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Dead Block-Aware Adaptive Write Scheme for MLC STT-MRAM Caches
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[Abstract]

In this paper, we propose an efficient adaptive write scheme that improves the performance of write
operation in MLC STT-MRAM caches. The key idea of the proposed scheme is to perform the write
operation fast if the target MLC STT-MRAM cells contain a dead block. Even if the fast write
operation on the MLC STT-MRAM evicts a cache block from the MLC STT-MRAM cells, its
performance impact is low if the evicted block is a dead block which is not used in the future.
Through experimental evaluation with a memory simulator, we show that the proposed adaptive write

scheme improves the performance of the MLC STT-MRAM caches by 17% on average.
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I. Introduction

295 A L [oT FAI9 HFY AR S 3535t
HH At A oflit Uold 12855 Alsstes =
AIXE EAlsloF it 24 AN e detRlog oz
o5 FYst s ¥ AAE ARY aAgS o
ZEARIG. Z2AMO] Fo] 27} F7Tstal ofEe]A0]4d9]
A3 ME (Working set) 2717t 57tetol| wet HE] Hof
Z2AMolE o 2 2719 71A] Hl2e](Cache)7 B 25t
oF. Z22iut, Al 7HA] l2eo] tlRe] AAtZ ARREE
SRAM (Static Random Access Memory)2 =2 +A
A2 48] 9 e Aoz oIsh sl ST ok

Spin transfer torque magnetic random access
memory(STT-MRAM)= SRAMYET}H GHA|A A]7to] &+
A O] A ARTE Al Az vy tlee Ve
olct [1]. STT-MRAM2 SRAMECH A 37|7} ofj& At
oog HA] HlZe2]o] o8] HYREE IA FHAE
ATt ol2igt wi=AQl E4do g ?ls STT-MRAME &
A A W2 E et AT Hlwe] V]er AP ¢
de BT o

STT-MRAMY] Hlol8]| Y=g Y2 FIAIZI7] sk
MLC (Multi-Level Cell) STT-MRAMo] A|QtE]Qic} [2].
MLC STT-MRAMg © Ao & 71°] Hlo]E] HIES
Aoz 22 A F9er A HRe &2 37
FIAIA 4 Qe Aol ATt (3, 4,5, 6,7, 8,9, 101.
SHAJ9F MLC STT-MRAM-E SLC (Single-Level Cell)
STT-MRAMYC} 917] @ #7] o] La]5 oufx] 4
L7t 2 @Ao] ot wepA MLC STT-MRAMZ 7HA]
tl=2]of ARESH ] HsliiAle= 7] R 27] SR A=
FEAE o Qe 710l Basi.

2 =20A+= MLC STT-MRAMO] 27| FAt /452
FAAE & e de 25 "X 78] A3y 27] 7|5
(Dead Block-Aware Adaptive Write Scheme, DBAW)
2 AJoI3ICE. DBAWS 90 2 ARG 1A Sozjelm ot
= 7jA] 2 (Cache block)?l H& EZ& (Dead block)
[11, 12, 13, 14, 15, 16} EXx|slo], Tk MLC
STT-MRAMO| = 5-50] A& o] Qlo, 27| sA=
SLC STT-MRAM &0 2 w27 488stc},. ojof MLC
STT-MRAMO]| A7J=]o] T 7HA] S50] AAlE 4 UA]
O, 2 550] gl S=ol2tH FHA] tl=2]oflAf AMR|E] T
2t 5ol 2 TS £ St 2 AlEelHE
AHESE A5 7T AdolM DBAW 7|82 A2 55
A 17% FA2 4 e Aoz SQlEgich

i

|
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II. Background

1. STT-MRAM

STT-MRAM2 Aj22 B3y oz 7]&=,
SRAMo]| vlslj 2717} of¢- Afar, 9171 A AIRE (Read
access time)o] SRAMY} QARSH &0t [1]. EsH A
A MH AW (Static power consumption)?t SRAMYE.
ot oje Act olgst EHo=z Qls STT-MRAMS
SRAMZ thAllsto] th8F 7HA] tl=ajol] AREE 4 Qs
Aoz 7tie]al Q.

STT-MRAME MT] (magnetic tunnel junction)
L2 AS goly A4S AxtZ ARSI Fig. 13t 2o
MT] A2 2719] ferromagnetic =3} oxide barrier
(MgO)= AdE]o] 9t} 2719] ferromagnetic = % &}
UL 1174% (reference layer)ol2til 510, x}7] ¥lgko]
H5HA] 9F=r} OF2 ferromagnetic 52 ALS- = (free
layer)efal stH, Ahg 59| AP7| g2 MT] Aof] A=
2 golE2 7|28 mj QepAlc) MT) A 71y 50| 7}
7] Ut get e A AEE 7 & e, ol
Fig. 104 shdmz mA|Eo] Qloh. AMRS H 139
A7) o] 22 U ROz #AND T MTIO] A
ol 2, & 5o 2P| o] M2 g i (R1ez
HANY T= MTJQ] Agzto] =0

High resistance

Low resistance

State ( R,) State (R,)
Free Layer
Turnnel Barrier
Reference
Layer
Fig. 1. MTJ
Fig. 2% OdyA  EZXAELS MTJ2 FAH

STT-MRAMo]| tfjst 5713l 20|t} STT-MRAMO]| A2
2 32 7125P7] SN MTJO) A3 AlENS W7sp]
of FH5 AZE S MTJoll AR AF7E ZUshor &
o2 Sol, MTJo] A3 e} ROZ W] sl
1= 2AYL B 2ol (BLO] Wt 24 el
SL)e Zxlo] @zstel BLOIA SL Wl AR(L,)S
ZQCE MTJO] A3 JEj2 R102 Wstel® AUS
S A gste] SLoA BL W3oR ARpE FUd
97] BAE 7] BAH SASP Sk 5, MT)o]

&

>

—
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H2 AR (IR st HR 5571 (Sense
amplifier)E AF&50] V2 30 =M MTJ2] A3
FJEIE B45te] AgE w2 @ =k
IW
we —— k&
Al R,

Fig. 2. Equivalent Circuit of STT-MRAM

2. MLC (Multi-Level Cell) STT-MRAM

A} STT-MRAMO] Blo]e] WES 0]7] gls) & b
EZS A& 4 9= MLC (Multi-Level Cell) MTJ7} A|
et} MLC MTl= Ak 52 st= &=dQl (Hard
domain)it AT E TH9] (Soft domain)O 2 0] &t
=% 418 Sllel 1] B8 ApERO2 Wi
24 W71 Th M3 AElE 71 4 ot Fig 33t 2
o] MLC MTJ= 47}X] A& A (ROO, RO1, R10, R11)
£ Attt MTl+ 47H] A 8 So1A RO0 ZJE(9]
ARkol 7P =L R11 AJEje] Agztol 7 =tk

Hard domain ngt domain

01

Fig. 3. MLC MTJ

3. MLC STT-MRAM Read and Write Operations

3.1 Read Operation

MLC STT-MRAMS] @17] =&t (Read Operation) o]
A R ah 7]k 2 AepEirt (Fig. a)l2). A WAl )
oAM= MTJof| e7] ARE 79U Us, 7= V=
V., ,9 liste] sk ujolo] Al] Wars Ay,
5 9 DA 7] ARE Al 2t A, 729
Ve Vieps B2 Vo p ot 811510 ALE EHQIO A}
7] ke AREt geba, SLC STT-MRAMECHMLC
STT-MRAMO] 27| X|&A|to] of 1.58) Zct [3].

3.2 Write Operation

MLC STT-MRAM®] #7] =&+ (Write Operation)&
28 AF Yool ue o2 S (3], SR A
Bl ROO E= R110]% St wofolut ATE FujIo)
x}7] H]—o]:o] 71—@& MLC MT]Oﬂ l.:._ /\Hxl Hve =
Usto] St= Ul ARE EHRIS) AP BIRFS EA
of Mi7dslc} =m &g} AfEj7 ROL E= R1091 A0 =
27] gAo| & HA= At =, A A BACNAN =
o Aoy Mae Zqsle] ALE 9 sl £ujelo] AP
SRS WA F, WA O e 290K AR
£ FUslo] 21E Sujol] A7 st WAARICE, o}
2hA], 23 A3 A7 RO £ R1091 73-20|= R00 &
= R119] uls} 27] $2F AlAxZIo] of 2u) ek (3],

SlS Eujela AnE sujolo] x| Wk WAL
mf AFRE= AQR] M=o] 37|71 th2c) Fig. 4bojlA
2 2 9l Zlat o] ALE EHjlo] it A9H FR
7} st ZuQlo] st A% Ago] uls) A},

Yes

Rl() RO[ ROO

) Read Operation of MLC STT-MRAM

‘_664M_‘

ae)

‘ o 567HA_>

) Write Operation of MLC STT-MRAM

—vrieoz —.
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Fig. 4. Read and Write Operations of MLC STT-MRAM

4. Data Mapping for MLC STT-MRAM Cache
MLC STT-MRAMZ ARE5to] 7HA] Hl22|E 191517
HsliM= 7HA] =5 (Block)Z MLC STT-MRAMO]| AMef
5h= 2 (Data mapping) & ZA7Jsliof sttt 71 712
A1 Hloje] AV W og A AMY (Direct mapping,
DM) ®5go] ot (Fig. 5a). o] WHofA= shte] MLC
STT-MRAMO] A& & bitg A7Jeitt. TabA, she]
7JA] B2 (64 Bytes)o| 2567§2] MLC STT-MRAMo] A]
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Block (64B=512 bits) RS S———
[o[1]2]8[4a[5] [ s1] ! Soft Domain
| Hard Domain
Lo MLCSTT-MRAM NSNS

Cache line _ oo oo oo o e e , Sxheline _______________ \

I o 2 L4 51001 1 0 1 2 255 11

H I | | S st} [2se]l2s7 ] [258 511] !

(a) Direct Mapping (DM) (b) Interleaved Mapping (IM)
Cache Line
[0 " 1 2 2551 __I256 {257 Q1258 0y .. N ___ 511 |!
(c) Cell Split Mapping (CSM)
Fig. 5. Data Mapping Schemes in MLC STT-MRAM Cache
JEth. DM W2 7P ©est giolg AP wrgol x| gt o= 52&88Y 4 oy, X9/do] & 4%+ 71Xl 0]
H7|et A7) FAo] Qi Ael= o] Qltt A g0l 34 571 2 4 Q= @0l Sl
oA A Za} o] MLC STT-MRAM2 AZE & CSM oM = she] 7HA] E50] of2f MLC

oQlo] cist A9 AR7} sk EHQI) gt A9 STT-MRAMO] AXLE £HjQlojh el it st &0
ARuECtAlCh E3 7] o] ALE wojlo] A7) Qlojlek AL (Fig. 50). CSM WL 7] 230 &
Sapnh WSt 2] A|Ae] SLC STT-MRAM — ZE  mojeloeh AAFEic »7] A|gARe] SLC
47082 gobd 4 9tk ol2j3t MLC STT-MRAMS]  STT-MRAM 5402 Aol Ao it strlqt 7}
542 &8sto] MLC STT-MRAM 7jA] tl22]e] /45 Al E50] ste =OfQlof] AT A7) XA
BoouRl &g4e A @A AW WY DM 9MECE o Zoja) gk 3 olgk sle o

Interleaved mapping, IM) ®FH[5]x} A 23F AW
Cell split mapping, CSM) ¥l#[4]o] A|Qote]oict.

M oM = 7HAl &5 (64 Bytes)o] Ayt
(Half-Block, 32 Bytes)2 st= =ojQlo]l A|%he] 1 L]
A] 7ZA8K32 Bytes)> AmE wHQlof] ARt (Fig.
5b). gHof, AmE wojQlof] A7 Hlo|E gt Ao|EE
7] A|AA7ES SLC STT-MRAM £&08 s
o] It} sHX|gE st= wQlof] A7 dlo]

E7t gHilo|Ed 9= DM WrioMerdo] 27] S4F

(
(

o] @2f Aol Dol Aot
oj2ier IM o] 2 Eol7] Hsll tlolHE 2t

F712 FFI AnE THQlofgt Ho]H & 2A&% s}
+ 7ol Aet=lQict [17]. o] 7|82 HlolE
o] &= oflF2Aloldol tishA=
Aot A ok ofiEE] Aol
DM 2t RARRE A5 Qusi=E
IM ¥o] @2 £0]7] Hfet thE WU
= 37| (Dynamic block size, DBS) 4
o] Wolx= 7IA] 0]A (Cache miss)7t
MMl =5 A5 (64 Byte)5 7HAlOl A7JSHA] AL, Q78

H CojEP7t mold 25 JRAS AnE TRl A7)
Lro 7H 0o

ottt o] 71H2 wlR F mRlY A|F/do] W 4%

=

UF0|
(] 1. O
AO A0 E?:._‘

L. oOoo=za

1ol AP e ¥ Wl ATE =UjRle] AP Bt
T 7 el AnE THQlof] AgH A 250]
SAEY] dipolth TEtA ste =H)jlo FHAl 252
757 Aol A E =HQlo] MAH 7HAl 5525 HA
Aol F, ste =Rl thgh 27] SANS et
AnE zoQlof] e AFEo] U EolE
7ol B Qsict. CSM WHHo olzigh T3
71 %lslil WI¥isHAl  JHlolEElE FHA]
(Write-intensive block)2 AZE ZHQlo| XAlski
3R] o2 A 552 ste THQlof AFshAY (3],
7JA] Associativity @ $50] YE Qo= st &
gl AV Wayg AHESH] RE=S St 71Hol A
QF=|QITt [5]. SHAITE ol2fst 7HO] B&/d2 oiE2i7

olMe] v|we) Abg mEo] wret ofe oS 4 9lct.
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III. The Proposed Scheme

1. Motivation

1.1 Performance Overhead of CSM

2 =RoiE CSM el Bg Fushe 7Y e A
Rttt AIQFsh= 71%oll sl Adrgstr]of] UAl, 7]&Eo Al
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QIEIE CSM W9l ds eufs]=o] djsl ASH.
Fig. 6= DM Hdf#o] A8 MLC STT-MRAM 7]yt
Last-level Cache (LLC)Q] A5 H7} AFZALE BojE
ot 2 Agoll= SPEC CPU2006 ¥IX|ut= -t 22} Aok
ARl 157} WiR|up=7} ARRE|QITt. RATE R EoA &= &
U3t HIXOLEE oh2 Z2AA FojoflA] A3Pstal MIX
REoAE ZF ZEAA FojolA A2 g RIR|uEE
A1e3stelt). Fig. 6014 = 4 Q= 2t Zo], CSM %y
DM 8} 1} 6] 51H RATE @ E0jA= oF 7.6% U] =
gL S HojZ1 MIX BEO|AE oF 12.6% =2 As
HolRolch CSM Hi9) 2|t /d5= =elsh] ¢l
oE Dﬂiﬂl Qo] tist glo]Ej7F MLC STT-MRAM 7]
Hh [[Co] AT E Tojolof|A] AFAtE]o] 9l o]ArAl ol A
< (CSM-Ideal)oll tfsh ‘d52 Bttt Azt
CSM ¥}2 o]AbA0] }\1—9,]-01]}\1 Aoz Ao) 84% A

oD
=
O X
=

o

thetsi] TM lae xuﬂq

BmDM OCSM mCSM-Ideal

SPEC_RATE SPEC_MIX ALL

Fig. 6. Performance Comparison of Data Mapping Schemes

Access Interval  Live time Dead time Reload Interval
/

; , ,
Loaded / /’ Evicted Reloaded
! ’

7
[

Life Cycle of
a Cache Block

A A A A A A

Fig. 7. Life Cycle of Cache Block

1.2 Percentage of Dead Blocks

WAl t=2jol] AMAfE 7HA] S5 (Cache block) %,
Aoz ARRHA o= A 252 = =25 (Dead
block)o]2ki gtct [11]. Fig. 72 7HA] 20| 7jA] =

2]of] AgEof AbgEl= I® (Life cycle)E EOo{&Ct
shio] 744 222 7] wRalo] XA 5 (Loaded),
et o g UAXst 27| (Access interval)E Zril F
"ot 7IA] 552 ARl R 2UH FHAl wA| A
(Cache replacement policy)oll 93l 7HA] Wl &2]oflA]
A7 (Bvict) 7] A (Dead time)7HX|= 0= 7HA] O
Q2jof] A "ot ol2fst gl 50] 7HA] w2 Y
of ol EXstl "t 7HAl W=} F7to] FH]E]7]
ol & 552 Aot ulg] 7HA] wl2afoflA] |~ stH
A H2e] des THAIA 4
=5 oI52 guRlor EA 7IA] 259 2HA A
e HHE% grssted ZF 7HAl &50] HE 2508 He
AR oEche Wi o 88ET [11, 12, 13, 14, 15,
16]. Fig. 82 A7t 718t of|&7] (Time-based predictor)
[15]Q} A% 718t o]&7] (Counting-based predictor)
(1415 e AHEstRE ©, LLCAl A 7HAl 25 %
e 5502 o5 559 vl&2 Bol&tt o] 13
A = 5 %0l ZF FHA] MIE (Set)] &5 % Bt 45%7}
e 5502 o &L, Astar YIX[0F2LY] 742 77%
MM 250l HE 2507 JFEH:. ol2fst HlE &5
= Yoz ARBEA] OfF &E0] U =0 U2 JiA] H&

ZolA] AAstel = ol 2 YIS FAI et

Percentage
P

mcf
gee
hinx3
FDTD
lie3d
ADM
sm|
zZip
sta

Ibm
soplex
milc
p
|
les
s,
ze

omnetpp
s

libquantum
Gem

cactu

Fig. 8. Dead Block Ratio

2. Dead Block-Aware Adaptive Write (DBAW)
Scheme

2.1 Overview

CSM whH-& AR8$t MLC STT-MRAM 7iA] W 22]9]
Ao TZI7] Yol 2 ==2ollie de 25 87
7]dke] A28 7] 7]¥H  (Dead Block-Aware
Adaptive Write, DBAW) 7|¥HE& Attt (Fig. 9).
DBAW= fj& 52 g 9o w2} MLC STT-MRAMO] A
7] BAE 7Rl oR efske Zolt). CSM W
Me ste =Hijlo] AMSH 7HA] 552 FUolES b,
g 22k 9 T ¥9] 2] SAg 2985H |

o 12

1] SRR
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of. 7 o]f st= =oQle] AP] W BAY o &
LE Tujle] AP| WFe 7 WAEY] o, k=
zuQlo] AdH 7iA] E52 YUolESt H, ATE &
gQloll M7gElo] QIE 7iA] 552 =ol Fof 5] o
ot} ek, AnE wuolo] A4 7iA] 50| =
559 49 ot= =uijlo] A% 7iA] £52 Aol
ESH § ALE TOfolE SUsl & a7t Qity. L o]

+ HE 252 Ht ARBEA] U 7K 5017 o
wolt}. meta], DBAW 7[HollA= 7] FAto] slE =
oQlo] A7FE 7HA] 255 QGUlolEY o, Tef AZE
cojQlof] A= 7iA] 250l Hl& 559 4-2oll= SLC
S0 7 war 27| A} (Fast write)g 4831t 0]
) ALE zojQlof] AgEo] QIE TjA] E5-2 AR 7]
iZoll sig 7HA] 2kl (Cache line) AE}S H|ZA
(Invalid) AEj= ¥H73slc)

|
|:| Valid Cache line mapped to hard domain :
]
: Valid Cache line mapped to soft domain :
]
]
]
]

Invalid cache line

After

Way0 Way1
Y Y Write

Way2 Way3 Way0 Wayl Way2 Way3

Setn Dead

A A
I

Fast Write
(1 steps: hard domain write)

Slow Write
(3 steps: soft domain read-hard domain write-soft domain recovery)

Fig. 9. DBAW Overview

2.2 Dead Block Detection

DBAW 7[ojlA= ALE THolof] A7 7HA] E50]
t= 25UXIE ofl5slof gttt o]& Hall 2 A+olM =
Algs 718k o571 [14]F AIZE Z718E o571 [1515 S| AHE:
sto] e 552 dIEsiit AR 718t o571 7HAl 5
o] 7HA] Himajo] A7gE]o} AREE]l= ARES S-St
o] AIZHY] & vl <t sl 7HAl EF0] HIER] 4o
255 U £50% Y&t Al VI8 &7 =
7 7IA] 2501 7HA] Hl=2fof|A] AIAE]7] Z7HR] B
© SIaE V=R sl E50] TAl ZHA] l=e]of] A4
Elo] ARgE o, 1 7HA] 259 ol A SlaE ARSI
I S50 HE £508 He AFZ A&

ARE 718t olE715 -ish] $fal 2t Bl QIEZ] (Tag
entry)ol= %= 719 7}2H (Time counter, Access
counter)2t & 719 HRA|AH (Time register, Access
counter)?t 71t AIZF 712H (Time counter)= 7j

T
rgd Ron

dlm

Al 59 &7 ARE (Live time) (Fig. 7)& 735171 $sh
ARG} o] 7R 22 574 AIRE 714 (Global tick) 2.
2 Z7tsith A 7HEE| (Access counter)= 7jA] 25
o] A s1xFig. 7)5 575171 9ol AR sl 71A]
S50 tisll 971 E= 7] -S40l 238d woj A2
7H2E A2 BRI ARRE 7HREe A 7HeE = 25
23} 7}2-# (Saturating Counter)o]7] wjZof] Z|tjgto]|
CI5tH Y= 57I5HA] o=t

7IA] &0 7HA] wlzejolA AAE o, i 7HAl =
=of tist 7128 e 7HA] ol2ejolA AtAlET). wet
A ARE 7HzERE AT 7HEE e WY wlea]o] X%
gt 7HAl E50] ZA] mlmejo] oAl AgE o
(Reload), ©Ql wlzejof] A7=lo] JE AJZH 7h2-Efet
A 7HE w2 9o] ARE X AE L " A AR
A7ttt o] & HXIAR AgH 2 sl 7IX] 25

f

ol HE 250 He ARS 52 o AR

2.3 Proposed Write Scheme

Fig. 102 CSM ¥#-g A235t MLC STT-MRAM 7JA]
ol 2a2]olAe] DBAW 42 AHeth sAfeolnt. 271 @
d(Write request)?] tjgo] &= 7IA] £50] AZE &
HiQloll Ao} T 718 CSM HRoAAHE AZE
ToR1e] AP7| Bt §i7dshy| o), 27| FAR whe
Al 53831} (Fast write). 7] Q7o) tigh 7)A] 2-50]
ST ZofQlof] AgE]o] QlOH, 27| FA2 ALE Lo
ol A= 7HAl 52 AJEjoll wet th2A] Se8E;
grek, AT E ol G835t 74l S50] ARk o] QA
A (Invalid) A7 7jA] 250] & &5 Ae2td
27| A wWEA] £385H (Fast write). 9HeF AZE
cojQlo] R&E3t 71X S50 AE0] )l 1 559] 4
Bi7t Ble 250] ofd 4ol 38Al 7] &4 (Slow
write)Z 3L &, ALE wOfQlof] A4 7HA] 25
< 92 3, ot =ujlo] AH 7iX] 252 AUlolE
St opR|efo 2 def] AT E wujolo] AGE 7HAl 55
2 Tl 2AZE TofQlof] A7dgtct. ol2igt 38 27] &
Ar2 AlZro] el Aejal A7) AR 88 FQ1 74| B8
3 (bank)ol] oA+ A2 A71 27 (Read request)
S AT & glonz Hs3 the HarZ 4 ok o
2tA 3T 27| A9 8 BlaE FAcht £ TS
te &5 o523 J<s a8slof gt

— 27 12 0~ “
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Fast Write
1-step Write to soft domain

Fast Write
1-step Write to hard domain

Fast Write
1-step Write to hard domain

Yes
Yes Dead block in
soft domain 2

No
Slow Write
3-step Write to hard domain

Fig. 10. Write Operation of MLC STT-MRAM
Cache with DBAW

IV. Experiments

1. Experimental Methodology

DBAWS] /35 o2 7157 ] sl USIMM [18] tfl=.2]
AlE2olElE 79teR tRe] A|AH] AlEo]EE 7St
et USIMME: =Pgsto] m2AA Fo] 3 7jA] | 2als

Ddstgict L2 A= 8]&XPA AdE (Out of Order
Execution)& 22 sI9ic}. 7HA] o@e] 222 LRU,
DRRIP %! DIP2} 22 thefet 7HA] wA RS R4ttt
2 Aol Aol ARE AA% e B 19
Qorglo] 9t} MLC STT-MRAM 7|9t LLCO] 7] EARS.
o 7HA 250] o =HQl (ALE Fi= SIE)of] AMYEE
Alof| wet ohe B AAART0] A8 =5 25

‘ds B7HE sl SPEC CPU2006 HiIX|oj=0f|A]
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Table 1. Simulated System Configuration

Number of Cores 4
Processor Clock 3.2Ghz
Issue Width 8
L1 Cache 32KB, 8-Way, 64B line, 4 Cycles

L2 Cache 256KB, 8-Way, 64B line, 12 Cycles
LLC (MLC STT-MRAM) | 8MB, 16-way, 64B line, 8 Banks
Read Latency (cycles) Fast: 15, Normal: 22
Write Latency (cycles) Fast: 49, Normal: 95

Memory Bus Frequency 1600MHz
Memory Channels 2
Ranks per Channel 1

Bank Groups 4
Banks per Bank Group 4
DRAM Access Timing:

tRCD-tRP-tCAS 22-22-22
tRFC/tREFI 350ns/7.8us
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3. Impact on Miss Rate
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Fig. 12. Impact of DBAW on LLC Miss Rate
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4. Performance
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V. Conclusions
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