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Abstract—Spin-Transfer Torque Random Access Memory 
(STTRAM) is one of the emerging Non-Volatile Memory 
(NVM) technologies especially preferred for the Last Level 
Cache (LLC). The amount of current needed to switch the 
magnetization is high (~100 A 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 paper, we propose a new 
cache architecture to mitigate this problem of droop and make 
the write operation 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 simulation results 
obtained (both circuit and micro-architectural) comparing 
our proposed architecture against the conventional are found 
to be 1.96% (IPC) and 5.21% (energy). 
Keywords—Droop, LLC, STTRAM, Bank, Latency, Energy, 
SPLASH benchmarks. 

I. INTRODUCTION 
Spin-Transfer Torque RAM (STTRAM) [1] is a promising 
memory technology due to high-speed, low-power, non-
volatility, and low cost. It is an energy-efficient modification 
of MRAM [2], where switching of the magnetization is 
obtained by current induced spin-transfer torque. A density 
closer to DRAM, speed closer to SRAM, high endurance and 
superb retention time, makes STTRAM is widely considered 
to be a suitable candidate for universal memory [4-5].  

Fig. 1 shows the STTRAM cell schematic, where the 
Magnetic Tunnel Junction (MTJ) with a free layer and a 
pinned magnetic layer is the storage element. The resistance 
of the MTJ is high (low) if free layer magnetic orientation is 
anti-parallel (parallel) compared to the fixed layer. Spin-
transfer torque is used to flip the active elements in MRAM 
[3]. The MTJ configuration can be changed from parallel to 
anti-parallel (or vice versa) by injecting current from 
sourceline to bitline (or vice versa).  

Spin-transfer torque lowers the 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 (~100 A per bit) 
may result in a write failure in the farthest bank due to the 
high voltage droop caused by the large interconnect 

resistance. The need to write large number of bits 
simultaneously i.e. 512 cache line bits in a single bank is 
another reason for this failure. 

To overcome the above challenge, we propose a new LLC 
architecture. Instead of writing the entire 512-bits in a single 
bank which draws significant current (~512x100uA) 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 512xIwrite to 64xIwrite. 
In the proposed approach, the worst case bits only experience 
a maximum of 10% droop at which the write operations can 
succeed without any errors. Note that, we still write in a single 
bank logically, however, the bank is spread across the cache 
physically to mitigate the droop.  

The voltage droop for crossbar memories such as Resistive 
RAM (ReRAM) has been pointed out [7][11] however, 
similar issue for STTRAM has never been investigated. In this 
paper, for the first time, to the best of our knowledge, we 
identify the voltage droop challenge for write operation in 
STTRAM and propose a novel micro-architectural solution. 

In summary, we make following contributions in this paper: 
• Voltage droop analysis of the write operation in a 

conventional STTRAM LLC with a circuit. 
• Propose an architecture that significantly mitigates 

droop. 
• Impact of proposed architecture on the cache parameters 

like latency and energy are compared with the 
conventional architecture for various benchmarks. 

The rest of the paper is organized as follows. In Section II, we 
perform detailed voltage droop analysis on conventional LLC. 
The proposed droop mitigating architecture and simulation 

 
(a)                                          (b) 

Fig. 1 (a) STTRAM bit cell showing an MTJ with different layers 
and the bitline, wordline; (b) two MTJ states Parallel (low resistance 
– logic 0) and Anti-Parallel (high resistance – logic 1) 
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results are discussed in Section III. Conclusions are drawn in 
Section IV. 

II. VOLTAGE DROOP ANALYSIS IN STTRAM LLC 
In this section, we describe the model and bank architecture 
of an existing STTRAM LLC. Next, we perform the droop 
analysis using the LLC model. 
A.  Model of STTRAM LLC 

The entire cache is divided into multiple banks/slices. The 
entire cache line read/write is performed within this single 
bank [9]. Each bank is divided into a group of mats. A mat 
contains multiple ways (way 0-n). A group of mats together 
provide the output cache-line (e.g., 8 mats provide 64 bits 
each totaling 512 bits) [10]. Each mat consists of a group of 
subarrays which share a common pre-decoder 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(a). Fig. 2(b) shows a proposed 
subarray design consisting a total of 512 WLs and 512 local 
columns with 64 (32*2) global columns. 
B. 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 way7) in each 
of the 8 mats within a single independent bank. The values of 
the effective resistance and capacitance of the power supply 
which provides the current needed to write the 512 bits (64 
bits across 8 mats) is shown in Table I. Fig. 3(a) shows the 
circuit model of the write operation with the calculated 
effective values. Fig. 3(b) 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 while the unshaded bank represents a cache 
line written into it. The supply voltage is assumed to be 1V. 
Fig. 4 shows the corresponding voltages at each of these mats 
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 a such low voltage, the 
STTRAM fails to switch states resulting in write failures. This 
is due to high write current of the STTRAM and inability of 

   (a) 
 

                 (b) 
Fig. 2 (a) An 8MB LLC organization with banks, mats and ways/ 
subarrays; (b) subarray/way architecture of STTRAM showing the 
STTRAMs, the organization of bits, the global columns and the 
write drivers [10]. 

TABLE –I. Equivalent calculated values for the LLC cache Model

# of bits Resistance Capacitance Write current(Load)
1 0.4  9 pF 100 A 

64 25.6  0.57nF 6.4 mA 

 

(a)     

(b)  
Fig. 3 (a) 1-bit write operation with effective resistance 0.4 Ohms in parallel to a 4.5pf capacitance and a pulse current load of 0.1*64mA; 
(b) cache circuit model with write in the last/farthest bank.
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the conventional LLC bank architecture to provide reliable 
supply current. 

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. In a 22nm technology, we 
performed the write simulation (bit-0 and bit-1) at varying 
supply voltages. Fig. 5(a) and 5(b) show the plots of write 
latency with supply voltage. It is observed that the STTRAM 

write latency increases as the supply voltage is reduced from 
1V. For write-1 the latency increases by ~150ps at 0.9V and 
follows an exponential trend. For write-0, less than ~0.9V will 
result in failure and at 0.9V latency increases by ~160ps. 

III. DROOP MITIGATING BANK ARCHITECTURE 
In this section, we present the proposed LLC architecture and 
circuit analysis to overcome the write voltage droop problem. 
A. Architecture Model 

We propose a new bank architecture which distributes the 
current drawn during write operations at different physical 
locations. Therefore, the effective droop at a location is 
reduced. Fig. 6(a) shows the physical bank architecture of the 
droop mitigating LLC. Each of physical banks divided into 8 
sub-banks (SB0–SB7) are represented in shaded. Shaded sub 
banks located at various physical locations throughout cache 
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 is distributed in 8 locations, forms 
a continuous logical bank, bank0. Fig. 6(b) shows the inside 
look of a sub-bank which contains a single mat unlike 8 mats 
before. Internal structure of this mat with the subarrays/ways  
remains the same. Likewise, each of these 8 sub-banks now 
contributing 64 bit each form the 512bit cache line. Each of 
the 64bit write occurs at different physically separated 
locations mitigating the droop and allowing write operation to 
succeed. 
B. Circuit Analysis of the new Model 

We have created a circuit model of the proposed 8MB LLC 
(Fig. 7). 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. Fig. 

                  
                (a)                 (b) 

Fig. 6 (a) Droop mitigating physical bank architecture of 8MB LLC; (b) inside look of the bank0: sub-bank(SB0)  

                     
Fig. 7 The cache circuit model with write operation in the droop mitigating architecture. 
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Fig. 4 Voltage plot showing the available voltage for each of the 64-
bit write operations in each mat.  

      
   (a)   (b) 
Fig. 5(a) & (b) plots showing the results obtained from Hspice
simulations of the STTRAM write time for wrote-1 and write-0 
against different supply voltages.  
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8 shows the corresponding voltages at each of sub-banks for 
the write operation. It can be observed that the voltage droop 
is greatly reduced and the last 64-bit of the cache line in bank8 
now receives close to 0.9V to perform the write operation. 
Even though the write latency increases, the failure could be 
avoided. 

C. Micro architecture Evaluation and Results 

We have used Cacti [13] [14] at a footprint of size 4F2 to 
simulate a model of an 8MB STTRAM LLC for the 
architectures. We have calculated the values of read/write 
latency and the dynamic read/write energy per access. Fig. 
9(a) show the normalized latency comparison of these 
proposed architecture results of with the conventional 
architecture.  

We used the Gem5 [15] [16] to plug-in the result values of 
latency and energy obtained from Cacti. Table II shows the 
processor configuration table. Using these values in modified 
Gem5, we ran Full system simulations against various 
benchmarks from SPLASH suite for both the conventional 
LLC and the proposed LLC. Mcpat [17] tool was used to plug-
in these benchmark stats obtained and generate the values of 
dynamic and leakage energies of the LLC.  

Fig. 9(b)- (d) 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. 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). 

IV. CONCLUSIONS 
The high current causes voltage droop for full cache line write 
operation resulting in write failures especially for farthest 
bank/cache. In this paper, we have proposed a new droop 
mitigating bank architecture of LLC to mitigate the droop and 
enable successful write operation.  
Acknowledgement: We acknowledge the support of NSF 
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Fig. 8 Voltage plot showing the available voltage for each of the 64-
bit write operations in each of the banks (i.e. sub-banks)  

  
      (a)  (b)                        (c)                            (d) 

Fig. 9 (a) Normalized read/write latency comparison; (b) normalized 
comparison of IPC; (c) & (d) normalized comparison of dynamic and
leakage energy for various benchmarks 
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TABLE –II. Processor Configuration 

Processor Alpha, O3, 4 cores, 2GHZ, Detailed CPU 
SRAM  
L1 Cache 

Private, Icache=32KB, Dcache=64KB, 64B Cacheline, 
2 cycle Read/Write latency, Write back. 

SRAM  
L2 Cache 

Private, Size=2MB, 64B Cacheline, 
8 cycle Read/Write latency, Write back. 

STTRAM  
LLC/L3 Cache 

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

Main Memory 4GB, DDR3, 200-cycle latency 

2017 Design, Automation and Test in Europe (DATE) 265



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


