A Novel Architecture of the 3D Stacked MRAM L2 Cache for CMPs

Abstract
Magnetic Random Access Memory (MRAM) is considered to beraiging future memory technology due to its

low leakage power, high density and fast read speed. Theodgetegeous integration enabled by the 3D integration
technology makes it cost-efficient to stack MRAM on top ofexational CMPs. However, one disadvantage of MRAM
is its long latency and high energy consumption associaidtdwrite operations. In this paper, we first present a cache
model of stacking MRAM-based L2 cache on top of Chip Multipssors (CMPs), and compare it against its SRAM
counterpart in terms of area, performance, and energy camion. Through simulation results, we observe that a
naive implementation of MRAM stacking can harm the chipgoerénce and fail to fully take the advantages of MRAM,
due to the aforementioned long latency and high energy @ésiriWe then propose two architectrual techniques: read-
preemptive write buffer and SRAM-MRAM hybrid L2 cache, kvicin mitigate the penalty due to long latency and
high energy associated with write operations in MRAM, aretdafore help improve the performance and reduce the
power of the MRAM-based L2 cache. Our simulation resultsvstiat considerable performance improvement and

power reduction can be achieved with our proposed techsigue

1 Introduction

The diminishing returns of endeavors to increase clockueagy and exploit instruction level parallelism in a single
processor have led to the advent of Chip MultiprocessorsEEMwhich are processing cores forming a decentralized
micro-architecture that scales more efficiently with imsed integration densities [1, 2] The integration of midtip
cores on a single chip is expected to accentuate the alreadhtidg “memory wall” problem [2, 3]. Supplying enough
data to massive multi-core chips will become a major chgheior performance scalability.

The introduction of the three-dimensional (3D) integnatiechnology [4,5] provides an opportunity to stack memory
on top of processor cores; therefore, it helps alleviatentkeenory bandwidth challenges in CMPs. Recently, active
research has targeted stacking SRAM caches or DRAM memonesp of processor cores [6, 7]. For example,
Black et al. have studied the benefits of stacking a large SRAM or DRAM eamhan Intel Core 2 Duo processor [6].
Loh [7] has presented a 3D CMP architecture with stacked DRédhories, and showed that 3D stacking can improve
performance with reduced access latency and increased mdraondwidth. Intel has also demonstrated an 80-core
Teraflop prototype chip with SRAM layer stacked on top of thecgssing cores [8].

Magnetic Random Access Memory (MRAM) is considered as a @miognmemory technology due to many attractive
features such as low leakage, high density, fast read speedyolatility, and immunity to radiation-induced soft

errors [9, 10]. However, previous research on integratingA¥ to the on-chip memory is very limited. One key



obstacle is the difficulty of integrating MRAM with conveatial CMOS logic in 2D chips. The fabrication of MRAM
involves hybrid magnetic-CMOS process, requiring the ghosf magnetic stacks between metal layers. Consequently,
it incurs extra cost and additional fabrication complexifyntegrating MRAM with conventional CMOS logic into the
same 2D chip. Fortunately, the emerging 3D integrationrteldgy enables low cost integration of mixed technologies,
which is ideal for stacking MRAM memory on top of CMOS logic.

Some recent work has evaluated the benefits of MRAM as a waiveremory replacement for L2 caches and main
memories in a single processor [11, 12]. In this paper, wéuat@ the benefits of stacking MRAM L2 cache on top
of CMPs. We first develop a cache model for stacking MRAM, and @ompare the MRAM-based L2 cache against
its SRAM counterpart in terms of area, performance and gnesgsumption. Our simulation results show that: (1)
For applications that have moderate write intensity to It MRAM-based L2 can reduce the total cache power
significantly due to its low leakage power consumption, aclieve considerable performance improvement due to
reduced L2 cache miss rate with larger cache capacity; (Rppplications that have high write intensity to the L2
cache, MRAM-based cache can cause performance degradatidncreased dynamic power, due to long latency and
high energy consumption associated with write operations.

These two observations imply that, although the advantagdéeatures of MRAM are favorable, MRAM-based
caches may not work efficiently if we directly combine it wihtraditional CMP architecture. Its long latency and
high energy ofwrite operationsmay eliminate the benefits in some cases. In light of thislprapwe then propose
two architectural techniquesead-preemptive write buffeand MRAM-SRAM hybrid L2 cachevhich can mitigate
the penalties due to long latency and high energy assocveitbdwrite operations in MRAM caches, and therefore
help improve the performance and reduce the power of the Mbakkd L2 cache. Our simulation results show that
performance improvement and power reduction can be achigffectively with our proposed techniques.

The rest of the paper is organized as follows. Section 2 gesvihe background on the MRAM and 3D integration
technology. Section 3 presents a traditional 3D NUCA cacbdehfor CMPs; Section 4 discusses the benefits and
limitations of replacing the SRAM L2 cache with the MRAM orféection 5 proposes several techniques to improve
the performance and reduce the power consumption of MRAMAche associated with penalties of the write operation;

Finally we introduce related work in Section 6 and conclutegaper in Section 7.
2 Background

This section provides the background of the MRAM technolagg gives a brief overview of the 3D integration

technology. The features of MRAM and its compatibility wb stacking are also introduced.

2.1 An Overview of the MRAM Technology
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Figure 1. A conceptual view of MTJ struc-
ture. () Anti-parallel (high resistance), which

rection while the other one (free layer) can change its miagdiection ~ ndicates “1” state; (b) Parallel (low resis-
tance), which indicates “0” state.

by an external electromagnetic field or a spin-transferuerdf the two ferromagnetic layers have different direasio

One of the ferromagnetic layer (reference layer) has fixegnatic di-

the MTJ resistance is high, indicating a “1” state (the gatiallel case in Figure. 1(a)); if the two layers have theesam
direction, the MTJ resistance is low, indicating a “0” stétee parallel case in Figure. 1(b)).

The MRAM technology to be discussed in this paper is cafgih-Transfer Torque RANSTT-RAM), which is
a new generation of MRAM technologies. STT-RAMSs change tlametic direction of the free layer by directly
passing a spin-polarized current through the MTJ struct@emparing to the previous generation of MRAMSs that
uses external magnetic fields to reverse the MTJ status,FBIMs has the advantage of scalability, which means the
threshold currento make the status reversal will decrease as the size of thkdddomes smaller.

In the STT-RAM memory cell design, the most popular strueisrcomposed of one NMOS transistor as the access
controller and one MTJ as the storage element (“1T1J” sirat{9]. As illustrated in Fig. 2, the storage element, MTJ,
is connected in series with the NMOS transistor. The NMOSsisdor is controlled by the the word-line (WL) signal.

The detailed read and write operations for each MRAM celeisatibed as follows:

e Read Operation When aread operationhappens, the NMOS is turned on and a voltagg;(— Vs;) is applied
between the bit-line (BL) and the source-line (SL). Thistagé is negative and is usually very small (-0.1V as
demonstrated in [9]). This voltage difference will causeiaent passing through the MTJ, but it is not small enough
to invoke a disturbed write operation. The value of the qurie determined by the equivalent resistance of MTJs. A
sense amplifier compares this current with a referencerdierel then decides whether a “0” or a “1” is stored in the
selected MRAM cell.

e Write Operation: When awrite operationhappens, a positive voltage difference is established dmivwsLs and
BLs for writing for a “0” or a negative voltage difference istablished for writing a “1”. The current amplitude
required to ensure a successful status reversal is calleshibld current. The current is related to the material ef th

tunnel barrier layer, the writing pulse duration, and thejeometry [13].

In this work, we select the writing pulse duration to be a ¢gpivalue of10ns [10]. In addition, we scale the
STT-MRAM specification from previous work [9] to théhnm technology node. Assuming the size of MTJs to be

65nm x 90nm, the derived threshold current for magnetic reversal isiab@5. A.
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and power consumption. The reduction of interconnect dedal Figure 2: An illustration of an MRAM cell
power consumption are of paramount importance for deepigubn designs. 3D ICs have recently emerged as a
promising means to mitigate these interconnect-relatetdiems [4,5, 14, 15]. Several 3D integration technologegeh
been explored recently, including wire bonded, microbuogmtactless (capacitive or inductive), and through-ailic
via (TSV) vertical interconnects [5]. TSV 3D integrationshtne potential to offer the greatest vertical interconnect
density, and therefore is the most promising one among @liéntical interconnect technologies. In 3D ICs that are
based on TSV technology, multiple active device layers taeked together (through wafer stacking or die stacking)
with direct vertical TSV interconnects [4].

3D ICs offer a number of advantages over traditional twoetisional (2D) designs [5]: (1) shorter global inter-
connects because the vertical distance (or the length ofsY 8&tween two layers is usually in the range of &
to 100 um [4], depending on manufacturing processes; (2) higheropadnce because of the reduction of average
interconnect length, as well as bandwidth improvement dubd stacking; (3) lower interconnect power consumption
due to wire-length reduction; (4) higher packing densitg amaller footprint; (5) support for the low cost integratio

of mixed-technology chips (for example, MRAM stacking op tof CMOS processor cores). More details about 3D

integration can be found in a tutorial paper by Daeisal. [5].
3 Technology and Architecture Models

In this section, we present our 3D NUCA model implementedwietwork-on-Chip (NoC), which is suitable for

both SRAM and MRAM caches.
3.1 Modeling an MRAM-based Cache

To model the MRAM-based cache, the first step is to estimaeatba of a MRAM cell. As shown in Fig. 2, each
MRAM cell is composed of one NMOS transistor and one MTJ. Nb&t the new generation of MRAM (STT-RAM)
technology offers scalability for MTJ, the size of MTJ is plimited by manufacture techniques. However, the NMOS
transistor has to be sized properly so that it can pass sufficurrent for the MTJ to change the cell status. Since
the current driving ability of NMOS transistor is proporia to its W/L ratio, the W/L ratio becomes the key point to
determine the MRAM cell size.

By using HSPICE simulation, we find that the minimum WI/L rafto the NMOS transistor i5nm technology



should bel0 in order to drive the required threshold currentl®6.. A for the status reversal. We assume the width of
the source or drain regions of an NMOS transistar.igF’, whereF' is the feature size. Combining these requirements
together, the size of the minimum MRAM cell we can design i$s#0F x 4, which equals td0F2. The specification

of our targeted MRAM cell is listed in Table .
Table 1: MRAM Cell Specifications

Write Pulse Duration| Threshold Current| Cell Size
10ns 1951 A

Technology
65nm

Aspect Ratio
40F? 2.5

Despite the physical mechanism in the storage cell, MRAM 8RAM caches have almost the same peripheral
interfaces from the circuit designer’s point of view. In @mtechnology, the cell area simulation results show that the
area of one MRAM cell is about 25% of one SRAM céll¢ F? extracted from CACTI). Table 2 shows the comparison
of area, access time and access energy for a 512KB MRAM caflednd a 128KB SRAM bank, which are used in

this work.
Table 2: Area, access time and energy comparison(65nm technology)

Cache size Area Read Latency| Write Latency | Read Energy| Write Energy
128KB SRAM | 3.62mm? 2.252ns 2.264ns 0.89mJ 0.79%J
512KB MRAM | 3.30mm? 2.318ns 11.02s 0.858.J 4.99J

3.2 The 3D NUCA Cache Model

As the caches size increases, the wire delay in deep sulomriegions has made the Non-Uniform Cache Archi-
tecture (NUCA) [16] more attractive than the one with unifioaccess latencies. In NUCA, the cache is divided into
multiple banks with different access latencies accordmtheir locations relative to cores. These individual bards
be connected through a mesh-based interconnection netatieki Network-on-Chip (NoC).

Based on the latest 2D cache simulator CACTI [17], we dewadopur NoC-based 3D NUCA cache model, which
can incorporate the features of 3D integrations. The keyegiis to use NoC routers for communications within
a 2D layer, while using a special through-silicon-bus (T&Bommunicate in the vertical direction between layers.
We also elaborated low-level parameters such as the lasmtyhe energy of interconnection wires and modified the
technology parameters to be consistent with the MRAM teldgyo

Figure 3(a) illustrates an example of the 3D NUCA structufiehere are four cores located in the layer 1. In
each core, there is a cache controller connected to a thisiligbn-bus (TSB) from which data are moved through
layers between processing cores and caches. The TSBs desniemed with through-silicon-vias (TSVs). This bus
structure has the advantage of short connections provige2Dbintegrations. It has been reported that the vertical
latency for traversing the height of a 20-layer stack is dlys [18]. The latency of traversing on a TSB through one
layer is negligible compared to the one traversing betweaenNoC routers in 2D. Consequently, it is feasible to have
single-hop communication with these buses because of tré distance between the layers. Using the vertical buses,
the processing cores can have the same access latency ®ibahk same location of different layers. In addition,
hybridization of the NoC router with the bus requires onlye additional link (instead of two) on the NoC router,

because the bus is a single entity for communicating botmdpdawn [19].
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Figure 3: (a) An illustration of the proposed 3D NUCA structure, whicttludes 1 core layer, 2 cache layers. There are 4
processing cores per core layer, 32 cache banks per cagheaay 4 through-layer-bus across layers; (b) Connectiorengst
routers, caches banks and through-layer-buses.

As shown in Figure3(a), L2 caches are placed on top of corgsheay are located on layer 2 and layer 3. There are
32 cache banks in each layer which are connected with netereidhip routers. Each cache bank can be implemented
with either SRAMs or MRAMs. Figure3(b) shows a detailed 2Busture for a cache layer. Three out of the four
routers have five input/output ports connecting the fougimeor routers and the internal cache bank, while the fourth
router needs an extra input/output port to communicate thigtthrough-silicon-bus (TSB).

Similar to prior approaches [19-21], the proposed model sup

Cache layer -- 7/: _______

ports the migration of moving data closer to the accessirg.co

______

For set associative cache, the cache ways belonging to the sa > >

index should be distributed into different banks in ordemple-

Figure 4: Eight caches ways are distributed in four

ment the data migration. In our model, each cache layer ialgu banks. Assume four cores and accordingly four

divided into several zones. The number of zones is equaleo thZones each layer
number of cores, and each zone has a TSB located at its c&hteicache ways of each set are uniformly distributed
into these zone. This architecture promises that, withah @ache set, there are several ways of cache lines close to th
active core. Figure 4 gives an illustration of distributieight ways into four zones. Note that, in this architectore
cache request should be sent to all zones so that all caclyssaneaccessed. It will increase the network congestion
which are also modeled as a part of router latency. The nidgrablicy and cache banks placements are tailored to the
3D architecture so that data migrations are limited to timeeskayer. This limitation help reduce the workloads of TSBs.
Figure 3(a) shows an example of data migration after whielctre in the upper-left corner can access the data faster.
Note that this data migration policy is call@ater-migrationin this work, in order to differentiate another migration
policy introduced later.

The memory(caches) + logic(coresjructure is employed in our model as shown in Figure3(ag ddvantages of

this structure are:(1) placing L2 caches in separate lapakses it possible to integrate MRAM with traditional CMOS



process technology, (2) separating cores from cachesifisspghe design of the TSB and routers because the TSB is

now connected to cache controllers directly, and there @irezt connection between routers and cache controllers.
We provide one through-layer-bus for each core in the mak@k aggressive structure gains more benefits from the

high band-width advantages of 3D stacking. It is reported T5Vs have pitches of only 4-Lth [18]. Even at the

high-end with a 10m TSV-pitch, a 1024-bit bus (much wider than our TSB) wouldyarlquire an area of 0.32m?.

In our model, the die area of an 8-core CMP is assumed &0ben? (introduced later). Therefore, it is feasible to

assign one TSB for each core.
3.3 Configurations and Assumptions

Our baseline configuration is an 8-core in-order processorguthe Ultra Sparclll ISA. We estimate the area of
SRAM cache banks with CACTI6.0 [17]. For MRAM cache banks,extract low-level parameters of wire connections
and routers from CACTI, and input them to our MRAM cell modeldstimate the area. Currently, there is no tool
to predict the area of processing cores. We investigateharalware, such as Cell Processor, Sun UltraSPARC T1,
etc [22] [23], and estimate the area of eight processingsctrde60mm?. Furthermore, we assume that one cache
layer fits to either @ M B SRAM or an8M B MRAM L2 cache. The configurations are detailed in Table 3.a\tbat
the power of each core is also estimated based on data stwatssfal products [22] [23].

We use the Simics toolset [24] for performance simulatio@ur 3D NUCA architecture is implemented as an
extended module in Simics. We use a few multi-threaded beadks from theOpenMP200125] and PARSEJ26]
suites, as shown in Table 4. These benchmarks are choseatsedihave a range of transaction intensities to the L2
caches, since the performance and power of MRAM caches aselglrelated to transaction intensity. The average
numbers of total transactions and write transactions todches per 1K instructions are listed in Table 4. We pin one
thread on one core during the simulation. For each simulatiee fast forward to warm up the caches, and then run

three billion cycles in detailed mode. We use the total IP@llathe cores as the metric of the performance.
4 Replacing SRAM with MRAM as L2 caches

In this section, we briefly discuss two approaches of reptpSRAM L2 caches with MRAM caches, using the

architecture of CMPs introduced in the prior section.
4.1 Approach I: Same Capacity Replacement

The first replacement strategy is to replace the SRAM L2 cadgtiethe MRAM L2 cache that has the same capacity
(For example, replacing a 2MB SRAM L2 cache with a 2MB MRAM L&cbe). By using this approach, the die area
of the MRAM L2 cache is much smaller than that of SRAM L2 cache.

The area of a MRAM cache bank is only about 25% of the area féRAaNbcache bank with the same capacity (for
example, a 128KB SRAM bank has the similar area as a 512KB MRAaNk does, as shown in Table 2). Even though



Processors

Number of cores 8

Frequency 3GHz

Power 6W/core

Issue Width 1 (in order)

Memory Parameters

L1 (private I/D) 16+16KB, 2-way, 64B line, 2-cycle, write-through, 1 readtevport

SRAM L2 (shared) | 2MB (16x128KB), 32-way, 64B line, read/write per bank : &ley write-back, 1 read/write port

MRAM L2 (shared) 8MB (16x512KB), 32-way, 64B line, read penalty per bank y¢le,
write penalty per bank : 33-cycle, write-back, 1 read/wpitet

Write buffer 4 entry, retire-at-2

Main Memory 4GB, 500-cycle latency

Network Parameters

Number of Layers 2

Number of TSB 8

Hop latency TSB : 1 cycle VVhop : 1 cycle; Hhop : 1 cycle

Router Latency 2-cycle

Table 3:Baseline configuration parameters
Name | galgel | apsi | equake| fma3d | swim | streamcluster
TPKI 1.01 | 415 7.94 8.43 | 19.29 55.12
WPKI | 0.31 | 1.85| 3.84 | 400 | 9.76 23.326

Table 4:L2 transaction intensities. TPKI is the number of total sactions per 1K instructions and WPKI is the number of write
transactions per 1K instructions.

the bit line read delay for MRAM and SRAM cell are differerttjs only a small percentage of the total cache access
delay, comparing to other delay components such as H-Tpeg and output delay, decoder delay [12]. Consequently,
the read latency of a 128KB SRAM bank is similar to its 512KB MR counterpart (as shown in Table 2). When we
replace the SRAM cache with the MRAM one, the total number &AW cache banks should be abdit% of the
bank number for SRAM caches. In our NUCA cache model, thelemiahnk number also implies the smaller number
of routers and the shorter length of interconnection. Coueetly, the average access latencies from cores are akduce
However, due to the space limitation, we will not discussdbtails of the evaluation of using thisame capacity”
replacement strategy. As we mentioned before, we emplofetitares of MRAM caches, such as low leakage power
and high density, to resolve the “memory wall” challengasG@MPs, and it is desirable to integrate as larger capacity
of on-chip memory as possible. This leads to another approalted“Same Area”strategy, which is described in the

next subsection.
4.2 Approach Il: Same Area Replacement

An alternative approach is to replace a SRAM L2 cache with @AMR_2 cache that has the similar area. In this
strategy, we integrate as many caches in the cache layeossible. In a 2M SRAM cache layer that Hasx 128 K B

banks, the SRAM banks can be replaced by a MRAM cache With512 K B banks, with the similar average on-chip-



network access latency for each bank (as shown in Table 2).
4.2.1 performance Analysis

Because the number of banks remains the same, the averageidatof read operations to the SRAM cache and the
MRAM cache are similar. Since the capacity of the MRAM L2 caéh much larger, the access miss rate to the L2
cache should decrease. The normalized access miss ratesathes (a comparison between using the 2M SRAM L2
cache and the 8M MRAM L2 cache) are listed in Figure 5. On ayerthe miss rates are reducedlloy0% and12.5%

for SNUCA MRAM cache and DNUCA MRAM cache, respectively.
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Figure 5: The comparison of L2 caches access miss rates for SRAM L2auhMRAM L2 cache that have similar area. Larger
capacity of MRAM cache results in smaller cache miss rates.
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Figure 6: IPC using different configurations of MRAM and SRAM cachesfiMalized by that of SRAM).

The IPC values of running different benchmarks are listeBigure 6. Although the miss rates L2 cache decrease
when we use the MRAM cache, resulting a small performancedugment for the first two benchmarkigélgel” and
“apsi” ), but the performance for the last four benchmarks is notavgd as expected. On average, the performance
degradations are abost09% and7.52% for SNUCA MRAM and DNUCA MRAM, respectively. From Table 4, en
can observe that the intensities of write operations (WRKthe first two benchmarks are much lower than that of the
last four benchmarks. It means that a smaller L2 miss ratsiafjua large MRAM cache can bring benefits for certain,
especially when the intensity of write operations is low.wéwer, when the intensity of write operations is high, the
performance penalty due to long latency associated wittewperations offsets the benefits from smaller miss rates du
to the larger capacity of MRAM cache. This observation istfar supported by comparing the results of using SNUCA
and DNUCA. From Figure 6, one can observe that performangeadation is more significant when we use DNUCA
MRAM cache. Itis because data migrations in DNUCA incur mwrite operations, which cause more penalties when

using the MRAM cache.



To summarize, we conclude our first observation of using tfeAM cache as:

Observation 1 Replacing the SRAM L2 cache with a MRAM cache, which has thigasiarea but with a large
capacity, can reduce the access miss rate of the L2 cacheevwhe long latency associated with the write
operations to the MRAM cache has a negative impact on themeaince. When there is a high intensity of write
operations to the MRAM cache, the benefits of smaller missa@ld be totally eliminated by the penalties due

to write operations, eventually resulting in performanagihdation.

4.2.2 Power Analysis

The major contributors of the total power consumption irhescare leakage power and dynamic power:

e Leakage Power:When process technology scales down to subx@0the leakage power in CMOS technology
becomes dominant. Since MRAM caches use non-volatile MJStdee data, it is feasible to turn off the power
supply to the MRAM cells that are not being accessed for lgak@ower reduction. Figure 8 lists the total leakage
power of SRAM and MRAM caches used in this work.

e Dynamic Power: The calculation of the dynamic power for the NUCA cache iscdbsd as follows. For each
transaction, the total dynamic power is composed of the mgell access power, the router access power, and the
power consumed by wire connections. In this work, theseegahre either simulated by HSPICE or extracted from
the CACTI [17]. The access number of routers and the lengthiref connections vary based on the location of the
requesting core and the requested cache lines. Moreoeewrite and the read operation also consumes different
amount of dynamic power. Therefore, we need to know the exatiber of read and write transactions in order to

get the average dynamic power.
Figure 7 shows the comparison of the total power for SRAM afiiA L2 caches. One can observe that:

e For all benchmarks, the total power of the MRAM caches is m#han that of the SRAM cache. The average
power savings across all benchmarks are about 78% and 688MNJCA and DNUCA, respectively. The power
saving for DNUCA MRAM is smaller, because more write operasi due to data migration cause extra dynamic
power consumptions. It is obvious that the “low leakage pbieature makes the MRAM more attractive to be
used as large on-chip memory, especially when leakage pdeveinates SRAM'’s total power consumption when
technology scales.

e The average power saving for the first four benchmarks is tinare 80%, due to low intensity of write operations to
L2 cache. However, for the last benchmalf&tieamcluster”), the total power savings are about 63% and 30% for
SNUCA and DNUCA, respectively. The saving is much smallantthe average across all benchmarks, because it
has much higher L2 cache write intensity than other bencksn@ee Table 4). The high energy associated with the

write operations in MRAM makes the total power savings natigsificant as other benchmarks.

10



e For SRAM L2 cache, since leakage power dominates, the totaépfor SNUCA SRAM and DNUCA SRAM are
very close. On the contrary, the dynamic power may domimated MRAM cache because of its low leakage power
and high energy of the write operation. Consequently, forchearks with high intensity of write operations to L2
(such as'swim” and“streamcluster”), the total power of DNUCA MRAM cache could be much highenthiaat of
SNUCA MRAM cache.
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Figure 7: Total power of the SRAM caches and MRAM cache (Normalizedhgygower of 2MB SNUCA SRAM cache).

Note that thermal issues are one of the major concerns fadbp-

tion of 3D integration technology. A large power saving aoluced by Cache Configuration | Leakage Power
replacing SRAM L2 cache with MRAM L2 cache implies that it isogl 2M SRAM Cache 2.089W

_ _ _ _ _ 8M MRAM Cache 0.255W
for thermal management in 3D stacking chip, especially whneitiple

layers of memory are stacked on CMPs. Figure 8: Leakage power of SRAM and

. . . . MRAM caches aB0 °C.
To summarize, our second conclusion of using the MRAM cashe i

Observation 2 Replacing the SRAM L2 cache with a MRAM cache, which hasasiariéa but with larger capacity,
can greatly reduce the leakage power, resulting a signifitatal power saving when leakage power dominates.
However, when there are intensive write operations, thadyo power increase significantly because of the high

energy associated with write operations to the MRAM cachd,the total power saving could be reduced.

The two conclusions show that, if we directly replace the $8R#ache with the MRAM cache in a straightforward
way, the performance and power penalties caused by the &becly and high energy associated with the write oper-
ations in MRAM cache can offset the performance and poweefitsrof using the MRAM cache when there are high

intensity of write operations to the L2 cache.
5 Novel 3D-stacked cache architecture

In this section we propose two techniques in order to migiglaé write operation problem of using MRAM caches.
In 5.1, an preemptive write buffer is employed to reduce thi tme caused by the long latency of the write operation
to the MRAM cache. In 5.2, an approach of MRAM-SRAM hybrid L&tbe is proposed to reduce the number of write

operations to the MRAM cache so that we could improve botp#réormance and the power. We combine these two
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Figure 9: The process structure of cache accesses after adding aopeitation buffer.

techniques together as on optimized architecture for théMRache.
5.1 A Read-preemptive Write Buffer

The first observation in Section 4.1 shows that the long ttexi a write operation to the MRAM has a serious
impact on the performance. In the scenario that a write ¢iperds followed by several read operations, the write
operation may block the read operations, and the perforendegrades. If these read operations do not access the same
cache line as the write operation does, the read requestsedaypassed to the cache. In the modern processor, a write
buffer is usually employed to bypass the read request. fesllis Table 3, when we use the SRAM cache, a write buffer
with four entries works well enough. However, the experitabresults in subsection 4.2.1 show that this write buffer
is not fit for the MRAM cache. In order to make the MRAM cache kefficiently, we explore the proper size of the

write buffer, and propose a read-preemptive managemeialydor it.
5.1.1 The Structure of the Write Buffer

The structure of the write buffer is shown in Figure 9, and ibperated as follows,

e When there is a write operation, the request is sent into differb If there is ahit in the buffer (a valid entry of the
same cache line is found in the buffer), the data in the em&ryeplaced, otherwise, the buffer locates an empty entry
to the operation. Note that one entry contains one cache line

e When there is a read operation, the request is sent to bothuffer and the cache. The buffer searches all valid
entries. If there is a reakit in the buffer, the buffered data are returned. Otherwisa dtathe MRAM cache are
returned.

e The buffer executes (retires) the buffered write operatimthe MRAM cache following the retirement policy.

¢ If the buffer is full, requests from the upper level memory ¢ache) are blocked till one entry of the buffer is retired.

5.1.2 The Exploration of the Buffer Size

The choice of the buffer size is important. The larger thddnize, the more write operations could be buffered so that

the stall cycles caused by full buffer decrease. Howevernibre buffered data, the longer time it takes the controller

12
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Figure 10: The impact of buffer size. The IPC improvement is normalizgdhat of 8M MRAM cache without write buffer

to search them all. The design complexity and the area oftufiertalso increase with the buffer size. Figure 10 shows
the IPCs improvements of using different size of buffersti@o benchmarks. Note that the IPCs are normalized by
that of using a MRAM cache without the write buffer (buffezsiequals to 0 entry). Experimental results show that the
size of20 entries is an optimal choice because, for all benchmarkspénformance increase little with the buffer size
larger thar20 entries. Compared to the write buffer for the SRAM cache Wiias four entries, the write buffer for the
MRAM cache requires a much larger size. Note that write bsfie MRAM caches all have the size of 20 entries in

the rest of the paper.
5.1.3 A Read-preemptive Policy

Since the L2 cache can receive requests both from the uppgememory (L1 cache) and the write buffer, a priority
policy is necessary to solve the conflict that a read requesanrite request compete for the right of the execution.
For a MRAM cache, the latency of the write operation is muchdathan that of the read one, and the object is to

prevent the write operation from blocking the read one. Thedave:
Rulel: The read operation always has the higher priority in a coritjwet for the right of the execution.

A read request can also be blocked by a write request thatiady in the process of the retirement. The write latency
to the MRAM is so large that a retirement of the write requeat/lock one or more read request for a long period,

and the performance degrades. In order to mitigate thidgmbwe propose a read-preemptive rule as follows:

Rule2: When a read request is blocked by a write retirement, and tite twffer is not full, the read request can trap
and stall the retirement if the preemption condition is sid. Then, the read operation obtains the right of the

execution to the cache. The stalled retirement will rettgila

This read-preemptive policy tries to execute the read r&gue the MRAM cache as early as possible. The drawback
is that some retirements need to be re-executed, and thbiptsef full buffer increases. The pivot is to find a proper
preemption condition. One special method is that the ratire is always stalled when a read request is blocked. It

means that there is no preemption condition and the rea@sésjare executed to the cache immediately. Theoretically,
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Figure 11: The impact ofx on the performance. The IPC values are normalized by thainfjuhe traditional policy.

if the size of the write buffer is large enough, the read retjuéll never be blocked. However, since the size of the
buffer is limited, the increase of the full buffer possityilcould also harm the performance. Especially, when theewri
intensity is high, the non-conditional preemption policgyrdegrade the performance.

In some cases, it is hot a good choice for the read requestlt@swrite retirement. For example, if the retirement
is almost finished, the read request should not stall theereéint process. Consequently, we propose to use the ac-
complishment degree of the retirement as the preemptiodittmm Let « denote the accomplishment degree of the
retirement, after which the read request will not stall thirement process. The Figure 11 compares the IPC of using
different « in the policy. Note that & = 100%” represents the non-conditional preemption policy and= 0%”
represents the traditional policy. the We can find that, ierhenchmarkg@lgel andapsj with low write intensities,
the performance increase as théncreases, and the non-conditional preemption policy wdést. However, for the
benchmark with high intensities of write operations, thefgrenance increase at first, and then decrease as the
creases. Especially, for the benchmatieamclustewith the highest write intensity, the performance degradesh
with the non-conditional preemption policy. In this workeweto = 50%, and performance of all benchmarks increase
with the read-preemptive policy compared to those with thditional policy. A counter is requested in order to make
the accomplishment degree aware to the cache controller.cdlinter resets to zero and begins to count the number
of cycles when a retirement begins. The cache controllezkctiee counter and decides whether to stall the retirement
for the read request. Note that the exact cycles of the wp&ation could be calculated (except for the case of miss)
because the location of the cache bank being accessed idedda the write request. However, in order to simplify
the design, the cache controller use the average accessrayuber instead of calculating the exact number for each
request.

The area of the 20 buffer entries can be evaluated as thataufreeavhose size B) x 64 Byte(less than 2KB). We
use a7 — bit counter to estimate the accomplishment of the retiremeinceShe layer area is fit for a\/ B SRAM
cache. The area overhead is less thZn which is negligible. Similarly, the increase of the lea&gmpwer caused by

the buffer is also negligible.

14



Figure 12 and 13 compares the performance and the poweruaitey our read-preemptive write buffer to those
of using the traditional architecture. Compared to the IPGsing the SRAM cache in the baseline configuration, the
average performance improvements @88% and0.41% for SNUCA and DNUCA, respectively. The average power
reductions ar&7.26% and59.3% for SNUCA and DNUCA, respectively. Compared to the resuitEigure 6 and 7,
the performance improve a lot, but the power reductionsedese. It is because using our read-preemptive write buffer
causes re-executions of some write operations so that tieng power increases, and the buffer with larger size also

incurs more power.
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Figure 12: The comparison of IPC among 2M SRAM, 8M MRAM with traditionatite buffer, and 8M MRAM with read-
preemptive write buffer (Normalized by that of SRAM).
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Figure 13: The comparison of total power of 2M SRAM, 8M MRAM with tradital write buffer, and 8M MRAM with read-
preemptive write buffer (Normalized by that of SRAM).

5.2 MRAM-SRAM Hybrid L2 Caches

While the read-preemptive write buffer, which is introddabove, reduces the number of non-critical blocks and
hence hides the long latency of MRAM write operations, thtaltoumber of write operations remains the same. In
order to reduce the number of write operations to MRAM cefighis section, we propose another technique called

MRAM-SRAM Hybrid Cachand show how this novel technique can help to mitigate the MRu#ite intensity and
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further reduce the dynamic power as well as improve the padace.
5.2.1 The Implementation of the Hybrid Cache

The proposed implementation of the hybrid cache is thateaus of building a pure MRAM cache, we compose the
ways in each cache set with a large portion of MRAM cache laresa small portion of SRAM cache lines. The main
purpose is to keep as many write-intensive data in the SRAWgbaaches as possible and thus reduce the number of
write operations to the MRAM part of caches. In this work, floe baseline 32-way set-associative L2 cache design
(see Table 3), we design an MRAM-SRAM hybrid L2 cache with 3lysvof MRAM and 1 way of SRAMI1M1S.

After having these hybrid cache lines, the second step is thoghistribute MRAM cache lines and SRAM ones
into separate cache banks. Considering the SRAM part is therity in the propose@1M1Scache, one partitioning
alternative is to distribute these SRAM cache lines inttedgnt banks so that there are at least several SRAM caa lin
close to each processing core. However, this method regeaeh cache bank as a heterogenous memory array with
SRAM and MRAM cells and increases the complexity of the catdwign. In addition, this distributed partitioning of
SRAM cells implies that the SRAM and MRAM cells have to be fahted on one layer. Considering the specialization
of the MRAM fabrication process, this method also elimisatiee cost advantages of stacking MRAMSs on top of
processing cores.

Therefore, we use another alternative that, we reduce timbeauof cache lines in some MRAM cache banks com-
pared to the pure MRAM cache structure (as shown in Fig. thé)the MRAM banks at four corners are smaller than
other MRAM banks), compensate this cache line loss with SRS, and collect all the SRAM cache lines together
to build several entire SRAM banks on the core layer. As shiowFigure 14(a), SRAM cache banks are placed in the
center of the core layer instead of being distributed. s thethod, SRAM and MRAM cache banks have no difference
from the architectural view. The central location of the§8AM cache banks provides moderate access latencies from
all cores. The implementing of the MRAM-SRAM hybrid cacheéngsthis method only requires the re-design of the
NoC topology and does not have any negative impact from tbleitactural viewpoint. Note that after placing one
way of SRAM cache lines in the core layer, the area of the ayrerlwill increase and the area of the cache layer will

decrease. In this work, the total size of all the SRAM cachediis256 K B, the derived area overhead is abo2its %.
5.2.2 The Management Policy of the Hybrid Cache

Another important issue is how to manage the hybrid L2 cachienprove the performance and reduce the power.
Because the key point is to reduce the number of write operatio MRAM cache cells, we need to move as many
write-intensive data in SRAM cache banks as possible. Theagement policy of the hybrid cache can be described

as follows:

e The cache controller is aware of the locations of SRAM cachgsvand MRAM cache ways. When there is a write
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Figure 14: The cache layer from a four-core(TSB) processor used to detraie (a)one placement method of SRAM and MRAM
cache banks,(b) data migrations in original MRAM cacheglgta migrations in hybrid MRAM-SRAM caches.

miss, the cache controller first try to place the data in thAlRache ways.

e Considering the high probability that a core write data tpectfic group of cache lines repeatedly, data in MRAM
caches should be migrated to SRAM caches if the some cacke dire frequently written to. In this work, data
in MRAM caches will be migrated to SRAM caches when they amreessed by two successive write operations.
This kind of data migration is nameédtra-migration in order to differentiaténter-migration policy introduced in
Section 2. Due to the existence of this intra-migration @plthe number of write accesses from cores to MRAM
caches can be reduced.

e Note that read operations from cores are also possible seadata migrations, the number of which could be even
larger than that of direct write accesses from cores. Thesefa new type inter-migration policy is introduced.
Figure 14(b) and (c) compare the banks from which data can igeated toward the core in upper-left corner.
Figure 14(b) shows that, in original inter-migration pglithe cache layer is divided into 4 uniform groups and there
is only one core associative with each part. In this workkisan each group are named as tiwst banksf their
corresponding core. Data can only be migrated froon-host banks For the traditional management policy, the
data will be migrated ttost bank For the management policy proposed for the hybrid cacleed#ta can only be

migrated to SRAM banks.

Two data migrations are illustrated in Figure 14(b) for traitional inter-migration. When using the hybrid MRAM-
SRAM caches, théost bankgor a core is redefined as shown in Figure 14(c). Two corredipgndata migrations
are also shown in Figure 14(c). Using this policy, there iglata migration between two MRAM cache lines, which
reduces the number of write operations greatly. The drakisabhat these SRAM banks are shared for all cores so that

their limited sizes may increase L2 miss rates. Note thatawe &)\ of total cache size, which is considerably large
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for most applications, our simulation results show thatittteease of L2 miss rates is very small.
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Figure 15: The write intensity to MRAM of using hybrid MRAM-SRAM cachesmpared to that of pure MRAM caches.
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Figure 17: The comparison of total power consumption among 2M SRAM ea8M MRAM pure cache, and 8M MRAM-SRAM
hybrid cache (Normalized by the total power consumptionMd8RAM pure cache).

Fig. 15 shows the number of write operations to the MRAM caofelK instructions are reduced dramatically by
using our hybrid MRAM-SRAM approach. As a result, the dynapower associated with write operations to MRAM
cells is reduced, and the performance is improved. Fig. b@shhe performance comparison among the proposed
MRAM-SRAM hybrid cache structure and its pure SRAM or pure MR counterparts. Note that the read-preemptive
write buffer is not used here because we want to highlightoireefits of using the hybrid cache structure alone. On
average, the hybrid cache structure improves the perfaenays.65%, which means it mitigates the performance loss
of MRAM caches fromB.48% to 2.61% compared to their SRAM counterparts.

In Fig. 17, we show the comparison in terms of power conswnptOnly focusing on the total power consumption
difference between the pure MRAM cache and the MRAM-SRAMrtd/bache, we find that the total power is reduced
except forgalgel It is because that both the read and the write intensitiggigel are so small that the consumed
dynamic power is very low. Consequently, the introductib®BAM cache lines in the hybrid cache brings the leakage

power back and this amount of leakage power overhead eliesitae dynamic power reduction achieved by the hybrid
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structure. However, as the write intensity increases, tiRAM-SRAM hybrid cache can lower the total power con-
sumption by reducing the dynamic power while paying a snralbant of leakage power overhead. For example, the
total power consumption is cut by more than half for the ajgpions such aswimandstreamclusterOn average, after
the transition from SRAM caches to MRAM ones, this newlygareed hybrid cache further reduces the total power by

12.45%.
5.3 The Combination of Two Techniques.

We combine the two techniques together as an optimizedtacthie for the MRAM cache. In this architecture, we
get more benefits from the advantages of the MRAM cache, atigat@ the penalties caused by write operations. The
performance and power comparisons are listed in Figure d8ayure 19, respectively. The average IPC is improved
by 14.0% and4.91% when we compare that of using the MRAM cache in the optimizetitecture to that of using the
DNUCA MRAM and DNUCA SRAM in a traditional architecture, mgectively. The power consumption reductions
are5.8% and73.5%, respectively.
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Figure 18: The comparison of IPC among 2M SRAM cache, 8M MRAM pure caahd,8M MRAM-SRAM hybrid cache with
read-preemptive write buffer (Normalized by the IPC of 2M&Rcache).
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Figure 19: The comparison of total power consumption among 2M SRAM ea8M MRAM pure cache, and 8M MRAM-SRAM
hybrid cache with read-preemptive write buffer (Normadizsy the total power consumption of 2M SRAM cache).

6 Related Work

Many researchers have studied the design of microprocessorg 3D technology [4,27-30]. For example, how to
design microprocessor components in 3D were investigate2ir]. Automated design flow for 3D microarchitecture
evaluation was proposed [31], and stacked processor ectinié was studied [28]. To improve the reliability of chips
when the process is being shrunk aggressively, 3D stackin@iso offer redundant checker processors on the second

die without significantly impacting the cost [29]. It is aldemonstrated that a “snap-on” layer can be stacked on top
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of processor cores to assist in debugging and testing (ssithealntrospective 3D chips [30]), or serve as a special
acceleration layer (such as the POD system [32]).

Some previous research focused on the performance impemtefnom using 3D integration to seek DRAM main
memory on top of processors. 3D cache models were develogadilitate architectural level analysis [33,34]. Perfor
mance analysis of 3D stacking memory was studied byetal. [28]. PicoServer has implemented an aggressive CMP
method by replacing all the L2 caches with in-order simplecpssor cores, and uses 3D stacking DRAM to satisfy
the memory capacity and bandwidth requirements [35]. L] |di9al. have also reported performance improvement
by using stacked SRAM L2 caches for CMPs. Blatlal [6] have studied the benefits of stacking a large DRAM or
SRAM cache on a Intel Core 2 Duo processor, and achieveddamasile performance improvement. Gheslal pro-
posed a new method to reduce the power consumption in systbare the DRAM is stacked on top of the processor
cores [36]. A prototype of 80-core Teraflop processor [8hveih SRAM layer stacked on top of the processor cores,
which was designed and fabricated by Intel, also demoestiihie benefits of stacking SRAM memories on CMPs.

There is previous work that studied the benefits of replaSiRg\M caches with MRAM caches for a single processor
core. The first generation of MRAM, which is called Toggle-ti#oMRAM, has been studied as an SRAM substitute
for the on-chip L2 cache [11]. The second generation of MRAWMIich is called Spin-Torque-Transfer MRAM, has
also been studied as a replacement for SRAM L2 caches stadkeg of a single microprocessor [12]. However, both
projects only focused on the single core architecture waithes that have uniform access latencies . For multi-core
CMP processors, especially when the entire cache capagitgnties much larger, the effect of non-uniform access
latency (or non-uniform cache access architecture, alstedadNUCA) has to be considered. In addition, in NUCA
architectures, data migration can also change the cachéurgta behavior will so that it will be quite different from

that of a single core processor.
7 Conclusion and Future Work

Magnetic Random Access Memory (MRAM) is a promising cantdiida be used as on-chip memaries, due to its
low leakage power, high density, and fast read speed. Thegerge3D stacking technology enables the heterogeneous
integration, making it feasible to stack MRAM as L2 cachasGWPs. In this work, we have presented a cache model
for MRAM L2 cache stacking, and conducted the performanak@ower evaluation. Even though replacing SRAM
L2 cache with MRAM can result in significant power saving® tllawback of using the MRAM comes from the long
latency and high energy associated with the write opersitiés a result, for applications with high intensity of write
operations to L2 cache, performance degradation coulddmeapd the power savings could be reduced. Consequently,
we propose to use a read-preemptive write buffer with aggrespriority policy, to mitigate the performance penalty

caused by the long write latency; we also propose a hybrid MRZRAM L2 cache to reduce the number of write
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operations to the MRAM so that the performance is improved thie dynamic power is reduced. Our future work

include the evaluation of the impact of other MRAM charaistess on CMP design, such as the non-volatility and the

immunity to radiation-induced soft errors.
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