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Abstract Recently, the performance gap between CPU and storage system has been continually
increasing, resulting in the consequence that the storage system becomes the bottleneck of
performance improvement of the overall computer systems. With the rapid development of
microelectronics technology, new non-volatile storage devices that have the metrics of non-volatility,
low power consumption, good scalability and shock resistance, are attracting a great attention from
academia and industry. This paper introduces several new non-volatile storage devices (i. e., STT-
RAM, RRAM, PCRAM and FeRAM) and compares their performance characteristics with those of
traditional storage devices. We further discuss the current exploratory works that seek for lower
power consumption, higher reliability and better scalability by applying the new non-volatile storage
devices to the current three levels of storage architecture (i. e., cache-level, main-memory-level and
external-storage-level). A detailed analysis is then presented which focuses on some strategies to
mitigate the inherent drawbacks of the new non-volatile storage devices in the application, such as the
limited write endurance and the performance imbalance between the read and write operations.

Finally, a panoramic summary is given and the possible future development tendencies are discussed.
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Tablel Characteristics Comparison of Many Storage Devices'®

®1 sWMEENRESHLLS

Existing Products Prototype
Metrics
SRAM DRAM Flash(NOR) Flash(NAND) FeRAM MRAM PRAM RRAM STT-RAM
Non-Volatile No No Yes Yes Yes Yes Yes Yes
Cell Size/F? 50~120 6~10 10 15~34 16~40 6~12 6~10 6~20
Read Time/ns 1~100 30 10 20~80 3~20 20~50 10~50 2~20
Write/Erase Time/ns  1~100 15 1ps/10ms 1ms/0. 1ms 50 3~20 60~120 10~50 2~20
Endurance 1016 1016 105 1012 >1015 108 108 >1015
Write Power Low Low Very High Very High Low High High Low Low
Other Power Current Refresh
. . None None None None None None None
Consumption Leakage  Current
High Voltage
. No 3 6~8 16~20 2~3 3 1.5~3 1.5~3 <1.5
Required/V

Note: The device labeling the value “a/b” in “write/erase time” comparison means its cell needs to be erased before being re-written and the

value “a” (resp. “b”) is the corresponding write (resp. erase) time. The device labeling the value “c” indicates its cell can be

overwritten without being erased first and “c” denotes the write time.
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B RVAE 5 AR A AR IT A W4 Sk =4k A >k (4 B i)
FEE  [] s B A TP Y 5 0] 3 B DRt il P R B AR B
SR AEAiE i A K ARAL G 10 B B A R A R Y 5 () 4
REFE T, B2 th T8 B Ak B 2 A7k o 16 10 57 745 U5 )
FhEBLEIAS 7] T 4% G i 5% 00 P00 1 0] -k 7] B
R B AR B SRV XS AL GE 1] O v 2l e 1 52 i) o A ik
UL TR B it A% 18 1Y SN RGeS T TT e
T LA JUAS D5 RS
2.3.1 JETHRIAE Y KA SRR AME RGN

i T I AT AL VI R S A7 0y 452 B2l seek/
read/write = BEAS Il O B T H A Dok
(W) SN 24 LR B R AFAd a4 D AME I AR AT LA
L XS ORI B B RGN MR AR
X BT AN B8 58 23 A AE B - A7 At e A 39 Sk LA
FAF AT R - DT B2 55 1 i S 7 [e) Y 2 9 k. B
X A B S R GEIF AT 5850 75 TR AR FAF A SN
1% (storage class memory, SCM) i 45 &, Bl SCM
Al UL BN B EOF BA 5 Sk K AR S
A0 R L SCHR (24 1492 Y 7 76 /i 40 3 ik = 1)
SIS & G SCMFS. SCMFS F HI & A 1y #8:4E
R G0 F A PR ek AT e B AT dg 0 SO
JIT ok A 22 ] DR A i S 1 o 3k o ] L 4% SCMIF'S
AT B Gy 2 BRI LA T MR RE. SCRRL25 A T
A TR R T — R SO R S8 BPES, fiff
FH T J B 52
BOAR LA 35 AACAF i 2547 st 09 L 2008E B2 1Y 5558
BPFS WAL G610 SC 1 2R o3 1 T 58 5 %) 1] 5 M AR E
KA PERE. BRI Z Ab % SR 4R T — R A 4 4
F AR T BPES Jr il 22 09 I 1 , T 5L ik fig 4k
SEF A L1 A1 L2 Cache FFas ok 04k BE AL #.

SCHKL26 1 N AE R G0 09 Ff B 3 o ol 3 DT o
JERBL & PCRAM, BEARHS Ak &, SCHRL27 Tkl
1 H Al R et R G0 8 FHAE AR RN A 4 i L i
TR T PR OO R 1 R A S AL R 8 R AE R R
N T B R A T A I R A AT SO A B AL Ak,
BT L PR, At TR T T T X 4 SCMs , I 52 8
TN ETXHRMRR RS,
2.3.2 TR D) R AT AR IE B SNF R GE TS

[7) FIL 1

TR By 2% A7 i A A 00 e L T Sk AR R S
FAEEAL B R A 5 AMEERARL L E S LR
by RAFRAE R Bl A it A o i, mT AT A% e A7 G
R h EAESHMEM AR, F R R 5 K A7 6 o 1
F10 e AR A AR SRR A% 8 (0 i Dy 1] O =X U 43

43 WL (short-circuit shadow paging) K
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YER G 1/O 8 B 75 S TF 85 v i B be 5 ok, R
P 3 AS 1), SCRk [ 28 J4 Hh 1 1 ) AE B 2k A7 ik ) g
F5 PR T NVTM., B v 4 72 A B3 52 BLAR B 19 L
4 Y T RE A RO 450, O B DX &% 2R 48 2k AL
PRAFE . NVTM 3R 5) 56 77 fiff B #2553 17 H)
FE ¥ b hE 25 18] SR By 2k KAk b 2R B s S5 i e 7R
Fr TR 22 ., DT AE i A 52 5 R A 45 OC B M i A
RS BRI RGN AL DRI & 7 HERE. T
RAEAE Ty RAFAE R PR RE - SCHR [ 29 ]9\ Jy 75 1 L BH 2
/O Jstif 2 b 248 10T 1Y A7 A I3, 2 3082 i
“JET SR T DHE 2 A 1O 5 AE 2 B — A S Sr i)
PR T BT R AR FE AL B R IR S
J 5 4R AE T TR A il B A b, DT 3K B S 2 b s
RN SO R G B R G O PRUE R Y — B
o8 B B s AR AR, SCRRE30 048 s i T
PCRAM Z53E 5 R A4k 1) 15 18] 48 38 L Ak T Flash 1)
SSD ik — A~ % it 9, K i 78 5 T Flash (9 R 48 5%
M) 1 /0 8 B O B A Al A B 2R A A 1 R e b D 2%
A T A VE BB BT AR AT 4R — AR LR S
I )7 A BB A7 AR A A SR A L R 68 TH B 7 b 5| S T
AUk BIVE N N A LA R AT SO R GEABR A A . %
DR Ry A R AL T — DR R R 1L R
S R GE AR A A A% B AE 4 v, PRt 1 T AR Y AT LA
NGt BAE R G T WU ) SO RO L X T 2 U
[1) SFe 158 ] LAY IS 25 Bk 48 4 22 58 R0 SCAF R G2 19 T 4.
SCHR L3111 & 3 AE 73 A 30 4% 77 & 4t memcached J&
NoSQL RS HHEL T . by 2 B dls B il i) 15 AL $5
DUZ 18] 3F DA [R]. Sy 3 ik A FH Al B 2K A7 ik LA S B4
RE i R AL $2 1 T — s A9 H s 45 49 (consistent
and durable data structures, CDDSs). CDDSs f# F§
WAL LA LR JE G HAE 0 e BT [ RE (0 AR 1k
T3 AR TR AT R ROWR &2 0 [B1VR L 459 & e i A ik
RAEWS P M AR SCERL32 I MR AE R G2 IR E Bk
AT KM Y ) B A M A A e A
Huhk B NS Y AT S AN A AT R AL
A AR B AR 1 67 o AT B ARG T S A S A R FE.
2.3.3  FETHRIAE D) K AE i d 1T RO TR & R R
H1 T8 B AR B 2k A7 At e 1 [ 4 G i) LB 28—
B Z A FATEAE 25 B R OE B, 1 i g BLE 5 A it
LA T Y AT SR M L TG A O 32 1 B R TR AR
FREFETT 51 » (H 2 H S HA 132 5 M BB AN 4 Fn 5 i
AT B S5 BR A AL R B A B S OB B
AR BRI ELH A B, PR I 5 AL AR B 2R A At 45
55 MU R B — B TR G g 8 DA ) B 4% — 35 i

B, A AT AR R ) — B ST AR X 5 T Y TS AR
MRAE A IR E A LLEZE 5 T 2 28,

1) R A G Bk LA RS AD A7 1 5 #E T 85 ]
SEME. SCHRL30 3T T 3 F PCM 1 17 fif [ 37 Jit 74
Onyx, P b T H 53 F Flash fIESEEN RS
PEfg, Ho Onyx A DL i PCle 2 1 [] 3£ #LAH %
ERZ R AL A B/ A 10 GB. SCHR33 18 T3
Ui b, F0E - 1% 45% 19 % JT] (standby) B[] I 48 55 AT 51
PR T — A I T AL AR B K AF A e 1 0 R 22
H#——NVCache. f£ NVCache H'. 5 ZZ1F (write-
cache) FI T B 132 2% 7% (prefetch read cache) , H i 7E
B SAF D AR — Iy BUE 5 3 AR EAT S R AR,
BRE S AL T8 8l Cactive) RS H B A B SR (045 16
F R, WK B 825 AT M BR 51 2% v i B4k oot
SRR AL T £ (standby) IR 250 H A 32315 3R
Bk ) e 22 i 7 EE R i B R R S RS K
AALEG A TR G #. Be ZT HEAT I SR R W N A G
NVCache F1 [ i& i # £ 1 spin-down 533, 7 £ 1
REFEREUL FEAIK 90 V0. SCHK[34 142 ¥ PCRAM 1
WGBS % A7 OF A g 1 5 T PCRAM R R £ 19 TR
GG, A T 5 PCRAM M5 fiid AP, %
B4 Jmy b ik 2 (a0 R 22 4 JL AR 25 1] (multidimensional
geometric space) , 7 Fl| F 3t F 55 6] 35 75 il 28 55 =
(space filling curve-based algorithm) 1k %3 15 [7] 4
B 453 A E A [ B 48 B2, DT 3K 300 S 450 149 4685 4 08 5
JiHh SR —Fh T Hash (95 2 47 5 2 U
P WL A BE LS M.

2) BEXSH B AR By Ok A7 At A 4 00 51 AT 43 B Ab
FER AT AEPE. SCHR[35-36 14+ XF PCM iy AT 5 P 45 %
R R IR AL B 8 T AE LA R A RAID J7 %
I PCM AE 2 TC 4% 8 K 14 I 8cis 1 vl 5 4 I 43
AR P w2 4% 0] & v A1 PCM o] S 20 01 T 76 AN [
RAID J5 & i #ds 2 2k it 2.

3 EEMRE

ARSI MNEAT L EAF MOMT 3 PS5 )2
A48 1 AT — L8 0T 58 1k JiE L A 45 25 A7 2 T
BT AR B AT ik 1 B0 R P BT A £ — SRR
TAE. sk PB4 BT T LU H 30 A7 G 28 44 A X
TAEGE R A7 I 5 B AT 5k B r e, (H 2
(7] B AR B o A7 75 35 — SE 8RB FATTIA O R R 18
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