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of Nonvolatile Memory Based Caches)

=| = *
Fe4 2 o s s

(Yongsoo Joo, Myeung—Heo Kim, In-Kyu Han, Sung-Soo Lim)

Abstract : Nonvolatile memory (NVM) is being considered as an alternative of traditional memory
devices such as SRAM and DRAM, which suffer from various limitations due to the technology
scaling of modern integrated circuits. Although NVMs have advantages including nonvolatility, low
leakage current, and high density, their inferior write performance in terms of energy and
endurance becomes a major challenge to the successful design of NVM-based memory systems.
In order to overcome the aforementioned drawback of the NVM, extensive research is required
to develop energy- and endurance-aware optimization techniques for NVM-based memory
systems. However, researchers have experienced difficulty in finding a suitable simulation tool to
prototype and evaluate new NVM optimization schemes because existing simulation tools do not
consider the feature of NVM devices. In this article, we introduce a NVM-based cache simulator
to support rapid prototyping and evaluation of NVM-based caches, as well as energy— and
endurance—aware NVM cache optimization schemes. We demonstrate that the proposed NVM
cache simulator can easily prototype PRAM cache and PRAM+ STT-RAM hybrid cache as well as
evaluate various write traffic reduction schemes and wear leveling schemes.
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class nvm_array {
unsigned char* data; // for fast simulation

unsigned int size; // byte size

public:
nvm_array();
~nvm_array();
void write();
void write_invert();
void disp_wr_cnts(unsigned int direction);

void shift_wr_cnts(void);

unsigned char* _data; // for exact tracking of per-cell write

unsigned int cell_cnt; / memory cell count including inversion bits
unsigned int invert_coding_unit; / 1: enable, 0: disable

double average_wr_cnts_per_cell(unsigned int direction);
unsigned long long int tot_wr_cnts(unsigned int direction);
unsigned long long int max_wr_cnts(unsigned int direction);
unsigned long long int min_wr_cnts(unsigned int direction);

struct cache_block {
Addr tag;
nvm_array *_tag;
nvm_array *data;
bool dirty;
bool valid;

(b) NVM cache block

class nvm_cache {
unsigned way_num;
unsigned int set_num;
cache_block* cb;
nvm_cache();
~nvm_cache();

(@) NVM array object

(c) NVM cache

a9 1. NVM 2=
Fig. 1 NVM class

1. NVM 4 cbe] M7 3l =
Z}zko] NVM Alwity NVM A7) 243+ E
=3to] Fgg 9 455 Addo. 19 l(a)«]

NVM Hjld A= 3 98 Fdsta glon,

Lo Arl= dlolE d92 AMAF TtE 0}‘:}

(unsigned int size). H|°]E+= CPU E+ H EF

T e FAHLAee] Sl AHZEEE  violE

G2 AFE o] 9lev(unsigend char+ _data), 2

Zke] NVM Almit} 227] 3|5 7]|F317] 913 1]

E g9Ex EFoA AA¥rH(unsigend char*

_data). NVM 7|Al= 227] 34 A4S 93 g

HolEE invertAlA AFA7]% data inverting 7|

HoO[18, 1915 AR&ste=d, ald 71sol &3y

ol EAE oFE YEllr] A HE HEE X

ﬁn“'?}‘:]'(unslgned int invert_coding_unit). NVM 7}

TS HtekA Folx &

H| &4 5} 5} o]

AEUOIA SEE ol EF WAL,

5 7|5

A I

2 Mg MA J|uel NVM ZE

NVMe] QubsQl 44 maed NVM 242
(29 10), 28 1DE Aoleta % F4aid]
PRAM, STT-RAM, ReRAM &9 t}est NVMO
= 34 AeREs s

e NVM FlA] & 18 1(h)E NVM 74 E=
< x¥sted, 99 Fad o4& ST AA &
=25 2] 9d tag o]l Addr tag ®HFe}
nvm_array *_tagell 2tz 7]E5" . Ax= A

T2 AAE w2A AlEwelMdstr] A viol
E 9= tag @& A Fa= tagel
et NVM Ao 7] 3]+ 45 8 v E
R = tag S FojA AT

e NVM 7AA: 23 1(c)e= NVM ﬂw B255
a7 FAste] NVM 7iA AAS Fdst=d,
A Al AAd = sete] 7W4(unsigned int

set_num) %} way2] 7N 4=(unsigned int
way_num)®]  #RbEel A BF 0 i
(cache_block* cb)ell gk F¥QIE|7} AAH ]
Rnom, AMA x7|s D dE WY vhdS

AR AAer A Tt E Al A

& i

)

1}(

o o
o

Inoo o
ol¢

ol

L

do

1o 7} 3t



90 HIZZA 22l JI8 HAIS MI| &Y XESE S HAl AIZHIOIE &
3 1. PRAM 7|8t 7jA1 €] A5, oy, WA wdE
Table 1. Performance, energy, and area model of a PRAM-based cache
| Timing value (unit: ns)
Twsor 05 Tadd 02 Tya + Twl_d 2,05 Tpcm_rd 0.82
Teha |04 Tieca | 12 et 150.0 oz 148
| Energy value (unit: pJ)
Eset 45 Ereset | 69 Epom_rd 0.82 Eqdd 0.026
Eomuz | 00192 Esq 0.535 Eyg+Ey_q | 233 Esh_g 0.0136
Ept rq | 536.14 Ept wr | 537.187 | Egec + 0.097 Esp 4 0.0136
| Power value (unit: nW)
Py 125.67 Py 15115 | Py cbs x wds x 8 x snum x (1.42877+352.8) | P,q 15.175
Py, 17771.8x2
| Area value (unit: um?)
Apem | 0.06075 Ayd 31617 | Asa cbs x wds x 8 x snum x 25.1364 Agh 85759.9922
Agdd 313 Awsor | 3.6855 | Aomuz cbs x wds x 8 x snum x 42.93

X 2. PRAM 7iA]2
Table 2. Major components in a PRAM cache

FQ FALA

oA

Component Meaning

WSsor wordline shift offset register

add adder

wd decoder

wl word-line

sh shifter

omux output mux

set PRAM set operation

reset PRAM reset operation

sa sense amplifier

ht H-tree route wire

pcm PRAM cell
AR, AH HE (static power) AL, HH
of Wizt TetwlE o] TR/ dAgtSs HoFi 9l
o

AlEdolHE AHgshE ATAEE PRAMET
olg} STT-RAMolt} RRAM % thksh NVMol
diste]l 3 19 Ty @S i NVMe] 3HA
ARgozM E£HA MRS NVM AAE F+a
T Utk
4. NVM & X35t 7| x|

B oAolA Ed NVM AN AlEeelE:

Ze NVM 7]k v xg
A Alet"kl RBW (read-before-write) 7%, DI
(data 71, B2 AZY  (periodic
block shifting) 7I¥ &< 7|2H o2 AFgc), oF
gol 2=EE 7 71He e WnEW ol&

Al At [18-20]

inverting)

7

= =

i

00101000| Cold value)
10101100| (new value)
0101 00| (redundant bit writes)

% 2. Read-before-write (RBW) 7%
Fig. 2 Read-before-write (RBW) method
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Fig. 3 Data inverting (DI) method
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Fig. 4 Sub-block DI method

® DI (data inverting) 71¥: DI 7| LS 7]&9] 1
ol ¥ A= dHolE %9 HD(hamming
distance) #= WA ARt HD gho] 9=
azjel A He A9de Az dely @
AAE HAZe dngFoEN HD g At
olatg =Y =
28 45 [18, 19]9l4E NVM 227] 3+E
Zo]7] #13] DI 71HES A8 S AL
Iy 39 deAe= 71E #Y AR e v
3 A3 8HIE F THIEZ}F t27] wiie] HD
gkol 7ol W, webx dHolEE WHAIA A%
3 Ay HF HD ko] 10] ¥
o dlolHE vHHAAA A=A
F3}7] 9138 F719] inversion status Y]
fatA Hi, wEA g Y=o HE
Z7ree & HD 3= 27 38 =

® Sub-block DI 7|®¥: & 7|A] Al &z o]
Z inversion status MEE 3 93t 7]
A1 DI 718 9ol ahte] Y=o 270 oo
inversion status WEE 939 F7}=2 HD
#e =9 4 U= sub-block DI =X A3}
=2 FHHYc. 2" 49 F 9 inversion
status BIEE 3tunt gE A9 HD gto] 4
oAl inversiong A& F U5S E F A
d], 4¥]Ev}t} inversion status HIE 3

A 571 NVM AS Agshe

n2

9 >
ooz
1\1 i~
o

}

fload N

i
so, ol

v}
Ir e
o B

lo g |0

rle

A M1 M 2s 20169 43 91

= AT HD @S 1744 29 5 4l
Hojrh

e HEFQ A|ZH (bit-line shifting) 7I¥: NVM
NNE 54 NVM Ao dHojer} HFHo=
2ol diow g i AsE WA
Al doudy V1HE HEsA Hed, 2
NVM Al AlEdolHe ZZe] Al E=d
sk dojads 5235 A7) 98 (18194 A
Qkgk HIEZR]l AlZY VWS VEAHeR A4
et B EZ] A2 < AA BEnaict 7
Mz 27 A FFE Ae
FHEE 9 grel 54 frell =E#
E59] fe]g HEE @zt doz oA 3
AAZIE FEE H0 v 29 1@ NVM
AAE o2 HA7] Yl shift offset gre ¥
TR FI 27 Aol dA IewtE rAE
wjult} shift offset #*S 1% S7/MAZI=H G-
A= At

o J=g2l ¥ (word-line remapping) 7]1H:
NVM 7HAJol A &= HIEZR] A" 7]WHe] 2§
Heol z+ JhAl EF HRE 2] 57 dda
olF ol 54 A EFol 7] Aol YT H
o] “hot cache block”o] wAI3A =™, i
AN E5E e A BESET $Ho] FobA

A dd. [18]oA= o1& aldsty] 98 53

oo
tlo

Az A BB Fa AEE WRAE
Aedel PR AEe Adsden, & A
AgdolEE gl Pug EE 19 10)

V. At A+

1. PRAM 7HA]

2 ATEE NVM 7HA] A EdHIHE ARE3td
a9 59 e Fxo PRAM A [18]15 F&atn
3 Al wpbel o] PRAMS 7] EzY

m

& A F e FA3 7IH RBW 7Y 2
DI 7199 455 H7bsiolct w3 227 Egy ¢
S = o) Fo Zt AR 7] 357 BEH5E)
A wxsE TAE &43kEt] fge v EZQ] A
g 7y 2 gl g 7Hs Aesta 1
w2345 AFsdo. e a9 63 Zo] NVM 7)4]
AlEHUlH 2 heat-map 7lsS T3 AAZE A
A= o] oAwWA FAs=EAE A4 er g
A% = AT [18]elA Hig el eo]stH

Z
<
=

AA AH s 7IME HEehA] & v



92 Hil2d 2l I8 JHAI2l A0 A ZHSE fA8 HAl AIZdI0IE £

s 2! < AHS 7 QAR A A7]7F PRAME| 4w

- 2 - . NE AEg Acvh wEkA th4e] PRAM AN BFo®

2 ot s 5l 15 ElS 79| AN AEs shde] STT-RAM #7] 4
§ Tag Data é Data || Data | £ Data [ ﬁ = B

= ﬁ array aray | g| amay | cf aray | c| aray | ¢ ; 5 51-]_% %‘]- o]____ O}OIHE]‘: ;r—y_z_é_ ZHF:'uo]—O:] PRAM

2 I3 ° 2 i &
Sllveeep Ll L[ SR b STT-RAMSL ARE SAel AL 5 sk
Read-before-write & data inverting logic - PRAM+STT-RAM 3lo|HE = F|A1E ZZEE9

o Data Ba7] Yl NVM 7|4 Al Edol8E thSat 7o)
remggpeer Bit-ine shifter PR Y
19 5. PRAM WAl +2% [18]
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Heat Map of PCM L2 Cache (128 KB, 4-way, 64B)
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Heat Map of PCM L2 Cache (128 KB, 4-way, 64B)
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(b) Intra-cache block wear-leveling

Heat Map of PCM L2 Cache (128 KB, 4-way, 64B)

768 1024 1280 1536
(c) Inter-cache block wear-leveling

2% 6. NVM 7AA] A EeolH 9 heat-map 71%5. x5: A B2 F4 (&9 512 bits),
vE: 2 AN B W9 vime] A Fa (39 bit)

Fig. 6 Heat-map feature of the NVM cache simulator. x-axis: cache block address (unit: 512 bits),

y—axis: memory cell address in each cache block (unit: bit)
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way 1 way n
v d tag data v d tag data v d tag data
v d tag data v d tag data v d tag data

PRAM Partition

STT-RAM Partition

a9 7. dtelBg = AA el T2 [20]
Fig. 7. Cache line structure of the PRAM+STT-RAM hybrid cache [20]
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