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ABSTRACT
Preferred especially for a Last Level Cache (LLC) due to its high retention and tolerance
capabilities, Spin-Transfer Torque Random Access Memory (STTRAM) is an emerging and a
promising Non-Volatile Memory (NVM) technology. To switch the magnetization of a Magnetic
Tunnel Junction (MTJ), the amount of current needed is very high (~100μA per bit). For a full cache
line (512-bit) write, this extremely high current results in a voltage droop in the conventional cache
architecture. Due to this droop, the write operation fails especially when the farthest bank of the
cache is accessed. In this thesis, we perform an analysis of the voltage droop across the STTRAM
Last Level cache and then propose a new cache micro-architecture to mitigate the droop problem
and make the write operations successful.
Instead of continuously writing the entire cache line (512-bit) in a single bank, the proposed
architecture writes 64-bits in multiple physically separated locations across the cache. The voltage
droop issue for crossbar memories such as Resistive RAM (ReRAM) has been pointed out but
however, similar issue for STTRAM has never been investigated. In this study, we perform voltage
droop analysis on the conventional STTRAM LLC while performing write/read operation with a
simulation circuit model. Our investigation reveals that this problem exists for the write operation in
a STTRAM LLC when we try to access the farthest bank in the cache. We propose a droopmitigation Architecture which reduces the droop significantly. The effectiveness of this proposed
architecture on the cache parameters such as latency and energy are compared with the conventional
architecture for against various benchmarks. From the simulation results obtained (both circuit and
v

micro-architectural), compared to the conventional architecture, the proposed architecture incurs
1.95% IPC and 5.21% energy for a 8MB last level cache.

vi

CHAPTER 1
INTRODUCTION
Spin Transfer Torque Random Access Memory (STTRAM) [1] due to its features of nonvolatility, low-power, low cost, and high-speed is considered as one of the best promising memory
technology. The development of STTRAM emerged from the idea of the commercialization of
Magnetic RAM (MRAM) to become the potential future memory technology. Hence, STTRAM
can be called the energy-efficient modification of MRAM [2]. Here, the current induced spintransfer torque is used for the switching of the magnetization. A low power and fast switching
happens in STTRAM by the use of a current that is spin-polarized. Having the near density of
DRAM, and a closer speed of SRAM, followed with a superb retention time and high level of
endurance, a widely suitable candidate for the next universal memory is STTRAM [4-5].
1.1 Spin Transfer Torque Random Access Memory
An STTRAM cell is composed of a Magnetic Tunnel Junction (MTJ) which looks like a
sandwich for storing the binary data. An MTJ is composed of two layers that are ferromagnetic. A
tunnel/oxide barrier layer is present in-between separating both these layers. One of the two layers
of ferromagnetic is called as Reference/Fixed layer and the other one is termed as Free layer. As
the names suggest, the reference/fixed layer always has a fixed magnetic direction, and the free
layer is a rotatable one so that, its magnetic direction can be in parallel or anti-parallel to the
reference layer. The binary data (0,1) is represented using these two states.
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Fig. 1.1 shows the cell schematic of an STTRAM. The, storage element is the Magnetic
Tunnel Junction (MTJ) consisting of a pinned and a free magnetic layer.

Figure 1.1 STT RAM bit cell showing an MTJ with different layers and the bitline,
wordlines
When there is an anti-parallel magnetic orientation of the free layer compared with the
fixed layer, the resistance of the MTJ is high and vice versa. Fig. 1.2 shows the two states of an
MTJ parallel and anti-parallel. The active elements in magnetic random-access memory (MRAM)
can be flipped using a spin induced Transfer torque [3]. A current that is induced from source-line
to bitline and vice versa can be used in changing the MTJ configuration from parallel to antiparallel and vice versa. The phenomenon of using a spin-torque for reversing of magnetization of
the free layer results in the reduction in the write power when compared with the MRAM
(conventional).
The magnetic orientation of the free layer stores the data in an MTJ. The restistance value
of this orientation is used for the read cell operation. As in Fig 1.2, the low resistance of the MTJ

2

happens in the parallel states (same direction) of the magnetic fields of the reference layer and the
free layer. This is represented as a logical-0 in bitwise operations. When the anti-parallel states of
these layers happen, the high MTJ resistance in the anti-parallel (opposite direction) is high and is
represented in bitwise operations as a logical-1.

Figure 1.2 The two MTJ states parallel and anti-parallel

As discussed before, applying of a magnetic field or injection of an electrical current can
be used to flip the ferro layer that is free. Injection of the current from a free layer to the reference
layer, causes the in parallel switching of the layers resulting in the MTJ resistance to be low. This
is represented as a 0-logic state. Similarly, the reverse direction induction of current will lead to
anti parallel orientations of the layers leading to a high in resistance state for the MTJ. This is
represented as a 1-logic state.
The design of an MTJ cell in a STT-RAM is so endurant. According to various studies, a
thermal/temperature disturbance of at least 10 years is needed for the stored junction polarization
upset in an MTJ [1]. Hence, non-volatility became the major advantage of STT-RAM, which
means, indefinite data storage without a power supply. One more advantage of this non-volatility
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feature is that there is no need for the periodic refreshment of the data that is stored. This
completely eliminates the concept of need for refresh power.
The various characteristics of an STTRAM include


Highly scalable



Non-volatility



Low power consumption



The read and write speeds on par with that of SRAM



High levels of endurance



Low footprint (4 F^2)



Multi-level cell capability [7].
All of these characteristics make STTRAM one of the best alternatives to the existing

SRAM to be adopted as the shared LLC by all the CPU cores in the current generation of growing
multi-core processors.
1.2 STTRAM Read and Write Operations
As discussed in the previous section, based on the data that is stored, the MTJ resistance
of the STTRAM changes. This results in a need for various sense and writing techniques for
performing the reads and writes through the MTJ of the STTRAM. This is done by both Sense
Amplifiers and the Write drivers. Their organization is as shown in Fig 1.3.

4

For reading the stored data in an MTJ cell, which is called by some as the operation of
activation, between sense and bit lines, a small amount voltage is applied and, the amount of
current flow is sensed. The read operations need a sense margin by a sufficient amount between
the states of the resistance of the MTJ cells to that of the applied signal of reference. But some
cases, the MTJ resistance variations will degrade this sense margin. This may result in the detection
errors of the state of resistance causing Read errors.
On the other hand, write operation is a current-mode operation and not a voltage operation
[4]. To flip the MTJ for changing its free layer magnetic orientation, a large amount of current is
needed which is basically the write operation. The direction in which the current is applied decides,
the parallel or anti-parallel states between the free and the reference layers to happen. The effort

Row Buffer

Column selection

needed for the MTJ write operation is larger by a significant amount compared to that of reading

Write current

Write Driver

Bit line

Sense
Sense Voltage Vs
Amplifier
Sense line

Read Latch

Figure 1.3 Organization of sense amplifier and a write driver

of an MTJ. For this purpose, STT RAM uses large write drivers [4], one write driver for a single
bit Global column. This makes write a slower and complicated operation compared to read in
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STTRAM. In addition, the various factors that affect the write speed of STT-RAM include
fluctuations in the temperature and the variations of process within the die. This will delay the
operation and a pulse longer than the normal needs to be reserved for ensuring the errors do not
occur even if the operation is delayed by a cycle(s).
Spin-transfer torque lowers these write current requirements in STTRAM. However, the
write current is still too high for most of the commercial applications [3]. In a conventional cache
architecture, the high write current (~100μA per bit) might lead in a write failure due to the voltage
droop that happens during the write operation. Fig. 1.4 shows the write operation in a conventional
LLC of size 8MB with 8 banks (Bank 1 – 8) each of size 1MB. The entire cache line (512-bits) is
written in one of the banks based on the address. The best case for droop is when we write to the
bank close to the voltage source or regulator. Due to less interconnect resistance, the droop
magnitude will be negligible resulting in correct write operation. However, the write to the farthest
bank will experience considerable amount of droop (~200mV as per our estimate) which would

Best Case

LLC ( 8MB )

512-bit

Regulator (1V)

Bank1

Bank2

Bank5

Bank6

Bank3

Bank7

Bank4

Bank8

512-bit

Worst Case
Figure 1.4 Conventional STT RAM LLC write operation showing the voltage droop/drop
in worst case
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result in a failure since the STTRAM will fail to flip for writing 0’s and 1’s. Even within the cache
line the word which is farthest from the voltage source suffers the most. The primary reason for
this failure is the high STTRAM switching current per bit and the need to write large number of
bits simultaneously.
To overcome the above challenge, we propose a new LLC architecture which is shown in
Fig. 1.5. Instead of writing the entire 512-bits in a single bank which draws significant current
(~512x100μA) creating a large voltage droop for the last sequence of bits, we split the entire cache
line into 8 parts (64*8) and write them in multiple physically separated locations across the cache.
The approach reduces the current drawn per bank from 512xI write to 64xIwrite thereby reducing the
droop and succeeding the write operation. In the proposed approach, the worst case bits only
experience a maximum of 10% droop therefore the write operations succeed without any errors.

LLC ( 8MB )
64-bit

Regulator (1V)

64-bit

64-bit

Bank1

Bank2

Bank5

Bank6

64-bit

Bank3

Bank7
64-bit

64-bit

64-bit

Bank4

Bank8
64-bit

Figure 1.5 Proposed droop mitigating architecture showing the droop/drop to the last 64bit of the cache line.
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Note that, we still write to a single bank logically, however, the bank is spread across the cache
physically to mitigate the droop.
1.3 Related Work
The voltage droop for crossbar memories such as Resistive RAM (ReRAM) has been
pointed out [7][11]. The crossbar technology helps in achieving high density. However, crossbar
faces some serious challenges especially when it comes to voltage drop and the sneak currents. As
a result of the IR drop caused by the wire resistance and the sneaking currents, there will be
different voltage drops across the cells for several cells within a mat of the Resistive RAM. A
considerable loss of voltage occurs on the metal wires due to current passing through them and
thus the voltage drop to the furthest ReRAM crossbar cell is decreased. The effective cell across
voltage has a considerable amount of influence from the crossbar architecture’s data pattern. The
write latency on an overall is impacted by all these factors in a ReRAM [11].
However, similar issue for STTRAM has never been investigated. To the best of our
knowledge, for the first instance, in thesis, we identify the voltage droop challenge for write
operation in STTRAM and propose a novel micro-architectural solution for mitigation.
1.4 Contributions
The following are the main contributions made in this thesis:


We perform voltage droop analysis on the conventional STTRAM LLC while performing
write/read operation with a simulation circuit model.



We propose a droop mitigation architecture which reduces the droop significantly.
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The impact of proposed architecture on the cache parameters namely latency and energy are
compared with that of the conventional architecture for various benchmarks.
The rest of the thesis is organized as follows. In Chapter 2, we perform detailed voltage

droop analysis on conventional LLC. In Chapter 3, we discuss the proposed droop mitigating
architecture and its circuit analysis. In Chapter 4, we present the simulation set up and the
simulation results. Finally, in Chapter 5, we draw the conclusions.
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CHAPTER 2
VOLTAGE DROOP ANALYSIS IN A STTRAM LLC
In the following section, we describe the model of STTRAM Last Level Cache. Next, we
describe the existing LLC cache bank architecture and droop analysis using the LLC model.
2.1 Last Level Cache
There is a hierarchy of cache levels in a typical processor. At the top of the hierarchy level,
we have the caches that are Level 1 (L1) caches. These are small in size and the fastest in the
operation. The size of the Level1 cache is typically 64 KB (32 KB instructions and 32KB
remaining for the data). At the next level, the Level 2 or L2 cache have a size close to that of of
256 KB. Each of the CPU cores have a dedicated Level 1 and Level 2 caches for the case of a
multiprocessor systems. The last or the third level of caches is the last-level cache (LLC) or the
L3. Unlike the higher-level caches, which are private, this cache is shared. The size of the LLC is
much larger than L1 & L2 and varies from 3 MB to over 32 MB, depending on the processor
models [6].
There are two main reasons for this variation in the sizes. First is the different processor
model associativities and second is the number slices/Banks used to build the cache forming the
cache sets. The variations in the latency of an LLC are caused by different cache slice access times
within the L3. These are classified into UCA (Unifrom Cache Access) and NUCA (Non-uniform
Cache Access) models.

10

Unified L2

L1

Core

L1

L1

L1

Unified L2

Core

I/O

CPU

Unified L2

L1

Queue

Unified L2

L1
L1

Core

L1

Core

Shared L3

Memory controller

Figure 2.1 A multiprocessor CPU model with a shared LLC

The fixed-size units of memory stored by the cache are called Cache blocks/lines which
typically are of the size of 64 Bytes (512 bits). Each of these lines map to a set in the cache. The
associativity is defined by the number of these lines stored in each of the sets in a concurrent
manner. Having an associativity value of n means, the cache is an n-way set-associative cache [5].
Cache read latency is considered as the amount of time CPU cycles required to read the
cache line from one of the cache slices where its address is located.
Same goes with the write latency but this time we will be updating the Cache line
information in that particular address belonging to a single Cache slice.
2.2 Model of STTRAM LLC
The entire cache is divided into multiple banks (can also be considered as the number of
cache slices joined together to form the LLC). The entire cache line read/write is performed within
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this single bank [9]. Each bank is divided into a group of mats. A mat includes multiple ways (way
0 to n). The output cache-line is provided together by various mats in groups (e.g., 8 mats provide
64-bit each totaling to the cache line of 512 bits) [10]. Each mat contains a group of subarrays and
a common pre-decoder is shared by them to provide the requested data or perform write operation.
For this study, we have considered an 8-MB LLC with 8-way set associativity. Each
subarray refers to the associativity’s (ways) from 0-7 to select from. Each of these ways consists
of the rows and columns (global columns are muxed with local columns) to store the individual
bits. The subarray size is 16KB. Each mat is composed of 8 subarrays (SA[7:0]) amounting to a
total size of 128KB each. Each bank is composed of 8 mats (mat[7:0]) of total size 1MB. There
are 8 such independent banks in the cache. The cache organization is shown in detail in Fig. 2.2.

Mat[1]

Mat[0]

Mat[3]

Mat[2]

Mat[5]

Mat[4]

Mat[7]

Mat[6]

Way 7 Way 6 Way 5 Way 4 Way 3 Way 2 Way 1 Way 0

Bank[7]
Bank[1]
Bank[0]

Figure 2.2 An 8MB LLC organization with banks, mats and ways/ subarrays

Fig. 2.3 shows a proposed subarray design consisting a total of 512 WLs and 512 local columns
with 64 (32*2) global columns. The row decoders and column decoders are used to map the Global
columns with the Local columns.
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Each Global column provides a single bit that constitutes to the over all 512-bit cacheline.

Input Address

Way 7
Way 0

Row Decoder

Write Driver

Write Driver

e
B0
Global Column 0

B63
Global Column 63

Figure 2.3 Subarray/way architecture of STTRAM showing the STTRAMs, the organization of
bits, the global columns and the write drivers for a write operation

2.3 Circuit Simulation with Droop
We have used circuit model of an 8MB cache and simulated the effective model of a cache
line (512-bit) write. We write 64-bit in each of the 8-subarrays (belonging to way 7) in each of the
8 mats within a single independent bank. The values of the effective resistance and capacitance of

Resistance (0.4Ω)

IN

OUT
Cap (4.5pF)

64 bit write
current
6.4mA
3ns

Figure 2.4 STTRAM 1-bit write operation with effective resistance 0.4 Ω in parallel to a 4.5pF
capacitance and a pulse current load of 0.1*64mA
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the power supply which provides the current needed to write the 512 bits (64 bits across 8 mats)
are shown in Table 2.1.
Table 2.1 Equivalent calculated values for the LLC cache model
# of bits

Resistance Capacitance

Write current
(Load)

1

0.4 Ω

4.5 pF

100 μA

64

25.6 Ω

0.29nF

6.4 mA

Fig. 2.4 shows the circuit model of the write operation with a calculated effective values.
Fig. 2.5 shows a circuit model of the cache with 8 banks to perform the write operation in the 8
mats of the last and the farthest bank. The idle banks are represented by shaded blocks. The
unshaded bank represents an equivalent cache line being written into it. The supply voltage is
assumed to be 1V.

Idle

Regulator (1V)

Bank 1

Bank 2

Bank 3

Bank 4

Active

Bank 5

Bank 6

Bank 7

64bit * 8 mat = 512 bit write

Figure 2.5 STTRAM cache circuit model with write in the last/farthest bank
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Bank 8
64bit

Fig. 2.6 shows the corresponding voltages at each of these mats to perform the write
operation from mat1 to mat8. As we can see from the plot that the voltage keeps on drooping down
and the last 64-bit of the cache line at mat8) receives ~0.79V to perform the write operation. At
such low voltage, the STTRAM fails to switch states resulting in a write failure. This is due to
high write current of the STTRAM and inability of the conventional LLC bank architecture to
provide reliable supply current.

Mat1
Mat2

Mat3
Mat4
Mat5
Mat6
Mat7

Mat8

Figure 2.6 Voltage plot showing the available voltage for each of the 64-bit write operations in
each mat
We have used Hspice [12] to simulate the STTRAM flipping phenomenon for the write-1
and write-0 at various supply voltages. The STTRAM model consists of a MTJ verilogA with
adjustable parameters such as temperature, spin-polarization, conductance etc. We implemented
15

this model in a 22nm technology and performed the simulation of write operation (both bit-0 and
bit-1) at varying supply voltages. Figs. 2.7 and 2.8 show the plots of write latency with supply
voltage. From the plots, the STTRAM write latency is increased as the supply voltage is reduced
from 1V. For write-1, the latency increases by ~150ps at 0.9V. At further scaled down voltages,
this delay rises exponentially. For write-0, less than ~0.9V will result in failure. At 0.9V, the
latency increases by ~160ps.

Write 0

Write_Zero Time(ns)

1.20

0.98

1.04

1.00
0.80
0.60
0.40
0.20

∞ failure

∞ failure

0.8

0.7

0.00
1

0.9

Supply / Vdd (V)

Figure 2.7 Plot showing the result obtained from Hspice simulations of the STTRAM
write time for logical 0
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Write_one Time(ns)

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

1.43

0.642

0.728

0.495

1

0.9

0.8

0.7

Vdd (V)

Figure 2.8 Plot showing the result obtained from Hspice simulations of the STTRAM
write time for logical 1
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CHAPTER 3
DROOP MITIGATING BANK ARCHITECTURE
In this Chapter, we present the proposed LLC architecture for overcoming the droop for a
successful write operation. We also provide a detailed circuit analysis of the new proposed model.
3.1 Architecture Model
Since the conventional architecture results in voltage droops we propose a new bank
architecture which distributes the current drawn during write operations at different physical
Bank 0

S B0 SB1 SB2 SB3

SB4

Bank 1

Bank 2

Bank 3

B0
SB0
B0 SB1 SB2 SB3 SB0
B0 SB1 SB2 SB3 S
B0 SB1 SB2 SB3

SB5 SB6 SB7 SB4 SB5 SB6 SB7 SB4 SB5 SB6 SB7 SB4 SB5 SB6 SB7

SB0 SB1 SB2 SB3 B0
S B0 SB1 SB2 SB3 SB0
B0 SB1 SB2 SB3 S
B0
B0 SB1 SB2 SB3

SB4 SB5 SB6 SB7 SB4 SB5 SB6 SB7 SB4 SB5 SB6 SB7 SB4 SB5 SB6 SB7

Bank 4

Bank 6

Bank 5

Figure 3.1 Droop mitigating physical bank architecture of 8MB LLC
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Bank 7

locations. Therefore, the effective droop at a particular location is reduced. Fig. 3.1 shows the
physical bank architecture for the droop mitigating LLC. Each of these physical banks divided into
8 sub-banks (SB0–SB7) represented in shaded color. Similar color sub banks located at various
different physical locations throughout the cache together represent a complete logical bank i.e.,
though separated physically, each of these sub-banks are still logically continuous in terms of
physical addresses. For example, consider the sub-bank SB0 (grey) which is distributed in 8
different locations forming a continuous logical bank, bank0.
Fig. 3.2 shows the inside look of a sub-bank which only contains a single mat unlike 8 mats
before.
SB0

Way0

Way1

Way2

Way3

Way4

Way5

Way6

Way7

Mat 0

Figure 3.2 Inside look of the sub-bank(SB0) which now contains only a single mat (mat0) and
the 8 subarrays/ways inside it.
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The internal structure of this mat with the subarrays/ways remains the same. Likewise,
each of these 8 sub-banks now contribute 64-bit each forming the entire cache 512-bit cache line.
Each of the 64-bit write occurs at different physically separated locations hence mitigating the
droop and allowing the write operation to succeed.
3.2 Circuit Analysis of the Proposed Model
We have created a circuit model of the proposed 8MB LLC as shown in Fig. 3.3. The
shaded portions in each of the banks represent an equivalent mat/sub-bank with the 64-bit being
written in them. The remaining unshaded portions in each of the banks are the idle sub-banks. The
supply voltage is kept at 1V.

Regulator (1V)

Bank 1

Bank 2

Bank 3

Bank 4

Bank 5

Bank 6

Bank 7

64bit * 8 Sub-Banks = 512 bit write

Bank 8
64bit

Figure 3.3 The cache circuit model with write operation in the droop mitigating architecture

Fig 3.4 shows the values of the corresponding voltages received at each of these. sub-banks
to perform the write operation from bank1-bank8. We can observe that the voltage droop is reduced
greatly and last 64-bit of the cache line in bank8 receives close to 0.9V to perform the write
operation. Even though the write latency increases, the failure could be avoided.
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Bank1
Bank2
Bank3
Bank4
Bank5

Bank6
Bank7
Bank8
Figure 3.4 Voltage plot showing the available voltage for each of the 64-bit write operations in
each of the banks (i.e. sub-banks)
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CHAPTER 4
MICRO ARCHITECTURE EVALUATION AND RESULTS
In this Chapter, we will describe the simulation setup and present the micro-architectural
simulation results.
4.1 Simulation Setup
We have used Cacti [13] [14] to simulate a model of the LLC with our proposed droop
mitigating bank architecture. A footprint of size 4F^2 was used to model the STTRAM [14]. We
have calculated the values of read/write latency and the dynamic read/write energy per access to
this cache model in a system frequency of 1GHz using a 8MB shared LLC. The processor
configuration details are provided in Table 4.1.
Table 4.1 Processor configuration
Processor

Alpha, O3, 4 cores, 2GHZ, Detailed CPU

SRAM

Private, I-cache=32KB, D-cache=64KB, 64B Cacheline, 2-cycle
Read/Write latency and Write back.

L1 Cache
SRAM

Private, Size=2MB, 64B Cacheline,

L2 Cache

8 cycle Read/Write latency and Write back.

STTRAM

Shared, Size=8MB, 8 banks, 8ways, 64B Cacheline, Write back,
Read/Write latency based on the Architecture Model

LLC/L3 Cache
Main Memory

4GB, DDR3, 200-cycle latency
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Table 4.2 details the read and write latency values that were considered for the conventional
STTRAM LLC and calculated for our proposed droop mitigating LLC.

Table 4.2 The LLC latency values of both the conventional and the proposed architecture
Latency(Cycles)
Read

Write

Conventional STTRAM LLC

6 cycles

9 cycles

Droop mitigating STTRAM LLC

10 cycles

13 cycles

In terms of latency, the inter-latency between the mat and new bank/sub-bank becomes 0,
since each sub-bank contains only a single mat in the proposed architecture. The inter-mat latency
i.e., the latency between subarrays and the mat remains the same as conventional architecture. The
latency within a single subarray due to wordlines, bitlines, and the write drivers also remain the
same. However, the delay/latency to access the bank is greatly increased as for every access, the
farthest cache slice is reached. Extra latency of horizontal and vertical hops is paid in terms of
cycles to mitigate the droop and make the writes successful. Similar is true for access energy in
toggling these hops.
For the conventional STTRAM, we used the Non-uniform Cache Access (NUCA) model
offered by Cacti to calculate the results. It considers the average value of all the horizontal and
vertical latencies to reach the banks/cache slices [14]. In proposed model, we use Uniform Cache
Access (UCA) where we toggle every cache slice every access thus paying more in terms of hop
latencies.
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4.2 Simulation Results
We have used Gem5 [15] [16] to plug-in values of latency and energy obtained from Cacti.
Figs. 4.1 and 4.2 show the normalized comparison of these obtained results with the conventional
architecture. Using these values in modified Gem5, we ran various benchmarks from SPLASH
suite for both the conventional LLC and the proposed LLC. The simulations are run in Full System

Normalized Number of cycles

1.8

1.66

1.6

1.44

1.4
1.2

1

1

1
0.8
0.6
0.4
0.2
0
Read Latency

Write Latency

Figure 4.1 Normalized read/write latency comparison
mode against benchmarks like barnes, fft, fmm, ocean, raytrace, fmm, radiosity, volrend, and
water-nsquared. We have used Mcpat [17] tool to plug-in these benchmark stats obtained from
Gem5 and generate the values of dynamic and leakage energies of the LLC.

1.4
Normalized Dynamic Energy per acess

1.193
1.2
1

1

1
0.8

0.701

0.6
0.4
0.2
0

Read

Write

Figure 4.2 Normalized dynamic read/write energy per access comparison
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Figs. 4.3, 4.4, and 4.5 show the comparison between droop mitigating architecture with
conventional architecture with respect to IPC and energy. The proposed architecture is clearly
results in minor (an average of 1.96%) overhead in terms of IPC and 5.21% energy overhead. The
reason for this is the nature of the non-volatile memories, where the bit write/read time takes the
dominant part of the latency while impact of the hop latencies in a cache is very small. The benefit
of proposed architecture is observed from ~50% improvement in worst case droop (~100mV droop
compared to ~200mV droop in conventional architecture).
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1.004
1.002

1
0.998
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0.994
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Figure 4.3 Normalized comparison of IPC
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Normalized Dynamic Energy/Power
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Figure 4.4 Normalized comparison of dynamic energy of various benchmarks

Normalized Leakage Energy/Power
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Figure 4.5 Normalized comparison of leakage energy of various benchmarks
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CHAPTER 5
CONCLUSIONS
Spin-Transfer Torque Random Access Memory (STTRAM) is a dense memory with
desirable features such as non-volatility, scalability, low power consumption, and unlimited
endurance. These features make it especially preferred for LLC to cope up with the increasing
processor speeds and on-chip memory demands due to technology scaling. However, the amount
of current required for the reorientation of the magnetization for the write operation at present is
very high. When a full cache line write is performed, this high current causes voltage droop
resulting in write operation to fail especially for farthest bank/cache. We have proposed a new
droop mitigating bank architecture of LLC to mitigate the droop and enable successful write
operation. Instead of continuously writing in a single bank, we write the cache line in multiple
different locations across the cache slices. Circuit and micro-architectural simulation results show
that the proposed approach reduces voltage droop with negligible overhead in latency and energy.
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