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Abstract  With the rapid development of semiconductor technology over the past few decades.,
the performance gap between CPU and main memory in modern computer systems are increasing
substantially., As the traditional technology of main memory integration is close to its limitation,
the problem of high energy consumption of main memory is more and more severe and thus the
traditional main memory technology widely used is facing challenge. In recent years, Ferroelectric
Random Access Memory (FeRAM), Spin-transfer Torque Magnetic Random Access Memory
(STT-MRAM), Resistive Random Access Memory (RRAM), Phase Change Random Access

Memory (PCRAM) and other new nonvolatile memory with features of non-volatility, low energy
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consumption, good expansibility and anti shock properties, obtained the widespread attention
from both academia and industry. Among them, PCRAM is recognized as one of the most potential
and most likely to completely replace the DRAM as a modern computer system memory. This paper
first introduces the current development of PCRAM technology. Static Random Access Memory
(SRAM), Dynamic Random Access Memory (DRAM), Flash Memory (FLASH), FeRAM,
STT-MRAM, RRAM and PCRAM were compared in terms of various aspects. Among these
memory technologies, PCRAM has many excellent characteristics, including high integration,
low power consumption, non-volatility, and byte level addressing ability. It is pointed out that
the T structure is a device structure widely used in both academia and industry, and there have
been some PCRAM products put into commercial products in the application. Then, it discusses
the main challenges faced by the PCRAM technology, i. e. , limited write endurance of phase
change materials with at most 10® writes per bit cell before failure. Frequent and high temperature
quenching temperature crystallization process will cause the phase change material’ s repetitive
expansion and contraction, resulting in heating resistance occurred off, which further results in
the complete failure of PCRAM storage. Write endurance limitation is one of the main obstacles
for PCRAM technology. Moreover, the distribution of write operation will cause uneven rapid
failure of PCRAM devices. To address these critical issues, some representative PCRAM wear
leveling techniques are proposed by researchers, from both hardware layer and software layer,
respectively. The hardware assisted wear leveling techniques can be divided into three categories
according to the granularity: memory page level, memory block/region level and storage line
level. In general, the techniques in a finer granularity collect and record more information, but as
an side-effect, the hardware overhead and performance overhead is higher, and vice versa. On
the other hand, the software assisted wear leveling techniques do not need to be modify the
hardware. Based on the detailed analysis of the code structure as well as data access characteristics
for the application, it can accurately identify hot and cold data. Software assisted wear leveling
techniques can be divided into two levels: operating system level and compiler level. On the basis
of analyzing and summarizing the current research situation, we discussed advantages and
disadvantages of these techniques and briefly discussed the directions of further research, and
thus could be reference work for the next step of this field.

Keywords phase change random access memory; non-volatile memory; wear leveling; hardware
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JEHT B oA T RESE 2 DRAM 198 &L NVM
Rz

2 PCRAM W%k EE5H&

UTSEAE R B O T HOR B Uk R, — 2
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S B A 92 BB AR N E B AENH . FeRAM AR 46 T
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A B 58 4 & 18 DRAM 1 37 8 47 it $ R 2 —1°.
SR, PCRAM WAFTEE — LB B A & Z 4k ¢ 1l 02
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RRAM H €T 10 ns~50ns 10 ns~50ns 4F?~14F? 108 ~0.1nJ/b AR IR
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A TR AR ZS I B A 30 26 1 1 22 5 R 5 B B 3l A7
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Ge(In,Ag,Sn) {1990 First product (PCR: 500 GB)
1994 Powerful phase-change disk (PD: 650 MB)
1998 DVD-RAM ver.1 (2.6 GB)
/ZOOO DVD-RAM ver.2 (4.7 GB)
2004 Single/dual layer Blue-ray disk (BD:25/50GB)

X
1997 CD-RW (650 MB)

GeTe 1999 DVD-RW (4.7 GB)
1971 2003 Single layer Blue-ray disk (BD: 23.3 GB)
Te;,Gey;Sh,S, 1987 2005
seTe-5b,Te, GeSbMnSn
. 1991 Ge..Sh..
Tes;(Jﬁ) AgInSbTe GerSby
/(\\ .
Te Sh(Bi,Au,As)
AuTe, Sh,Te, Sb,, Te,,

B R BRI T

BNy N I el IS S S EANIER RO RS0
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10 FL B R B2 S AR R oA ZAE AR T L ) 2
2% In,Sn,Bi, Si,C 1 N %0 K )5 » % J5 1 0 F8 2
WA KEENRT. Hite g 2l T
PCRAM HF5¢ Fl#5 £ il 4670 . k4, PCRAM 7
R4 AR AS T o 6 B3 46 R T RN Th 6 45 5 T AR 2 40 A
Z 0. Y HTHRSE ) PCRAM R 388 b 45494 T BIZE
Fa CHJ) B 45 780 55 4 | - Trench 25 ¥4 | 33 2 352 fih 784 4%
FA) RSP T 45 # S50 Ho L T RLSE M 2 HATE AR S
FF= Y T2 SR FH 00 A 465 4y 58 g DS el A L K
FARE 2 F0T00HE A S5 = A 0 o A . T AL 85 4 1Y
PCRAM frfig oo W 2 .
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T = 22 . A% A W R T A [ ] 5 B8 ARLAN T] P
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73 5 52 B0 HE AN ) B AR M ok SE R Y. Ge, Sb, Tes
Si, Sb, Te; Al Sb, Teg % AH A% b1 kL 7E W i — a2
) FRRE T » 23 7EIE i AH 2 TN 45 I A 28 2 ) 52 B PR
TR SN VE | S R A IO O S = e R
FARHTEE fi AH 2 I 52 B0 2 SRR B B Y
FH BEL{HL s 7E 45 i AR A e 52 B0 o 4 e i B IR
F8y R BSELAEL 7L DRI ] DA ) 0 et R 2 R e IR
AHZS T GY R 2 B 2 0 A S [ o BELARR P R 4 i)
7N it Sl ) B

PCRAM HAG 4744 ae J1. phoe £ W], 2 T
20nm LA A K AF I T RSF L PCRAM 4R
[ AE At 85 B2 K 29 2 DRAM AR 16 £57 7. R 51
Hb L 338 1) PCRAM A7-fiff 5 0 MR 418 AH 728 B4 R} 4 72
AV A R 25 2 it A 25 T o R S s 2 O AN [ R
R PR 2 I (B A A7 (H 2 5 S R 2 A R (i
Ge,Sh, Te; %) H 2= M BB AR 7 L 57 » 76 JE S AH A F 45
pi AT 285 9 o A A8 ) 6 00 S 1 fLBHL 22 S W] LG E) 5 A
Bom g B Z{HAAME 1707 PCRAM Z{H £ i
AR S F) AR A2 B RHTE A [8] AR 25 i L AR A BEL
ZHMPERZR FERDFEHR T ESZIHMWA K
LA REIR S FT DLZE I R T2 A Z RN L T
A7 fith B T 2 S A Y A0 ORI T RE 8 3
b B R A 0 00 R RE L R R B L R AT i A
i PCRAM f£6if 4 R 1) 5 BEHF 52 Jr ) 2 —175 %,
PCRAM f7fiff 5170 52 B ERL [ 47 fitf CRP AR A7 it #01 —
W At COUELAEfiftD 1 F BEL 20 A LB B A7 i BT 45—
W 47 fith 500 2 8] 10 4 T 18] 3 s

PCARM HAT RUFHYAES AL DF52 W], PCRAM
AN 5 D A HAG, T EL AR 2 A R OIR S R
WhOE REEREM T 120C BB fEH B
1) A R AT AR FE 10 4FE DL EOR S, T B A R 5
9&1@[83]'

»

() b
3 PCRAM 17 f# ¥ 50 ) WL BHL 43 7 A1 SLC/MLC #% 5

PCRAM P HAE 5 R Pk A7t % B v L D FEAH
AR YU TS 200 R et A G Ew T
(& R 5. {H )2, PCRAM 4 i b 1 I % 18 2 #k
0% s Fe— S BT 5 45 AR B R B ) B ) A R ARG — IR
EAER AT EAED 50 ns~120ns A 858 i H
S5 APERS 25 H A 0 AH AR BB ] DR 2 S
FEAE B UOBOR 20 105 k. PCRAM #3253 )3 & 3
KU 4 Fs.

z A RESET pulse
5
g SET pulse
© g | {
READ pulse \ \
>
TRI",SE T_MIN TSET,\/I]\/

Time

4 PCRAM [ 5 B[] J 2 #E /i 25

g5 B PR B AL i A R 1 BR 0F 9T 5 SE PR
F S IEHESh 3 TR 2R G0 45 40 1) 28 0 R I A74 g
RO TE A R T B g6 fE M e R BRI = 2 —
) PCRAM $Z R, 5 1% 52 i) DRAM S5 17 4if £ AR AH
LU o 5 A7 fith 25 B RN D) FE J T 3 B A A B R A
S N W RS R VNS S S S I =
DRAM , fie B Kk g ¥ ) A HOR Z —.
2.2 PCRAM Wi

FRETEHARSGE LR, 3 20 ke gk
JEE T 9Kk m 9, X 45 PCRAM 47 3k TR TR A 1
KR, AR SR 7l A #R 5 %) PCRAM A 3¢
e SN HBEA T KREWE TR T ZmEA
MWFFE, IF R TR 2 s Aok, RS &4
I U o 7 O AR L AL 2011 4R, 25 [ ) IBM
v AR A 90 nm CMOS ffil i T. 2 % 52 T PCRAM



10 #4 il R4 % . PCRAM R 1 15 F 5% 45 34 2301

() 220 B e i — X AL, S B T PN AR T B £
PEE ARG OF B AR R R BCHE 1Y 2 B AR 18 3k 3]
Flash(NAND) i) 100 fi5 A |, i% 248 5 B K 2R
—TFHEE R REN LR E S E AR
WEFEFT IS S B B o 1 5 — 3k R B
PHPACE) PCRAM i B 4 fE 5 3] 8 MB, Jf H B %
PEE AT I AESY . 2012 4E, 5 E 1Y Samsung
NI & Rl N B 5 Y ol F A Y R B vy
20nm. %5 K 8GB i PCRAM i K10, 2012 4¢,
) Micron /2 8] & A i 7= il i T 250 45 nm 5 5
7 1GB ) PCRAM 75 K570, 2013 4, Nokia 1F 206
Micron /A #1557 1GB+512MB fi§ PCRAM i
AT Asha ZF1FHL. 2015 4E 7 A L Intel
25 F) AL Micron 2 Al BE G & AT T 4 T8 & L& W)+
BHE) 3D Xpoint £ A . H 52 B A7 I BT 8 4% 1k 3|
WA FE F Flash (NAND) # [# 2 i £ (Solid State
Drive, SSD) 17 BC# & 19 1000 £ LA E BF 58 A ik
R X B A AT R AR I = AR DR AR Al B AR S8
i 1 TR S =2 — » 78 7 ol g FH 5 T B R R
A5, 2016 4R 3 H LR E R IBM A H B A E & HE
ik 80 CHy“ il "R T . 5L 8 1 4 PCRAM ¢
it 550 3 bit fE4if. H 1 78 X FE 19 268 % BEKF T
PCRAM i A & £k T DRAM, 5 Flash f#y

crystalline

amorphous

58 FH A FEE AR H5 1 2k 52 B R R ASE i ol oL A 1 — A
R,
2.3 PCRAM Il 19 Hk &

AHAZ AR LE AF i A 2530 R 2 A AR s i FBEL T
TESS b AH S B A B Y Ha B PCRAM A7 iff 7150 3t
S A A28 AR 235 b A ZS A0 A ff A 28 22 18] i v B
ZRAFIR 0/1F5 . AR B B AT
ERAE I, 56 25 A8 A Rhite i — S B Y H s L AR
o 0] HC v L 23 ok TR HG R A T e L BELDIR S (GROR
T 07 3 S AR H BELAR AS (R U R
I IATE 1 ERAVE R, 25 AH A4S BRI in — A B (8]
R AH R BE o S 0 H K e E AT A 18 A IR
AR EERER T RE BTSSR E D B
AR EE VLR 3 58 B il 45 A 2k B AL T 4 A A 2 (D
A BHAR D S XA A S U 1 i B2 PR SET 2o 72
TEPATE “ 07 B AE B, 56 25 AH 28 B4 B} it in — A~ s 1]
e o AHL A B AR A R i ol R A T R o HC AR R R
PPARNEERERNT RE B ERAZ B
E K o BE B I 52 SR B pl A ROIR 285 2 A )
AE A RH 2 58 B0 IR T SO B AL TR SR S (RS
L BFDIR 25 o 33 S AH 28 D) 46 1 3 #2 R i RESET 3
F2U7 . MAE AR RESET it #2 ft SET i #2 anf&l 5
Ji7R.

crystalline

K 5 RESET it f2fil SET i f2 %

PCRAM 24 fif i M 19 35 2 Bk Al » HE— J PhAT 132
ERAE TN BRAE B SE R A 35 L ] R AE AT 17
Bl R v L BOAR AR A H R DN L B T AR O
B B N I oA SE P il A5 S L TP E TS
“T7RAE AR B L R RS 9 25 2R RESET i 2
T AR B FL AL A T e I P K I AR L R R E
T 07 R AR DR . TR A
PEAT PR 3kl 2 ™ 5 1 29 PCRAM & Ji€ 5 0 B
B2 —. W T ARAS A RAE 58 R 2 10° S 1R
IERYS UL AT RN T PG o I o )
Tk B S I AN 4 s 5 SO B H B S 2R i v . Bl
PCRAM 77fiff LG HAR ICIE O A 25 3 IR 2R
R X — BB E A 2 TR PCRAM N F 47 £

AN BB 2. SR X T PCRAM £
AT P 248 1 P a3 oy 5 o 10 38 3 ) B
—HB A A it B TC AR L M AT R R R R R AY
S B AR KR S L RN S T RE M 2 X
0 A7 At B 0 PR 35 B 5 ik AP A PR 7 4 (]
AR

8k 5 FeRAM,STT-MRAM FI RRAM 2 3
A2 %5 NVM A I PCRAM {528 M H 4 38
AE A7 it P BB R i 3 25 T T A X B AT R Tl
B B2 e T SR A IR R A I R
7R T LB R & PCRAM £ AR AP 8K 1 I %5
— Sk R AR AT B R BOR R BR ) T
8 %5 . 24T PCRAM A7 6 BT 9 i 5 B 1 K 249



2302 it = . 2 i 2018 4E
S 10° WK, e BT 34 4 F R F 550 AR S i L 32 A7 UG A7t B G AT i 26 ] 55 = 2K,
i, s bR 5 K2y R 3 4E A2 A0 IF HoAE 5L 3.1.1  ff i 9 (Page)

B FH A A8 H s BT 32 A A IR A A DX 2 ) A7 7R
W U ) AS 2 £ 88 PCRAM 47 HC &
FREGATIRE B AE 1M B AL, 5 24 ol RE7E L
RZ W BIR , ITRE w84~ A7 o] . o T
T+ PCRAM [ {i F %5 4, 25 R FER L A & FF
JE T KA K S TAE, BHRIAFSE A R E &
BT RENIHAENE (Wear Leveling) J7 3, i &
fif WK ZE K PCRAM 1Y 55 B F 2 i o 3k X T 3 —
AR PCRAM (Rl 0 A #F H A il H
TR X

3 PCRAM mFHEF RiERE

PCRAM H.AG (1 2% 5 K %5 o L ol B B Tl #E
IR AR S5 3 22t 34 S JLAE A7 A U ) 12 g
FHZEE T R LAl 22 . PCRAM B S5 1E1E M
B A A PR A — S [ A Bl B o 2 BELAS LTz N
TABEV ARG FEF6F. T4 PCRAM H
T A A B Al ok 1) Bk R 3R G 4 A v A 43 A7 A B
JC A TR AT S A S AR A AR A B S
fiif A B TG 3k T AR A A T R e AR R AL O
BEAESK  BEE N R T R E BRI BT R A
i ok A PCRAM (19 fiff Fl % iy, 4 i F 58 A B 42
H T 30K S 5L 34 A R R L AR R L SR AR R ] L R
BT LA 43 Sy B4t B 00 400 66 25 4687 5 R R0 20k B B 1)
PR M £ R WK R T RR . AT B 4ok
%K 5 A CRIVAR R A X8 O ™ FD i PCRAM
FEfit B TTAR Ry 437 DX 3 o 1 R R 2 R S AR
CEP A5 RE AH X 4R 52 680 1) PCRAM £2fiff 5 o0 Fk Oy
CARRRT IS U BRI TS e E VS A B PCRAM
FEA# 5 T 19 B8R BR Ol B BOHE L 8 O & A7 A
PCRAM F£fi# 550 CEP ¥ 5 A 80 7 854 19 B br 77 4k
o0 B FR O TH B s 0 T B AT A
BRI BE FR O A Bl L fR B D AT B ABRE R
3.1 BEHHEBMNRENERAR

H AT R A 5 2 AR TR A A B 6 R [l ke
JE AR TR R B 1) PCRAM 456 ¥ 17 £
A TTR=IE N5 2 S N L S B e O R
SRR 22 A {4 T B R0 AR T B R . AR R L
(R A TR] S R ATT K A8 12 45 Bl 1) 463 3540 45 5 AR 20 h A7 s

XHRL98 & it T — 1% T PCRAM fil DRAM
IR A AP I — & =R 1 2ok
$&T+ PCRAM f7iff RGL 0 1w, % T PCRAM H A
TR AR HURE PR I ARAR O AR AR AR TC 4 4 T S $AF
LG DAE R AR S AR S5 B R 2O R
JedR T — i LK B A 0 98 A7 B 4 R % (N-chance
Cache Replacement) , il 33 7F 3 45 £ 6 71 18 B . £ 56
PEPE— A ARPAE Bl 0 0T E AT R e XA T AR
W 2 /0 R e 4 AR S R 5 [l 4 L OF JS A e e
LA EAE Bl i) DT AR I PR R AE G2 A 1A T
GHAENER /D85S B, 5 /> PCRAM 9 i #E.
5 ) IR S 45 AF R B (Avoidance
of Unnecessary Writes) il i3 43 7 $5¢ AR Fl“352-5 -5
174 50 22 5251 5 % (Read- Write- Read , RWR) Py [l
TAEAR DA b Y 5 HRAE L LA A DN B 2. 43 DU
VNP S TS 2 R R A 1 B U o 2 o s
HEATAEA DU i, AT 5 BUIR LA Dirty Bit i+ 47
fiti 1. RWR 7 4if 51 22 7 80 J7 1 5 43 T8 R P[]
TAEAEPATS BIHEAE Z A S Z AT S A
() B 5 5 b A i o b i TH R AT L X
SR Y0780 5 TH 7 Bods A — 308t A BLOE ST
5 A R B PAT B RN H . X Z P
VU TH] AR A5 AL 24 i i (Swap Wear Leveling) 2T
e S 0 FAF it D0 45 A T Hh s« 2o O R 32 B o T
5 BRAEAl DR e 5 G AR L B B AE PRy DT TR 4 OR
W T EE AT A K A T R E AT
Bl 4 5 7% B AR RV O R T RE S B AR Y
S MLy AT B A PCRAM 74t 80 b, AT 3k 3] $2
T+ PCRAM f7fi# £ G2 1) 77 fiir .

Ak 99 T &F X MLC 45 # A X} SLC %5 #4 i)
PCRAM 174 2 48 A8 Lt AT 75 5t A5 3 0 00 55 (HL (7]
R TE W o 55 T A P i — 2D BRI X — e L R i T —
A~ SLC Hfi Bl #3 #6 2 5 77 %8, 1 T MLC 251 1)
PCRAM (8“4 17 X 45l K Fo At 35 43 5 I e 2 o
Pl 5 A8l e vk 4 R ] PCRAM 19 5 i A
PR BER YHTAEIE N BT 5 MY 0 — L4506 34 17 5 s ml
LA 58 PCRAM (44 I 75 i o (H 2 20 100 i 2 % Ak 1
T2 253X — S R W Pk . 1% 07 B 7800 % 08 L 2R
2, —FnE s N MLC 3] SLC 3 2551 3 1& W
B 1) SLC i D45 #E X1 77 58 5 — S0k 427
B PR AR R Y ) 0 A B & AE i ST R A Y T
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il & 4 45 . PCRAM B FE 34 5 0 57 25 34 2303

AT % T FE 4 i of AR TR IX I B A8 % 4y SLC
B LU 5 PCRAM F 4 FH 75 i

SCHRET00 T2t 1 — 20 a5 79 o 453 466 129 £y SR
IEH 5 2401 0 e 40 3 A7 8 BAIL AR 3R 0 g o Oy
S H R SR R AR R A i DAY R R
AR AR DU T B A A I Y 3 T T A
CAR IR A A T B A AL O Y M T (A
BRI FH 2 A A7 fifs D0 HR AR X RO AR R B A7
T DAk B DR AT 2 Ak T 7 A A B T 1T
MR X — R, R T IR [ 0 45 () 52 2% B el o A7 it
TR FETT B0 e B DA Al U B BR AR AR R L 32
T T A RE SR WL RE A A9 45 FE 28 4 SR g (Bucket-
based Wear Leveling, BWL) & T i % 8 A “4F &7
FEfitt VUi R v PR A R HE e R A T AR Ak
FR T 5 4 25 PRUA it D0 R IR 25 R A fidf T A oz 46 v
L 3 BN A AR BE & (Free List) F19E 25 R A
#E 2% (In-Use List) H1. 24 P47 T 1A 25 8] 49 fid 25 & 2
T A8 A B A s 8 ] 25 TRA fidd DO S fE 96 M5 TR
A B 2 v 3R BB 5 00 R O I 2 PR SRR A s Y LT AT
At 0 AT AR B0, R 2 50 ek O DR A5 TR A B 2 v
Y 5 e 30 1) A7 fith DL H A7 At 8 H0H0E e A 2 By
CAE IR S TR i DT e R T Y RN A R &) 6
JIr 7. B T UL Y 45 FE 34 5 5 s (Array-based Wear
Leveling, AWL) 5 5 °F & & B4l 25 14 1) BWL S
A AT B R — > HOHE 45 7 A0 X f8] 5 /Y piovt
pointer, 7 #b-FF T 5 W 4> 42 Ja 5k ok X PCRAM
B TUREAT 4 — 4 B, 2 A A7 i 00 B I T A £
VEW B3k 3 45 7€ B A8 I, R 3% A7 i 715 piovt
pointer 4B K A7 il 5L b B g “ 4R 527 (4 A ik it
HEATAC M. %07 b i) BWL L AWL P o 36 i 45 5
AT B RE AU T A BT VR SRS IR T R A A
TH R AR T T PCRAM (%4 fir. JE T 8 41 i 5k
PREF A 7 B,

1 [ 1
(b+N—1)mod N 10—-[3—»[3—» To——[3—> v ([
P N
(b+N—2)mod N —{53 ”
>
A
H
=
b+1 I T —{F - [
b —{ °—’[3-'B—>Base Bucket
— —
e e
Free List In-Use List

6 A A B 2 R

Physical Pages

M-1

g

Pivot Pointer ———p

V'
4]
Ed
[aW)
=
o

2 b_count
1
— 0

m_count

TR TR B A A

CHEk[101 M8 T — 4~ DRAM il PCRAM
IR A FAFRM, 3BT = A Rk ok 42 T+
PCRAM [ {fi H1 73 fir. b 9 28 3R 5 # 1F O m
(Lazy-Write Organization, LWO) (%) 2 /F %7 B 5t 2
FEAE DU o5 A0 T A~ 3R W 1 B VR R BE A 2 A7 it k.
LWO 5 g 3= & 4] T3 7] 68 #h 9% /> PCRAM 1 431
G K (N W L L S I & P O
DRAM Fl PCRAM #1755 (49 43 e » 1H 2 38 FH 19
$odli— 35 A DRAM 1, PCRAM H H{R 77 71 %
N NEPN IR €/ = N TR EV €/ X T E0)
(B D= DI}, 805 & #A4F R 2 vi 7] DRAM 21K iy
o H B R B A F] PCRAM i (B P=0) i}, A &
IE R B 5 5 8] 5] PCRAM o, 33 FE A DL K e B
Mg > PCRAM By 5 A #2AEBCE . > 1 € $2
T+ T F .

3.1.2  fHfEH 9 (Block/Region)

K[ 102] % % T Flash (NAND) [ 31 £E 3 ffi
JEUARL S X XY A — S AR B U SR ST Al e
TEA B A7 it DX 5 B OB DT 7 A — 2 1Y
BN EAY > LA B i F — O 06 B2 19 $0 40 A 5 1 R B
743 I PCRAM 1) 5 i 1 3 26 ] 0, $2 13 17—
Fit 35 F #i B 8 € 2% (Bloom Filter, BF) [ 41 % 2
75 %8 BF J&— P23 [ R0 55 o ) — 3 ol 1) et 5040 45
9, R A 38 I (7 B4 R 3k T T R OR — RS
U AT LR P A ) — AN T R R R R — A EdE
LA B % 525 H AL S T A
DX 3032 8 1) 20 25 J5 5 A L L A B BE R 1L 4
¥ DX RE A% 8 2D BB SR 1 B Y L T 2
25 ) FF B ARG 45 /0 . BEAh 303 o BETT— Ak -
XA B RS FOR R IR AT B A BRAE R AN
[ By DX 3. 22 7 B0 B — Bl $A T B AR R L S A
CV AT B 2% HEAT A R R A R s T, I
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Bl

1R 2018 4

22,
=B

YT DX IR A DX B AT Bk S e SR R R A e IS
0 b 1k AT 5 AERAE 5 TSR S BRATE 0 M ik A T B
Ferp A AN BT, A0 6T D G b i R AT A
SR )G HEH BE BYTHBUE. R I, 5R 3l 25 BB 7 X
S (L9 7 12 K (LA DAy S I B v - AR IX I
B 2R 0 H 0 R ok i B R R R Y S A B AE Y
79 3 T 2 25 05 ¥R R S Ve A ik DX B sE
e BB T A B TR

SCHRL103 I STk [ 102 T/ BF 5% ik s |, O T 3
PCRAM 14 H B AR B TT I 5 i AR A7 it 25 57
el 7 — M I T i A P2 5 (Endurance Variations,
EV) (W sh S WA M . BB E - EREGE
A 1 jE % (Write Information Bloom Filter, WB) 3k

_ - == Strongest
e --""
, Weakest

3 e

= Y

=] 60 ‘

5 “ -
2 48 | 45 o0
€9) 25 40

5 28
0 1 2 3 4 5 6 Physical

address

(a) WL RS ST S T A

0)

(Logical address )

Remaining writes

0 1 2 3 4 5 6
() TTBEFRLE ) — IR BEHL I hE eSS

Physical

address

SCHRLTO4 BT ] — S 451 #6 1 17 5 58 v 1 41k e
5% 5 RARE B WGk A %« ot T ek & AT L g
AR E AR AT Moy L BUfl PCRAM w1938 23 77
it BTG R T A A B IR ) PN ik 2 5 i Q1 B R T
RBGE — [ 4 T —Fh A &5k 9 PCRAM % 42
PR 2 4 Rl B 468 4E 39 15 J7 % (Security Refresh,
SR). %77 il it 78 PCRAM b N ik — 4> 22 42 fil 3
21l #% (Security Refresh Controller, SRC) , 7 & —
¥ SR BAEIFHR AT Z AT ol SRC AR R — A48T 1Y
5t B ik (Memory Address, MA) B A [\ /7
B HL L (Remapping Key) . JF 6 Hi 5 b — A il
P —E T R BB R G S 58T — Ry .

UM A/ Ve BRI DX, P50 — T A 22 S A B i
1E%% (EV Bloom Filter, EB) 2 iR 5| & 1~ ¥y ¥ A7 i
BTG E T AME2E 5, 9K 5 M 4l 45 A 32 58 B30 A it
DX 350 14 ¥4 AR B R A ) LA B T S T P T
SRR BE B A ] AR UCORE BB A 9 X (Hottest
Logical Address) Wi 5] 55 i A 4 %5 5% (1) 17 6if 50T
(Strongest Physical Address) ., & ¥ #) %% 3F X 45
(Coldest Logical Address) 5} 2| 5 ifit A P4 58 22 1
17 1% B oG (Weakest Physical Address). % J5 22 3f it
T A B AT O R AR A A W B A BT Y S T A
PEZE S B T AR L $2 T T PCRAM By ]
Fi . FE T A M2 57 PCRAM 2 45 45 #E 32 15 )7
E VNIRRT

Hottest
7

2| Coldest JRd
8 ’l k,
= !
b 1
Bl

1 /

\ 10 35

v 24 -

10 13 18 17

0 1 2 3 4 5 6 Logical

_ e At it e e ey, Address

(b) IR EEAAE L ICI B iR E R St

< | (D (Logical address)
X
£
By
is)
8
‘g
2
o
=
g
9]
~

0 1 2 3 4 5 6  Physical

address

(d) FETEV AN b
B 8 FETF i A 2 5 1Y B 25 R 24 5 7 41

PCRAM [ 34~ bank 78447 56 5 & I 5 #:A4F
J5 UHZ bank N &S MA 3l 25 M Bl B e 5 2 Al
A7 #o ik (Refreshed Memory Address, RMA),
SEM— KN MA 5] RMA BB i TiZ 5 R
A U BE AL R e G 02 A A R AR A AR 2
SRC Sk 5¢ B . 3 H SRC J& N i £ PCRAM I,
IH T LA A5 B e i AL ot 2 e AR A O SR
P HE AR S RAIE 1 — & B0 k. A T 3
PLIE T SRC #3815 HIL R PR IR E s 1) 56 B 1 o 45
A region Gt — X 43 Jl A4 T4 sub-region, J¢ J& 75 1
A sub-region AR SE BB UKL 1 — 2% SR, AR 5
TE region JZ 1A} 55 PH 4 MUK ¥ A9 — 2% SR.region Hl
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i & ¥£ % . PCRAM $EE ¥ 5 BF 57 55

2305

sub-region P> JZ I #49 SR bR TAE A LAAH X4
/N RS SE I T PCRAM i AR 3 7 . ik 52 B 1 [F] 20

¥ A pE. 2T Security Refresh ) PCRAM
URE 3 i SR s &1 9 .

MA RMA

0TAIN 4OTE] oA, s0CE] o[Al. s0[E] o[Als s0[E] oA ]: «0[G]

1B 1ILF ]| 1B 1CF | 10BN /i1 10BN\ A1 F 1LB N\ 4l H

2[C 2[G] 2[C 20 G| 2[C I\//p2 2LC N2l G 2 C w2l |

3D 3L H 3D 3H SD%SH BD%SH 3D~‘2,513P

41 E 4 A 4 E 4 C 4 E 41 C 4 E 4 C 4 E '/I“‘ﬁ_l _ CRP

5[F 5B 5[F “5CB | 5[F s D | 5[F 50D 5F |45 s

6 G 6 C | 6[ G 6 A 6[ G /ésA 6 G /éa/x 6 G |4 ¥6 — k(=1)

7H 71D 7 H | 7D 7H 7B 7H | 7B 70H T Y[ B ] --=» kb (=6)

(a) Initial State (b) 1st Refresh (c¢) 2nd Refresh (d) 3rd Refresh (e) Final State
# 9 %:TF Security Refresh {45 %6 15 fiL ot

i@f([105*106]%Jrﬁg%ﬁ?ﬁﬁiﬁ{iﬂ:i@%% Column Intermediate Row
Jr 5 HOBRE 14 0y 28 A (L7725 K I 0 91 5 R 1 Ve Address Ve
FFH 17 H bk 5w S o AR A B — o R A Row0 ] | Rowo
SO 3K B  PCRAM A 32 31 % 3% 10 5 #2152 Colo | G0 Rowlct——] gowl
S FEOENFEAR AT 1 T — M TR - ROWK/‘— o
NI 1) H B 5 e T R S 451 R B 7 R OR 4R T cond ] o =
PCRAM F i il % fr. %77 % %6 24§ PCRAM iy o Rovd e
JIT A A7 B b bk DA b ik 1 5 0 A HE AR 5 S HEF Cozc | Colz b R°W4<%—3OW4
8 — A7 it e b i R 5 SR S TR A i AR R I Rows | Rowd
b 4l 25 6] 42 BEAT RN 3 S 4E BE L 55— R 3 AT Hb ik P Row6<J | Rows
2 RO M 25 D P A9 2 R e i —Adg | P Y — =t
S 7 109 £ A0 5 — 91 ik 5 4 45 AR I R L=
ZE E 57\751"] i& ’/f?y\ i&n. iﬁ: ﬂﬂ iJJ: @J % IE i‘m iJJ: E"J ’/f? ﬂﬂ iJJ: 7‘£ I\ETJ Ma;;ping Translal‘i‘on Map;ping

Wi (Row Address Mapping) £ %) #i fil: 25 [&] W 5
(Column Address Mapping). H TiZ T & Hh & —17
b 1l (8] R0 — 51 b il 2 8] 8 B HR b 7E A7 il 25
() A7t B B S AR I B i gk L R T e A S B
TE AR ) B WS 3R ZR AT 52 BKE & A7 i B
(14) 3% 6 1 1l 308 2o A7 R0 8 AN () 4 ) Bk S [
AR T B S B AT R ) ) B M B L ST AR i R R
(1) PCRAM 453 ¥ 244 . 68 % A 24 57 18 b ik 4 I g o
(Address Inference Attack, ATA) | B & #b it % i
(Repeated Address Attack, RAA) Fl14:= H %18 2 i
(Birthday Paradox Attack, BPA)0- 1071000 Ak 42
05 SRR IR T AT a2 A i ik 5 4 P ik A B e S
R B Ml AR T W Oh 1 R T B i TR
e 555 £14 3t 1k A B4 FE e S PCRAML 4 4 X 7 J7 58 4
Kl 10 B,

SCHRC110158 00 7% BB e ik AU R GE 12 3 4
S8 IO R P 7 1 0 T8 A B 7 A3 A ) () 4 =X 45 ) T
S AR RAE . B T — A B B X P AR 1Y
fr R mg Full Curling., 5672 3 51 43 B i F 72 5 19 77
Vi A RHAIE > 35 BRI F 225 A PCRAM i1 280 48 AN
PR 5 FRAE YR I DL O MR 4 AT 5 R A
22 (10 IX I 4 3 — AR FR =2 Ry A X G Al DX s 0 4

P10 R AR FE S Ml Oy R BIR

B —EFRZ A XL Y BIX SR SRR R )
H— A BE IR 0K BT IE B A 4 A X T
& S AH SR 0 ¥ DA 38 o ) 0T P i X A A
PCRAM Fi#FATiE# . 92 3K 5 41 1 50 o3 A1 5
BTG IC E L3R T PCRAM B 75 . it 4h,
7 15 3 FE S P DI AT R A K I R T B R A R A R
(R PR AE B 5 RV 37 oK 23 o ik B i B o AT
BOP AR RIF RS AR T — b T AR B B R S 4 FE
By R mg Partial Curling. 1% 58 0§ 56 & & = > T
TR 23 A7 i T 010 SR R A P X > AR 4 i B
Huhk DA DR © 3F 8 305 R T 78 19 32 55 b bk B B B
TE A M e 45 S Wy S AL SRR R A DRI o A T
AN R A ORI Y RN E R S H R
A 5 X B 58 B XA S B TR
TA/NREIR G — DR T LS SRR
PRI SR 1 IR 55 28 48
3.1.3 122 (Line)

SCERLI11 4% PCRAM 3 £ 1 I 19 5 i A P
AN R 8], i A — AR i Y L B R = A SR
)5 Z kT PCRAM [ i, % R AT B AL
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Hl

1R 2018 4

5

Fe g (Row Shifting) % TAEPATIHER ITR AL E AK
% (Redundant Bit-writes Removing) Ji5, 2= 5 & {1
SR Ry BB AE — i AR B b A B0 3G 5 R g
SR — > B8 25 19 07 125 L 72 5> PCRAM A7 i 4k
RPRAT A AL BIL A ke 2 B R X A BP0 R — A
2 AT S B AR EGE B 5 — 45 B I #%
X A i 2 AT LA O B B AT R PR AR
A X FER] ARG B AT 5 A48 A 04 17 it b ik A iz
b A B — 1 BB 5 DA TTT RE f0% A 001 3R B 0 i 26 7 fith
BATTHRAT 1 T 5 45 A L 38 B i B A R
FERAERECE B SRR AT %07 R rP Ry B
WK W% (Segment Swapping) 1 15 7 — 4~ b 7 i 2k
SOHLA AR — B BT B Ak 52 3 PCRAM
PR . IR WG 1 o e B B A il R e R o) o
TAB B BN AL S A TR U0 SRS A
Pl & g write_count RGN B B HAAT S #
VER SR I Hoal il last_swapped SR s B b
— YRR 8 1) IF ) 3 R T LA R BT 1k 2 B i A B
Hi g

SCHRL112 15X 2 F PCRAM 1 3 47 & 4t I i
F1%) 74 i A7 FROFIT 22 4 e ) US54 T — b Ak T
BT 3375 Start-Gap (9 #6255 05 . %7 &
5K PCRAM 48 — R 43 JUAF it 75 7 R/
256 B A T AR LR SR 5 PR 33X 28 17 il 2 4 IR
b BB FE AT HE R o 48 B — A R BUAF A R 31 B S b
XAAEAERE S AT 5 454 2 1 5 e B AR L S B AE
VA5, Ry 5 ORI 8 1 kil R0 B ik 2 T 6 B SR G
R RIBE WA A4 Start 1 Gap. 717 #%
Start HFic 5 BT A 32 5 ok 8% 30 04 U8, BRI Hb ik &
e S5 48 1) 58 B i AF A e Gap W Fic kA £/ %
B AT T G R ERAT — Ao Hh bk EE W BT AT
2 45 btk e G 3 A ) B ik 2R — R LA A B
G AL — DRI Y FE AR 2 Gap Line, A7 i 24X
HEF T 187 A A [F) 77 i 2 22 T %) 8080 =2 46, 9F A T
P A RO AR R 5 AT 5 184 R
KB HE—F5 € W BE S 0K A7 28 Gap Line Hij
—RH AR AL A A 2 A it 1) 1 B0 2 o 3B A At
£ Gap Line [, DLHZSHE 9 26 8 &2 AT G485 L AL
1M 52 B PCRAM 45 #6 X5 7. 25 18 3 A 0] BE 2 1 Ifi %
BE AL O T RSB RS2k,
LT S0 A 1 B B B f R AR BE AL AT 33 0T
%0 [ (Random Invertible Binary Matrix) , 38 1% ffi #L
7 HE B R T B I 80R 32 3t ik ) 052 B0 5 7
it R G0 32 B bk AT 07 38 55, R 0] AR b Lk

S1k 3 BB R S5 B 2% A B B oL X R A T DA — 2P 4R
TF PCRAM 1 45 F8 24 17 280 5. 3 7 A B e 5 5 ok
Start-Gap ) PCRAM i #6425 75 & a0 &l 11 froR.

Start

ol —fmolo o~ 1A7 | Ox
1AL |1 IAL |1 1A0 |14 —>1A0| 1 |
1A2 |2 1A2 |2 1AL |2 1A1 | 2 ‘\
1A3 |3 IA3 |3 1A2 |3 IA2 |3 “
1A4 |4 1A4 |4 1A3 |4 IA3 | 4 ‘
IA5 |5 IA5 |5 A4 5 IA4]5 |
1A6 |6 1A6 |6 1A5 |6 IA5 | 6 J“

il ~ 1A6 |7 A6 |7 |

o 8 8‘) s s/

(a) Initial state (b) 1st (c) 8th (d) Next

remapping remapping  remapping round

B 11 3T Start-Gap )4 #6245

SCHRL113 0CTE LA PCRAM 4514 14 4 5 g Jir
T I 1) 22 4 g 1) 8L, A 20 T — Rl B PCRAM 45}
B 1 1887 SR et A T Wk A RCHRAE B B G K —
W 5 58 W} 2 i (Remapping Timing Attack, RTA).
RTA GE % F] il PCRAM 5 48 A I [8] A X FR X —
MG 38 W B ity T LR 4 PCRAM £ if
B TCTE B 6 I 8] Y 3K B 5T PR B BRI R 5. A
M7 A PCRAM 174 R G AW ML 5 X7 RTA
25 PCRAM 7 K 1 22 42 gy » 372t — g 3 1 42 42
2% 59 0] 5 B 3 #E 35 M7 55 m& (Security Region Based
Start-Gap, Security RBSG). Security RBSG % FH #
G By A5 WL R S 2 A B B AR AL S R AT AR
— G A N AT R ) A W SR T B 4 Feistel
P25 45k B DRAM Z2 A7 50405 1Y 32 58 3 ik 5% 42 hy vh
() Hbhk. Feistel 2% J& 25 fidh 2 50 5ol o 7™ 32 g — %o
— B Ty . HE T O TR A RTA 2 55 450 6 3 i
ROR R #5825 Feistel 0 25 5 52 81 hik 25 [ B HL
A v T ik 2 ) 4 TR R g R 3 o A T A RNV A
) DX 8. AR 0 7R B A - X0 R e [E) kAT
Sart-Gap WS 50 70 510K Hh 8] 3 31k e £ oy ) 3
k. Security RBSG $i Hi % 42 4 J& 1 51 #6 24 1 7 %2
1E AP g v 92 3L, JF 4% bank JEAT 20 T4 2ELL BE
%A %k bank 347 M. Security RBSG R H %
AR AT B 25 W Sk A R (S R I
i 1 38 3 Bl A5 b S Feistel ) 25 e 5 R 45,
#en 4 g W) ok 1G9 RBSG. R Y B8 5 A 204K 1H
RTA, BB TE % 4 PR UE 5 T 4 Z 8] A - 4, ik 2
HAET I RAA BPA RTA I HBUA Hth 351 #E 24
M BN, S BB AS Feistel W) 45 5t
S 12 pros.



10 ] 5 #£ 55 . PCRAM 51 #E Y4 i ifF 7% 47 3A 2307
Al E E B o | [D]o
B |1} B |1 | B |1 | B |1 | B |1 | 1 F |1
clel [clet [clel [clel [cle] el [ale
D |3 D |35 |— 333 5 G |3
E |41 E |4 | E |4 | E |4 |— 44 4 H |4
F |51 Fl5 | F |5 | Fl5 | Fl5 | 51 | cls
G |6 G |6 | G 6 | — 66 6 E |6
| H |7 H |7 | H |7 | H |7 | H |7 | 7 B |7
) 8| A8 | Als | Als | Als | s — s
(a)Initial‘ (b) 1st (¢)2nd (d) 3rd | (e) dth (D) 5th | (g)6th (j) next (h) 7th (i) 8th
state remapping remapping remapping remapping remapping remapping remapping remapping remapping
round
K 12 —5 528 Eh 75 Feistel 4% i /R 41
TN o s =] A1 47 4 Y 2 I .
jc@k[l14]’éﬂ]‘iﬁik[112]\ﬁfﬁmi?i’3ﬁrﬁlﬂ%%ﬂizu ROV FLASH/DISK:
{14 Bt BIL BRI AR T [8] 5 o TR it 5 R A48 A R 8 )5 T LA V: VALIDBIT Ty = Wearl evelShift
SR G X R A3 A7t B T HE AT 9 AR O S B Bl T]fS) N
PCRAM B 2 2. 4 M T —Fh 3 T £ 1) Start-Gap DRAMBUFFER i
s (Multi-direction Start-Gap, MSG) [ #i1 #E 35 fiif DATA | | ,,_ ]
7. TR Start-Gap JeWHIEAT TRk L — & TQMEMORY | -
S 3o A M 23 1) 90 00 B 5 1] WS 5 2K o u
i B 3 FoAEMRES T e ]
L 30 5 BB R T % s S T LT -
MSG 55 W 45 12 55 43 X 3 1k 21 49 BR 43 X 4 3k i) ke 5 PCM WRITE QUEUE L
R RE Sy 3 5 3 DX M hE B 4 B 4 JRy Hb ik S [R) A 5 PCM STORAGE

AL — PR TE T % A 0 A R 1Y R T
FEX MR 3R TH T PCRAM (4 fiff FH 75

SCHRLI0T 142t T = A 5K g ok $2 7+ PCRAM 1y
it F 5 i, Fob LW O S 19 45 4 R0 B2 2 47 fif 0 T
LR E M3 mE (Line-level Write Back, LWB) fiI
2L Y AR 5 9K 1% (Fine- grained Wear Leveling,
FWL) (i #5 AF r B2 1 o 47 it 26 1% 5 %8 vh i) LWB 5K
g EE XS PCRAM AR FAEIS  A2RATIZR 25 HT DRAM
F4 1 8 7 125 AAFAitt 00 R AR B (FE— R LT —
AAFAE DU B R AR D — 800 T B O R
A AE S PCRAM PR 2K %00, $2 1 7E DRAM oy
f—> Cache Line % & —Fric i D # 7/~ Dirty
Bit(s) , RARICAFAf 5L b 47 fitf £ 14 S8 IR 28, AT AT
AU B 0t 19455 11 8] PCRAM w3k B 44 5
BAERL R, W AT B BRAE R B . %07 B
FWL S0 LUAE it £ O 48 VR0 RE Oy b 4[] — > A7 fifh
TN DAL T AR A & AP i i B A7
it DT PA) B A7k 4 B0 90 2 B8 37 A7 i S B2 A X 3 E)
Py B IX AR 2 ) ) 00 L J3E IR AR L 34 A8 A7 i 0T TR 45 A
S S R AE B, 5 B AR B A 19 H 1YL Lazy-
Write S0 ZH L5 H QAT 13 Frs.

B 13  Lazy-Write 55 W% 21 21 4% 4 [ Lot

SCHRLTLS DB 0 24 Rif — L6 HFRL B2 14 451 6 25 i 5
W oI AR4F 1 $2 TH PCRAM W5 if A $2 i 1 —
Toft 0 - 5 JAS 1) 8040 o7 £ P 408 A 45 1687 SR s —— A7 ik
2k N0 E v 81 %% (Intra-line Flipping, ILF). %K
W ) FJ A7 A5 R U B 4 T R0 AR R A AR R
FAEAT R PN TR BEAT J 0k B 5% Rl s 2 1 A
PSR A 2R n-i 7 b o R 0 A7 52 45 R 52 BB R 4 £t
SR T VAl 11 B S D g A1 A )
PCRAM i FE M. T 32 SR v iy e 5 2 — > ML
DUy 1 =X A o AN o G A B0 T R B ik
e S 2 DRI B AT s O R0, I LT DL A R
JBE ) 08RG 45 167 SR s AH SHE 7

SCHRL116 JOGTE 2 A 6] PCRAM £ fiff 55t il &
I R g A S 28 5 T AN AN SE M) AL 5t
AR A FE 24 4 Uy vk R e 5 R AR 2 2 M o3 A 2 45 A AF
il BTT , 5 AR 22 I i BT 4R AT R ik A B
5 i AAPERR BR S 51 B 4> PCRAM R &L, f i T
— TP T A1 AR A FE £ £ SR i (Weight-based
Algebraic Wear Leveling, WAWL). iZ 5% % 55 J& %
A PCRAM fEfit =3 8 4] 73 S 27 T A 2k, 2 5



2308 it B

Bl

1R 2018 4

o
=B

MR E T B E BRAE CBGR B — E AR R S
T3 A=A BEALFE it 28 B0 AT 38 He. A A7 it 4k S 46 1Y)
FIF ] [F1) B 71 A7 fi 2 6 v 0 ABE 3R AR 90 1 A7k
2R 5 T AR A2 L O HLAF i 2k =2 ) ) S 4 S
TERE R )JZ S BLRY X e AU BN JF 5 3R T T
PCRAM 1y 73 fi » ik B4 — € 19 22 2 Pk L BB A S50t 4K
T BPAATA 2585 205 AR B
3.2 HRUEHBHREHERAR

Bl By ) P AR S B R R AT LA S B E
PR B RS BT $2 TH T PCRAM (¥ i I 75 i, R
ST X BTy I — E R B T RE R Y A A
T AR Z A A T i EL T R 2 N R
Fe U7 )RR AE . 7E SR B A TR 2. L, — 22t
ST B I B B Y fA B2 R 48 TF PCRAM 1
F #5 i
3.2.1 BMERGZWE

SCHRL 117 1 F PCRAM #1 DRAM Y3 43 &
IR B — P L T R4 R 502 T 0 RG24 15 5
BT PR X R AR I R AF il DU B A AR
(77 fit DUBA B, 7 2 A DU 3 K B P e A AR 527 1Y)
BAZ) 36 45 A7 fift DR W 2 37 5K 3% 38 2 i ) Book
Keeping £ AR T 47 fitf PCRAM TEA7-fiff 5T 1Y 5
BRAVEAAS R BT T A7 53 60 A% A 0052 4 5 G A
A4 F . PCRAM F1 DRAM 43 BI04 % H 194 Bt
. FHT YRR 4 BC B ) B 0T AT RE SO By oL, i
L2473 BT 1Y ) 38 0O B 5 25 I DRAM #5843 43
B LADS D 32 RS AR Y () B 30 A B A 450 FE 240 1 R
W& J5 T R G AR 4 8 PCRAM |G T — 4
Tl & E A KA map . 3 4090 & H1 Book
Keeping $iAR 2 it i) PCRAM S JEA 5 5, 24
FAAFE 50 E AT S R4 Bt 35 3] PCRAM (Y
EAF 5 T i v B E B A U R o W L AR DA B
v L 2fs 24 T A X ) B BTS2 DRAM X

SCHRC118 15 Xf PCRAM FE A48 Fg 48 ik T —Fh
e THRAE R G2 B I FE S A T R T R
— 2% T B IO A U )RR AE LR S A
8 SCRF B9 T4 T . JE A JE M A G O A e R M
(Periodical Page Swapping, PPS) . 3& T & HE A 2 =0
A7 T2 43 Bic 55 % (Rearrangement Inequality Based
Page Allocation,RIPA) | 3£ F 5 i & A% 2F #2972 3K
% (Write Intensity Based Process Scheduling, WIPS)
ZHE DA SR E B A o B R AR R A O R T
“AE I it S 22 A5 TR I ) 2 {45 ) B i T

TR ANRBZE A/ LB T R AR R G R
PURE L. PPS 5 W58 o &) 101 1) A7t 0 58 3, T
CARRR WY BRALAK UL T T UE R B AR R C. RIPA SR
W 5 45 A B SR 1 32 A b A B b 43 T 3 PPS 42
R0 A ) AT % 5. WIPS 5 ) 2% J 8 4 5
it 2 TR ) S R R ) LA T 1 R A
UK A ARAT S I 450 R 249 A AR 5 e R A B 2 1)
IS8 1 - 5. PPS, WIPS fl RIPA Z [] 1 N 7E
BRGNP 14 FR.

1
: Sorting Ascending
1

Sorting Ascending :
(PWC) '

(PWC)

Wear Leveling

& 14 PPS.WIPS Fil RIPA 2 [a] fy 4 fE B R

SCHEL119 17698 /> PCRAM 5 #: 4E B0 40 1t 19 7]
25 T8 B T AR M. B T PCRAM (1 e #/E B
A AR IR 5 A HAT B SE I Y R — LB B 5E
N B3R T U H i o B 4% 1 R L RBW AL 41 o 3¢ i
B PR o AR v AR PR e . EL BN o B
FEAEAE AN 51— S At e v 9 4 2 X3 CRPRA X
300 HY PR T AR T RS 43 1 Rl L B L & e 3
PCRAM R 85 g T 98 /0 $ X I8 E  $i 4 17 5
148 I T —AFRZ A Captopril (1 RERL S35 42
3 38 o W5 — A~ g AR Y o 9 5 45 AR AT o R W
AFAit e R B DX 2 3 B AR I S PO A 4 o 2
£ B Hb P R RO I S A R B S S A S
X I, [P R T RBW., i — 5 i 0 4 I 5
A v B B AL 1) B % Bt . Capropril #LHI 40 & 15
JIt .

SCHRL120 13k — 25 2% 18 T 3% 58 A7 fiff 50 A U5 1] 4y
fiE s B2 H — > Fil A B8 £ 1) PCRAM . 451 € 3 i HE
B3 Ao — A TR B4 Bl B K R AL PN A 2 (] 4
R A I ARG G I Il — X 5 B A L R4
FR G BE A8 A5 Oy o B T 0 R PO [N A X S



10 19 il & 4 45 . PCRAM B FE 34 5 0 57 25 34 2309

Old | il [T
New Partition 1 Partition 2 Partition n
‘ [ Il
|
RBW
1-counter H Xor Xor H 1-counter
2X
1-counter H Xor Xor M 1-counter

Minimum Finder

P 15 Captopril HL 24

BRAEAT AL L SR 5 RBE R S 1R AR L BB B 12 4R
TUTHT 73 BE 31 AR 1) W BRAT i ok 52 B 450 RE 42
12 R W 38 o A R AT ) LT A o0 E IS S B TR 2 )
P RE P17 . AN 25 ABAM Y 5 A NI FREAIR 1
TF4. A BCRE AR 19 PCRAM 5 #E 24 i HE 28 i 151 16

%N
f———— s ———— Fr————— === ——————
Software I‘ | Hardware

I

Do PCM Cells
I

|

| ‘ Page Map/Swap

Wear Leyel Decision
Page Fred Nqtification

. Redirect
Page Allocation

Process

Pl 16—l £ R (1 450 RE £ A A

SCHRLI21 1B X AN Wy 1l 5 e S5 B X 3ok mT DL AE
sifilk PCRAM Gt APE A 2 5 J2 J8 3 7 Hh v $4 IX.
I A2 A AT skt 25 5 | AR R B AN A0 B R AN 1A
FUDIFE B2 T — B Ik T 1 BHLAF i DT 400 6 2 U
(1) PCRAM $51 FE 35 1 3¢ W& . 7 i AN [] P9 25 1) B o 7
2 E AR R R S SO BOE  LAERAE N £
T 5040 R A B0 R DL R Ol L AR X — e
KW TE 53 BCATAif DL B 6 A R 50 )2 1 B AR IE
AEA D43 TC 45 SCAS B s T AF 527 A7A 0043 0 43 L 45
KA 0 HE R B . TE R A it DU L AR I A A D AR 2
B B 2 A L DS BT AR T A A 0L A3 LA
ith TURIRE AT fith D0 o S5 s 5 AT 194 I 400 PN A B
D7 W AR o IR I 3P 0 1 i Sl AR X /N, ST
PR fith 03400 AE 72 B B ) PCRAM 43t 4R 4 i 3R ms
WE 17 fis.

0S
Page Requesty| Segment Info

Proc 1 [ Free Page Frame List ]

f

Proc

Wear-resistant Pagg Age-aware Page

Page Return

Proc 3

Allocation Deallocation
Program Exe) MMU Add;ess HIE E:ached
Translation Unit Counters
vt | Poge Tl | | Woe Counrs

17 S FERR 0 ) PCRAM 45 FE £ 1 °

3.2.2 wiFJEm

CHERL122 J%F % B 42 PCRAM 42 i T —Ff 2 T
i I TR B RS0y AR 2 Oy B OoR 4R THIE B
PCRAM i Fl 75 . % 5 28 5o 40 % JE B FE v iy A
PRFEAE . LA S SLC f7fiff 5350 Fl MLC #7-fif .50 Z [1]
f 5 T A 22 5 o 4 HE AR AR A D DX AR P 1 AN ) I
YE i ok 3h 25 1 & JE & PCRAM  SLC/MLC %5 [H]
FR RN S AR B 2 2 J2 1T 52 B SLC/MLC F74if o
Z 1) B B4 3 B0 5 4 1525 A By A2 i ICE) SLC £
fiff BT K T2 5 AR 0 S R Ry A8 oy TiC 3 MILC
LA B TT. BT X — > BRI R IT L S R 78 1 Xl
JPIBAT Z 1T S — A B R M LR (Integer Linear
Programming, ILP) F§ 7t & & i SLC/MLC 43 [X.
SR S TLP Ry B> A2 43 TE — A dic A 10 b ik = ] DA
FHIEAE PCRAM o 1) 5 45 A4F ¥ 4 43 A . 2 TR A2
PCRAM Kk AR GRG0 & 18 Fr7s.

SCHRL123 BT K 43 46 B i) PCRAM i
PR EARE TR G REL R HEEA
IR E A 51 40 A B PCRAM, $ i} T —
ol 35 2 158 1) 56 4 S 35 I A 4 I 4 1) PCRAM 43
FEXM 7 58 % T 3 75 1B B 45 0 R T I B 43 e A0



2310 £2 M S VI A ¢ 2018 4F

’ ‘ T BEAE 3 o 6 Eh2 T LUKS f W 0 3= A7 Xk
Pro1 ‘ ’ Pro 2 ‘ ’ Pro 3 ‘ o o , o .
5 s 5 () FAFE TR BE . MATT AT LA K BF Ml XoF 453 4 458 0 7™ (1)

System Software

| ’ SLC/MLC address
| translation table

Hardware
‘ ’ Morphable PCM

main memory

’ CPU

‘ ’ Flash memory ‘

K 18 T A8 PCRAM [y A 2 2 G0 4 fly 1 2”)

PFE M Se 4 th— > ILP >k 4k 15 PCRAM i #£ 4
785 W e /N TR R R B 0 TE 2 A DX e 3
Fi. R G XA TLP 8 B4 R d5c A 10 A7 BUIE 49 1 )
KRAVHRE 7 £ 0 55 T BRO2F %) 450 € 29 8 5 % (Software
Wear-Leveling, SWL) DLk Bl fe 25 5. 3L F 4 iF 0
SEA AN AN R E T 84 19 PCRAM 3 %6 24 46 77 28
19 FroR.

Initial Data Layout

Greedy Algorithm
D

Y PCM 0 b PCM
S SR
(a) (b)
ODA/VPHDP SWL
PCM PCM

(c) (d)
F19 B Fe A0 R 4 45 R

AN SCHERC 124 142 1 T JE F Zm it BOR 1 B FE 7
2% B A K L WG F L RO 1A
Ab o R Al B5CHR 45 ) AR AAE A 5B 7T 0 T M bk DA S
UL A0 B 5 RE 2. Sk (125 1 & X oK EB 43
PCRAM 5 #& 35 i BF 52 A0 3 £ F 38 ¥ bk 25 [] L %
B Ty R T AR B A OB S R T — R 3t
T 9m PE AAE X My 8. LB AR JEL B R B 25 4
FROTECE 1) AR e SO G A B L X R — AN 1Y
FAF X IR K 5 S B AR B o o 2 A5 B R
Ja ¥ 5 o A B 24> FAE K. SCRRC126 1482 T —Fil
FEF G 3 AT M 7 28 AR AR R A A AR A
X H— A~ EHE R B AR A e E [ PCRAM
PR R E DT & A s bl
Y BRJG 76T RV 18] % (85 2 5 AR 3 25 77 2% b i 354
BB .

4 BEMRE

4.1 B &

B B 1) PCRAM 45 6 34 i 5 A 19 18 72

PCRAM 77 2.0 ik 47 38 % . DL 50 3G IR 3 — 4 54
FETT o 7 H LR

TP 0 19 PCRAM 451 46 34 45 5 A 10 7 PR 75
T i T B R A B B 1R P B 1 95
HE 5105 AR R AR A7 H 80 308500 X 5 1 ¥4 AR E
AT W T 5RE 349 46 AR 1 A0 5. B 10 2 0
S5URE B0 7 vk S R g R A7 1O i b e T
AR 2 1 FATER . EC T o 8 e TR R 10
A T . 01 TR P 90 5 6 MO X 2 18 58 4T
S TR L 7 U5 09708 B8 B L k2 2k T 1
TR 2 5% 35 Pl 00 I 1T 28 B P 4T S » 3 11 Ot
P B AR A, B B R R 7 o R A
B 22 161 9 58 400K B3 S5URE 19 46 19 I 9 . 3 800 5o
Ul 2 55— o 3 8 R LA — o L 1 7 2 A 4
HiSE e BH B R i R S B O S S
PCRAM # 3 17 X 8 10 177 1] 451 2 . 4R 4% s 1] 451 25 o
K43 H I, 24 T 077 ) S 34 40 1] R0 b 6 5 oy
B AT R S . 4% 5 T MO 177 4 A B L
YA BB E - BT % 1254 B R A7 BRE S B0 4 B4
V71 7 A7 5 2 B LA A R R B L A
A RE IR FE AR 3905 J5 % AR % B T 243 09 47
SRERS B0 AER O T 44 EAE KB U7 IR % . 5
ST A B B AE 7 T 09 FF R, G
A5 20 L 35RE 39908 RCR BT (FLR T 4 . =L i
SH 0 4 AR TG 0 4 508 58 4 A B 7% 2 R T
Z8 LI B S B AR L DR TT A T S G M 5 B0 S
I AE 7 T 10 FF .

PR B g PCRAM 454G 34 15 1 AR 9 0 35 7
T 70 T S A 165 1 5 S R 0 51 T 1
AT LA % o7 FH R 7 4 P B 65 DA B 0B 77 0 5 G 328 77
AIECH AT » T 1A A K ol 3 350 TR

BCPE B 19 PCRAM 454G 35 15 1 R 19 ) B 7
T H— M A — BB SRR 1 R T O
2 T A5 RE 250407 . Y 4 T P R (1 R
SR 0TI P A E VS AR B B T 4 — A
G5 -5 5 52 A 4 01 T U, T A TR J) 3 A 3o
SURE. M 33 B 7 22 56 T 2 56 TG 9 177 5 1380
L7 7E R B . — 6 BF 9 SR R T R
E AT O B sk 0 2K T 52 8 AT 9 7 I 4 A 0
Ft B R o7 TR 5% 0 R 117 5 003 2R 2 7 7 1
T 2 5% 5 7 2 5% S P AT o I ph 7 2 5 B
AR A, — ST 5 AR SR8 SR M X4 AR



10 19 il & 4 45 . PCRAM B FE 34 5 0 57 25 34 2311

BB HE A X306 I 1) 3% 4 T IR 7 )RR AE B
KU LU ORE B . L T Y T R R T 4 i ) PCRAM
TRRE 35 7 H AR 1700 B % Ak BT 41 BE B R FE XY
. EJ A B AR S 7 S R S S B AY  XE LA A B AT AR
iy ELRAR DR AT 2 5 sl 2 A i L R R R R A
it % 52 0 T AU ) R AE 2 AT L BRI T O R
. BEAR . Z B AR AR AL S S T 0 B
G AN RE A B 3h 25 73 T 1 85000 6 42 i ELAS RE PR IE
% PCRAM f76if B0 b 1 33 FE 2 50 4 S8 i 1Y)

£ PCRAM R 5 1) oK #10 B R ok Ak R FH 19
AR, %4 ) BH 3R % . Y RT — S8 5T R
JLioosaon el Fe 3k vk G ik OFE 3 il 4R T
PCRAM Ffigh} .8 % [B 5] T % W5 #AE 8ok #2
T X P A G e E — o R R R T
PCRAM )4 4tk BLAh #7984 45 FE 3
fii & % 8 5] T PCRAM 8 (4FFE1E 1Y T 5 M 22
G iR K A 22 S5 ] S L0102 103 118] PCRAM H 1) 4877
it BT b B R BT I AR N — R O T
PR HRAE R L) - 3 5 B BT O 2 SR F I 1 de K
R AE N G — 0 g B O, X AR, S 80T K
PCRAM FITHY 5 B 4 A » AT K R B8 AR fi ) 7 i
AHFFE B 1o PCRAM 1 A 6] 77 4% X 8 42
PEASTR) FY Gt L o DT 0% e 2o B 2 e 19 i) R R il
1 B A g AR 2 25 5L BE ) PCRAM 77 4if 50T 1)
i 0 M A T 28 5 A B IE N B0 O 4R
B /DB TR A VE B 58 1 A i BT 4 T R RE 51 R
PCRAM J 300, AN 2 13 B K 5 8 4 O 1 b 43 i 2]
A5 A FE At DI T 2 AR 5 A7 A B 0 I S T AT 25 R
oK 22 AL A T Ay B AR R4 R A A
fith BT 1 55 i A
4.2 B B

W55 N\ 5t PCRAM 51 € 34 5 B 5 451 38k 43 1)
NBE A A 2R G R 5 = A2 VLS B
AN T B S 3 1 BT R T R 0w K B 5 A
JEBUS T — S8 3 sl A0 B 58 E . (HR X S8R ]
JEUCASTRVRLEE i) PCRAM 451 K6 4 5 77 %8 B A K W)
EE XM TT Y ROR RN e, BRI 2
UK S BB A R R B L S B A RE 3 Al T
& PCRAM (1952 by o FH RRASE | 7 FH 37 5% 0 R 2 1 75
R EAE PCRAM i J] 73 iy R B % 22 1] 4.5
TE Y P A5 A S Y R A R AR AR SR A
BB U ST AT B B R BN A S
R B =AY B O R Sk B4 b i Dk PCRAM

PRE Y 17 ) . S B b B R AR R GG R
A2 PCRAM #5148 1 i 8 R 22 0] 2 A #5581
AL B 2 R A R 3 A R TT DLE S R
b W ¥ PCRAM {5 #E 2 B, SR i AR 4 W 43 445 21
T Tt 1 %k 451 48 A 4 = ) PCRAM 17 % B0 17
JHAE L 7E kS0 PCRAM P Jay 3 X 80 ) 2o 5k 21 5 it
IR b BT 2R A [ B A A E 2 s AR
RGZ MG TR ) BAE S MO B E RS
JZR RS B B R W] DL — e B RIS B
SJHL 43 AT 2145 A PCRAM F24if 00 b, 0% 2 B AIK
PCRAM V15 # A B WA R T i — 2D s
RO AP 22 U R 0 35 U I R B8 A R L = iR R IR
P18 58 AR 249 Al 5 AR AT L A B A7 23 U ) A R e AR B AL T
AR B U 1) R AR AF R DT R s B 01 RE 4 £ %
R RIFZROTAE MG ARAE — B L T
TRAE M8 ST o o R AP 2 R 450 2 8 AR B
JUT e B ) R R A Al 2 A N U /D T X R SRR B Y
LR A AT RAJOR » DT AT DA A RE 2 L RE RN RERE
THD R T4 AT DAE — 20 st o P B 1 )23 R R # 4E &R
5 )2 U AR 4 A AR R

Pt ok 19 PCRAM i #6 ¥ i 6F 58 T AF . BE
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Background

Over the past few decades, memory technology scaling
has provided many benefits, including increased density and
capacity and reduced cost. Scaling has provided these benefits
for conventional technologies, such as DRAM, but now scaling
is in jeopardy. Various non-volatile memory technologies
have been emerged to replace it in memory hierarchy. Among
these technologies, Phase Change Random Access Memory
(PCRAM) is a promising technology for main memory due to
its near-zero leakage power, higher density and non-volatility.
However, its major drawbacks, including limited write
durance, have prevented its usage as a drop-in replacement of
DRAM technology. Because of uneven write distribution,
PCRAM is highly likely to have early failures, which can
spread over the chip space and leave the entire chip unusable.
To address these critical issues, some representative PCRAM
wear leveling techniques are proposed by researchers, from
both hardware layer and software layer, respectively. The
hardware assisted wear leveling techniques can be divided into
three categories according to the granularity: memory page
level, memory block/region level and storage line level. On
the other hand, the software assisted wear leveling tech-
niques do not need to be modify the hardware. The software
assisted wear leveling techniques can be divided into two
levels: operating system level and compiler level. On the
basis of analyzing and summarizing the current research
situation, we discussed advantages and disadvantages of
these techniques and briefly discussed the directions of
further research, and thus could be reference work for the

next step of this field.
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