These values are summarized in
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Figure 5.12: 8 MB SL3 cache with refreshing overhead and slowdown

Table 5.5 for the Core i7-style cache system previously considered, using the same peak

temperature for the L1 data cache (DL1) and the uni�ed L2 cache (UL2), and using the

peak bank temperature for the shared L3 cache (SL3). Despitethe large jumps in capacity,

the thermal stabilities all remain far below the non-refreshingD from Section 5.2.4.

Table 5.5: Summary of cache hierarchy temperature-compensatedD

Correctable Detectable
tref Tpeak DTpeak D300K DTpeak D300K

32 kB DL1 44ms 70� C 36.4 41.7 28.9 33.0
256 kB UL2 362ms 70� C 37.5 42.8 30.3 34.6

8 MB SL3 10 ms 64� C 39.1 43.9 32.5 36.5

The �rst thing to address in designing a temperature-controlled adaptive refresh policy

is the passage of time. The direct solution would be to dynamically alter the refresh interval

as the temperature changes. However, it is simpler to instead use the temperature to adjust

the increment to a logical time value, as it requires no extraarithmetic to adjust the counter
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after performing a refresh. In particular, by using a �xed-precision counter and carefully

choosing the increments, the refresh can be triggered by detecting a carry into the ones

digit. Actually counting any whole numbers is unnecessary,but no increment must be able

to create a carry of two, which can be easily ensured by ensuring the entries are at most

one. Figure 5.13 shows a block diagram of the components and logic needed to implement

this adaptive refresh controller.
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Figure 5.13: Diagram of the temperature-controller adaptive refresh controller

The values for the time mapping table in Figure 5.13 are derived using the refresh inter-

val calculated using Equation (5.44). These values are thenadjusted using Equation (5.45)

depending on the number of lines in the cache and the frequency, f , at which the adaptive

refresh controller will be operated. Subtracting the writelatency,lW, from the refresh inter-

val guarantees that the refresh controller will be able to start the refresh by the correct time

(in the case that a write is already active). Additionally, the table entries should be rounded

up, to ensure that the refreshing interval is never underestimated by this system, and the

temperature must be rounded up when accessing the table.

tref (T) = exp
�

1+ k
k

�
TBase

T
� DTBase

�
� k

vu
u
t

 
k

Õ
i= 0

1+ i
m� i

!

�
t 1+ k

0

N � Failure Rate
(5.44)



123

Table(T) =
1
f

�
Number of lines

tref(T) � lW
(5.45)

Having per-temperature refresh mode bits in the time mapping table makes it possible to

slowly transition from single-bit error correction to two-bit error detection. Since ensuring

correctness with two-bit error detection requires having no dirty data, it is necessary to

have intermediate states that will clear the cache contents. For example, the sequence of

refresh modes could be as follows: (i) single-bit error correction, (ii) change cache to write

through and passively write back dirty lines as they are read, (iii) actively locate and write

back dirty lines, and (iv) two-bit error detection. The progression of states in the table

should give enough time for the cache to evict all dirty linesbefore two-bit error detection

is used. If the refreshing behavior switched to two-bit error detection too early, then a

simple counter holding the number of dirty lines could be used to raise a system fault. If

the time mapping table has both the single-bit error correction and two-bit error detection

values, then the controller could wait to switch until all dirty blocks have been evicted,

though this would increase the space requirement.

Dynamic frequency scaling is easily supported if the steps are powers of two, as long as

all table entries are still at most one for the minimum value for f and the maximum value of

T. It is simplest to create the table for the lowest frequency, and right-shift the value before

addition, rounding up in the process. The storage requirements of the time mapping table

depends on the precision of the entries and the number of different temperatures included.

A realistic table might have 64 entries to cover 30� C to 96� C, giving a total of only 256 B

of read-only memory. Most likely, a form of programmable ROMwould be used, since

that would make it possible to calibrate the mapping time forindividual processors at the

factory. The only volatile storage required is the refresh address register with increment-

by-one capabilities. For the 8 MB SL3, this requires one 15 b counter per bank. Even for

the DL1 cache, both the time mapping table and refresh address register increases the total

storage by less than 1%, and most of that is read-only.
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Table 5.6 gives a broad comparison of temperature-compensatedD and a proxy for the

required area for no error protection, no refreshing, �xed refreshing, and adaptive refresh-

ing. The thermal stabilities are calculated using the methods described in this chapter, and

the area proportion is simply calculated asD� N� m. The unprotectedDare not higher due to

the conservative assumption that the total failures rate isthe sum of the component failure

rates. As described in Section 5.2.4, this technique is onlyexact for the unprotected case

(hence why it is not also in�ated). The �xed refreshing scheme uses the same refresh inter-

vals calculated in this section, albeit with T= 85� C. All other results proceed as expected:

going from non-refreshing to �xed refreshing reducesD by 20–30%, while advancing to

adaptive refreshing reduces it by a further 6% (compared to �xed refreshing).

Table 5.6: Comparison of STT-RAM cache con�gurations

DL1 UL2 SL3
Type D µArea D µArea D µArea

No Protection 69.8 18.3� 106 69.8 146� 106 69.8 4.68� 109

1
b

C
or

re
ct

ab
le

No Refreshing 64.7 19.1� 106 63.5 150� 106 61.4 4.63� 109

Fixed Refreshing 43.6 12.9� 106 44.7 106� 106 46.7 3.53� 109

Adaptive Refreshing 41.7 12.3� 106 42.9 101� 106 44.0 3.32� 109

2
b

D
et

ec
ta

bl
e

No Refreshing 62.7 18.5� 106 61.1 144� 106 58.3 4.40� 109

Fixed Refreshing 34.7 10.2� 106 36.2 85.3� 106 38.8 2.93� 109

Adaptive Refreshing 33.0 9.75� 106 34.7 81.8� 106 36.5 2.76� 109

(All but the adaptive refreshing scheme uses T= 85� C)

The static improvement toD of adaptive refreshing is a signi�cant improvement, but it

is only half the picture. Using the calculatedD, it is now possible evaluate the worst-case

performance and power scaling of the adaptively refreshed STT-RAM caches for each of

the temperature scenarios from Section 5.3. Figure 5.14a shows the slowdown for each

of the caches, as well as a read-latency weighted combination of the three. The same
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Figure 5.14: Temperature-dependent performance of adaptive refreshing

temperature is used for each of the caches, which Section 5.3showed to be unrealistic. At

a thermal trip limit of 85� C and above, all of the caches suffer severe slowdown, while

refreshing has a negligible impact on performance below 50� C.

The corresponding performance overhead is shown in Figure 5.14b, with the total sim-

ply being the sum of the overhead components, and the dashed line showing the baseline

overhead for a SRAM cache hierarchy. However, this �gure makes it apparent that the

caches' ability to refresh stops at� 90� C, where the performance curves terminate. Though

this temperature is above the assumed thermal trip limit, itstill implies that the cache will

be unable to meet its reliability requirements for large transient spikes in the temperature.

A solution is to utilize the refresh mode bits present in the time mapping table to switch

the cache use the two-bit error detection refresh interval.Figure 5.15 demonstrates the

resultant overhead for having the SL3 switch at 90� C, the UL2 switch at 95� C, and the

DL1 switch at 100� C. As discussed in Section 5.3, the objective is to maintain correctness
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Figure 5.15: Overhead of the correctable to detectable crossover scheme
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Figure 5.16: Power scaling of the adaptive refresh system with crossover

until the thermal monitoring system is able to lower the temperatures. Though the overhead

appears to against match the dashed SRAM baseline, keep in mind that, in the process of

switching, the cache has �ushed all dirty lines and has become a write-through cache. This,

when combined with the evictions that two bit-�ips cause, will limit the actual performance.

The crossover points in Figure 5.15 were chosen to guaranteetraditional SECDED be-

havior up to the maximum speci�ed temperature. However, Figure 5.16 shows the power

scaling for this con�guration, which almost reaches 10;000� the idle power before the

SL3 switches to two-bit error detection mode. For the DL1,ER = 0:1 andEW
ER

= 10, while

they are 0.25 and 4, for the UL2, and 0.75 and 3, for the SL3. At the expected peak

temperatures of 64–70� C, refreshing raises the the power �fty-fold. Even shiftingthe SL3

crossover point to its peak temperature would do nothing to reduce the high expected power

consumption. Ultimately, the cause of this is the choice of a10 ms refresh interval, which

demonstrates why lowering the refresh interval unnecessarily can be disastrous.
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Though the hardware overhead of the scheme is very small, theparameter selection

must be carefully performed to avoid poor performance or power scaling. However, unlike

a �xed refresh scheme, the adaptive refreshing scheme is still able to dynamically reduce

its power overhead for typical temperatures. This section has demonstrated an adaptive

refreshing scheme for STT-RAM caches which lowers the thermal stability by� 5% over

a �xed refresh scheme.

5.5 Summary

In Section 5.1, I have presented a detailed error model of STT-RAM caches and memo-

ries for single-bit error correction and two-bit error detection, both with and without scrub-

bing/refreshing. Using measured power data, I modeled the thermal behavior for a Core i7

style processor in Section 5.3, which produced temperaturemaps and peak temperature

measurements for one to four active cores, each with the fan at either full-speed, low-speed,

or stopped. Section 5.4 presented my analytic model for estimating the worst-case perfor-

mance and power impact of cache refreshing, followed by the implementation details for

my adaptive refresh controller. Temperature-controlled adaptive refreshing minimizes the

runtime performance and power overheads, while also allowing a further 5% reduction in

the thermal stability. As discussed in Chapter 4, this not only shrinks the MTJs but also the

access transistors and peripheral circuitry, which results in a multiplicative improvement to

the density, read latency, and energy consumption.
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Chapter 6

Conclusion

This dissertation has looked at many facets of using the new non-volatile memory

Spin-Transfer Torque RAM (STT-RAM) in designing memory systems. Chapter 2 de-

scribed the STT-RAM Simulation and Modeling System (STeTSiMS), which includes a

parameterized model of magnetic tunnel junction (MTJ) behavior and STT-RAM cache

and memory modeling built into CACTI. This system was then used to model and compare

three published MTJs for use in a high-performance cache, high-capacity cache, and high-

density main memory. Though able to slightly improve the density, none of the STT-RAM

high-performance cache designs functioned as a drop-in replacement for SRAM. The

traditional in-plane MTJ consistently had low performanceand high energy consumption,

However, both of the newer MTJ designs met or exceeded the read performance and energy

of SRAM for 8 MB and larger devices, and the perpendicular MTJdesign was also able to

lower the write latency. At the same time, these designs had at least twice the density of

SRAM, and the perpendicular MTJ approaches the density of commodity DRAM.

With a density at most matching DRAM, STT-RAM does not currently have the density

to replace Flash. Chapter 3 instead demonstrated using STT-RAM to augment a Flash-

based solid-state disk (SSD). By �ltering all of the write traf�c through a STT-RAM-based

merge cache, this system was able to reduce the average response time by more than 75%.
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Furthermore, because multiple writes to the same logical page are coalesced, this system is

able to improve the endurance of Flash-based SSDs.

Looking again at high-performance caches, the cause of the low performance of

STT-RAM (both reads and writes) is the high write energy. Thehigh write currents

required for fast switching require larger access transistors within the cell and larger

peripheral circuitry without, both of which lower the density, increase the energy consump-

tion, and reduce performance. Chapter 4 introduced the ideaof relaxing the retention-time

of STT-RAM. Reducing either the free layer geometry or its magnetic parameters reduces

the amount of current necessary to obtain the desired switching speed. Though it is possible

to use this to further reduce the switching speed, it is consistently better to use the energy

savings to reduce the size of the cell and peripheral circuitry. “Storage-class” STT-RAM

caches (like this presented in Chapter 2) reduce the performance by almost 10%. However,

I demonstrated that caches built with relaxed retention-time STT-RAM nearly match the

performance of the original SRAM caches, while reducing thetotal energy consumption

by almost 80%.

To ensure correctness, Chapter 4 used a simple DRAM-style refresh scheme. Chapter 5

starts by presenting a detailed model of STT-RAM errors, andthe bene�ts of error-

correction, error-detection, and the impact of simple, deterministic refreshing schemes.

To estimate the target refresh interval, I introduced a simple stochastic performance and

energy model. Combining the refresh interval with the equations that I derived, one can

then determine the thermal stability required to meet a target failure rate. Though it is

possible to use the maximum possible temperature, performance will be reduced and

energy wasted if the cache is refreshing faster than necessary. Instead, I demonstrated a

technique for estimating realistic operating temperatures using publicly available power

and layout information for the Intel Core i7 processor. Combining these models makes

it possible to decide both the refreshing interval and thermal stability to use. I lastly

evaluated anadaptive refresh policyusing the stochastic performance and energy model.
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Optimized for the peak temperatures previously modeled, this allows for a further� 5%

reduction in the MTJ thermal stability. While a �xed refreshscheme always has the same

performance and power characteristics, temperature-controlled adaptive refreshing is also

able to reduce the performance and power overheads due to refreshing for all temperatures

below the peak expected temperatures.

6.1 Future Work

It is possible to simplify the adaptive refresh policy described in Chapter 5. This policy

requires at least one temperature sensor per cache bank. Instead, global or semi-global

temperature data could be combined with the measured error rate to adjust the refresh

rate. By directly estimating the error rate, it is possible to avoid most of the dif�culty

with estimating the thermal stability that manufacturing causes. The temperature readings

would inform the policy about upcoming increases in the error rate so that the refresh rate

can be temporarily boosted to prevent failures.

Once systems start using non-volatile memory for caches, itimmediately becomes pos-

sible to retain state beyond the application of power, regardless of the technology used.

This can be used for both the unintentional and intentional removal of power, though the

solutions differ widely. The �rst case most likely needs software support to correctly re-

cover the previous state of the program, and it has been previously investigated [CDC+ 10].

The latter case however, corresponds with the widely usedpower statesthat all modern mi-

croprocessors have. Storage-class non-volatile memory (NVM) will retain the data forever,

so no special management is necessary.

However, relaxed retention-time STT-RAM caches and memories complicate the issue.

Drops in the temperature combined with low-speed scrubbingor refreshing can extend the

Mean Time to Failure (MTTF), but not forever. But, the devicecan utilize signi�cantly

lower refresh intervals if it writes all dirty data to the backing store upon suspend. Adding
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duplicate check bits or CRC coding would further improve theerror detection capabilities,

thus lowering the scrubbing interval. If the cache hierarchy has increasing retention time

going from top to bottom, then the system candecayfrom one power state into the next (all

caches, all but L1, all but L1 and L2, etc.). On resume, the system pulls the processor state

from either main memory or a high-reliability NVM buffer; any error-free lines that remain

in the cache can be used immediately for improved performance. In addition to reducing

the wakeup latency, it is not necessary for the software to decide a priori what power state

it should enter.

6.2 Summary

Spin-Transfer Torque RAM (STT-RAM) is an exciting new technology that has the po-

tential to improve performance and reduce energy consumption throughout the memory

and storage hierarchies. Though lacking the density of Flash and Phase-Change Memory

(PCM), STT-RAM's combination of high endurance and performance makes it ideal for

use in scenarios where there is a much higher amount of write traf�c. In this dissertation, I

have presented methods for modeling magnetic tunnel junctions (MTJs) behavior, perform-

ing �rst-order evaluations of STT-RAM caches and memories,and understanding the rela-

tionship between MTJ thermal stability and the reliabilityof memory devices. I have also

presented the STT-RAM merge cache that can improve the performance and endurance of

Flash-based solid-state disks (SSDs), the use of relaxed retention-time to improve the per-

formance and ef�ciency of STT-RAM caches, and the adaptive refresh policy which allows

the use of even smaller MTJs while guaranteeing reliable operation.
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