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TpebosaHua Kk Exascale-rexnonoruam H'PlﬂTFﬂHMS

System peak 20 Pflops 1 Eflops 0(10?)
Power 8.6 MW ~20 MW

System memory 1.6 PB 32-64 PB 0O(10)
Node performance 205 Gflops 1.2 or 15 Tflops 0(10)-0(10?)
Node memory BW 42.6 GB/s 2-4TB/s 0(103)
Node concurrency 64 threads 0(103) or O(10%) 0(102)-0(103)
Node interconnect BW 20 GB/s 200-400 GB/s 0(10)
System size (nodes) 98304 0(10°) or O(10°) 0(10)-0(10?)
Total concurrency 5.97 M 0(10°) 0(103)
MTTI 4 days O(<1 day) -O(10)
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Kniouesbie TexHonoruu pna Exascale ["MMF“RMS

= [lpoueccopbl U YCKOPUTENU
= [TamAaTb

= MHTepKOHHEKT nontnyieCkme KOMMyHmMKaunu
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F&-PLATFORNS

MporHo3 pasBUMTUA MUKPOINEKTPOHUKM

= TexHONOorMYyecknit NnpoL.ecc NPoOmn3BoOACTBA MUKPOCXEM
(ONTMMUCTUYHDBIN)
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PassuTue TeXHONOrMn NnamMmarTm H'PlATfllHMS

= Hosble BNAbl NAMATH

= SCM (Storage-Class Memory)
= PCRAM
= STT-MRAM
= Redox RAM

= YBenmyeHue NponycKHoOM cnocobHOCTU U
UHTErpauunAd
= HMC (Hybrid Memory Cube)
= Wide-IO memory
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Cywecrteyouue TexXxHonormm naMmarTm

& PLATFORMS

Baseline Technologies

Prototypical technologies [A]

DRAM Flash -y,
SRAM [C] FeRAM (STT-MRAM )
NOR Embedded | NAND Stand- —_
Stand-alone [A] | Embedded [C]
[C] alone [A]
Remnant Reversibly
Inter-locked . . L Magnetization of changing
. . - Charge trapped in floating gate or | polarization on a .
Storage Mechanism Charge on a capacitor state of logic ; . - ferromagnetic | amorphous and
in gate insulator ferroelectric )
gates . layer crystalline
capacitor
phases
Cell Elements 1T1C 6T 1T 1TiC 1(2)TIR 1T(D)1R
Feature size F, 2011 36 65 45 90 22 180 65 45
nm 2024 9 20 10 25 8 65 16 8
2011 6F2 (12-30)F2 140 F2 10 F2 4 F2 22F2 20F2 4F2
Cell Area
2024 4F2 (12-50)F2 140 F2 10 F2 4 F2 12F2 8F2 4F2
2011 <10 ns 2ns 0.2ns 15ns 0.1ms 40 ns [G] 35ns [J] 12 ns [K]
Read Time
2024 <10 ns 1ns 70 ps 8 ns 0.1ms <20 ns [H] <10 ns <10 ns
2011 <10 ns 2ns 0.2 ns 1ms/10ms 1/0.1 ms 65 ns [G] 35 ns {J] 100 ns [K]
W/E Time
2024 <10 ns 1ns 70 ps 1ms/10ms 1/0.1 ms <10 ns[H] <lns <50 ns
2011 64 ms 4 ms [D] 10y 10y 10y >10y >10y
Retention Time
2024 64 ms 1ms [D] 10y 10y 10y >10y >10y
2011 >1E16 >1E16 >1E16 1E5 1E4 1E14 >1E12 1E9
Write Cycles
2024 >1E16 >1E16 >1E16 1E5 5E3 >1E15 >1E15 1E9
Write Operating 2011 2.5 2.5 1 10 15 1.33.3 1.8 3[K]
Voltage (V) 2024 1.5 1.5 0.7 9 15 0.7-15 “1 <3
Read Operating 2011 18 17 1 1.8 18 1.3-33 1.8 1.2
Voltage (V) 2024 1.5 1.5 0.7 1 1 0.7-15 <1 <1
Write Energy 2011 4E-15 [B] 5.00E-15 5.00E-16 1E-10 [E] >2E-16 [F] 3E-14 1] 2.5E-12 [A] 6E-12 [L]
(I/bit) 2024 2E-15 [B] 2.00E-15 3.00E-17 1E-11 [E] >2E-17 [F] 7E-15 1] 1.5E-13 [A] ~1E-15 [M]
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nepCﬂeKTHBHble TeXHONOrMM NaMmaTm
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A. Emerging
Ferroelectric memory

B . Nanomechanical
Memory

< C. Redox Memorz >

D. Mott Memory

E. Macromolecular

Memory

F. Molecular Memories

Storage Mechanism

Remnant polarization on
a ferroelectric dielectric

Electrostatically-
controlled mechanical
switch

lon transport and redox
reactions

Multiple mechanisms

Multiple mechanisms

Multiple mechanisms

Cell Elements

1T or 1T1IR or 1D1IR

1T1R or 1D1R

1T1R or 1D1R

1T1IR or 1D1R

1T1R or 1D1R

1T1R or 1D1R

1) FET with FE gate

1) cation migration

Device Types insulator 2) FE barrier NEMS 2) anion migration Mott transition M-I-M (nc)-I-M Bi-stable switch
effects

Min. required <65 nm <65 nm <65 nm <65 nm <65 nm <65 nm

Feature size F Best projected 22 nm [A1] >50 nm [B1, B2] 5 nm [C1] 5-10 nm 5-10 nm 5nm [F1]
Demonstrated 0.6 mm [A2] 500 nm [B3, B4] 30 nm [C2], 9nm [C7] 10 mm [D1] 130 nm [E1] 30 nm [F2]
Min. required 8F2 8F2 8F2 8F2 8F2 8F2

Cell Area Best projected AF2 AF2 AF2 AF2 AF2 4F2
Demonstrated Data not available Data not available 4F2 [C2], 8F2 [C3] Data not available 4F2 [E1] Data not available
Min. required <15ns <15ns <15 ns <15ns <15ns <15ns

Read Time Best projected 25ns <10 ns <10 ns <10 ns <10 ns <10 ns [F1]
Demonstrated 20 ns [A3] Data not available <50 ns [C3] Data not available 10 ns [E1] Data not available
Min. required Application dependent | Application dependent Application dependent Application dependent [Application dependent | Application dependent

WIE time Best projected 2.5 ns [Al] <1 ns [B1, B2] <1 ns [C4] <1 ns [D2] <10 ns <40 ns [F1]
Demonstrated 20 ns [A4] ~5 ns [B3, B4] 0.3ns [C5] < 20 ns [D3] 15 ns [E2] 10s [F6],0.2 s [F3]
Min. required >10y >10y >10y >10y >10y >10y

Retention Time Best projected >10 y [A4] >10y >10y Not known Not known Not known
Demonstrated ~3.5 month [A6] ~days >10y [C2] Not known ~year [E3] Ll [F[EIS:];‘]Z TS
Min. required >1E5 >1E5 >1E5 >1E5 >1E5 >1E5

Write Cycles Best projected >1E16 >1E16 >1E16 >1E16 >1E16 >1E16
Demonstrated 2E11 [A5] ~1E3 [B4] 1E12 [C2] ~1E2 [D4] ~1E5 [E4] ~2E3 [F2]

) . Min. required Application dependent | Application dependent Application dependent Application dependent | Application dependent | Application dependent

E'\V/;'te operating voltage |Foorr iected <09V [Al] >1V [BL B2] <05 V [C6] Not known <1V [E5] 80 mV[F5]

Demonstrated +4[A4] 5V [B3, B4] 0.6/-0.2 [C3] 1.25/0.75 V [D1] ~+2 V [E3] 4V[F6], ~+1.5 V [F2]
. Min. required 2.5 2.5 2.5 2.5 2.5 2.5

g,e)ad operating voltage oo oiecred 0.7 0.7 <0.2 V [C6] Not known 0.7 0.3 [F1]
Demonstrated 2.5 [A3] 1[B3] 0.15 [C3] 0.2 [D1] 0.5 V [E3] 0.5V [F6],0.5 V [F2]
Min. required Application dependent | Application dependent Application dependent Application dependent | Application dependent | Application dependent

Write energy (J/bit) Best projected 2E-15 [A7] 1E-17 [B5] 1E-17 [C4] Not known Not known 2E-19 [F6]
Demonstrated Data not available Data not available 1E-13 [CT7] 5E-13 [D5] 5E-11 [E6] Data not available
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Hybrid Memory Cube H'PlﬂTfllHMS

Hybrid Memory Cube (HMC) HMC Architecture

~ Through-Silicon Vias
LN (Tsv)

Add advanced switching,
optimized memory control
and simple interface to host
processor(s)...

N AR

Abstraction AonA

Protocol SLELLL
DRAM

DI & TSV Technology
Logic Die

e ———
i im0

e t————

ettt et
08808860 B WM

High-Speed Links

Notes: Tb/s = Terabits / second
HMC height is exaggerated el T

) ghoron T

Highest Performance and Most Energy Efficient
DRAM Memory in the Industry

nalogy VDD ala] BW GBis Power (W) mW/GEBIs p)
PC133 1GB ECC Module 33| 233 1.06 760 722650 903.31]
R-333 1GB ECC Module 25/ 300 7.50 281532 351.91]
|DDRII-B6T 2GB ECC Module 18| 288 520 974.89| 121 88|
DDR3-13334GBECC Module | 15/ 307 : 461 431835398
DDR4-2667 8GB ECC Module 12 283 3.40 159.17
1.35 2.70| 135.00

PDDR2-1066 X32 Die 12 4 26 0.43]

anl 512ME Cube 28 j 7
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JEDEC HIGH-BANDWIDTH MEMORY (HBM) H'leﬂlﬂms
JEDEC HEM:

Burst Length 2,4
INEEEEEREENINEE 1 e Wire length are Minimun ~ TSV 1 s
T LT ) ’/ . ek Dark (2Gbit ;;'rsﬂm)
l.-..ll EEEEEIEEE 3 k. . l: mm' I slu 2
el e s AT Banks / Channel 8
: Vi Vc® 10 / Channel 128
lll’l,lll'll‘llllll
aEEIEEEIEEEEERE : Prefetch [ Channel 32B (128x2bit)
| Channels / Stack 8
Total TSV Data IO Width 1024
» Phase 1: focus on device architecture with wide 1/O Clock Speed 500MHz
- Phase 2: 3DS+TSV stacking Peak Read BW / Stack 128 GB/s
- Phase 3: 3DS cube +Logic. B 2K
Data Parity 1 bit / 32 bit

lobal Standards for the Microelectronics Industry
Logic Buffer IO Voltage 1.2v
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Passurtue rexHonorun 3D-uHTerpauum H'PlﬂTFﬂHMS

Global 3DIC & TSV interconnects roadmap yYOLE

Hybrid Memory Cube

Stacked DDR stack
Memories - m

DDR3 stack

Wigle 10 stack NAND Flash gtack

3D SiP
Ultimate Heterogeneous

DDR3 GPU 3DIC

LOgiC L BICCE R [

3D SiP/SoC e BTG RF | Mo, nge sl
3D S0C v be e il U L
FPGA| FPGA | FPGA| FPGA Wide 10 FPGA Wide 10
LA LLLT) O
i Rl I8
modules D | oo | €
Power, 1GBT &gPower MOSFET Power Gal
Ana Iog i i Sapphire or
CX - capping | SR Siicon
MEMS & Sensors o MEMS
" Analog/lRF

Imaging & Opto
3D ﬂsm

[ WLCSP ol |J\_Bsicis /||
[[Tseces \[  Fsi Fﬂ-l [ Tosel [T (T55P+ mem] 2
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UHTerpauma KOMNOHEHTOB H'PlﬂTfllHMS

" MHTerpaumna npoueccopa M UHTEPKOHHEKTA
" MHTerpaumna npoueccopa n namaTu

= K2020roay 1 y3en = 1 ynn (BO3MOKHO C AONONHUTENBHOMN NaMATbIO
bonbloro obbema)

= [lepcneKTuBbl pa3BUTUA:
= 2015-2016:

®= WUHTerpauma MHTEPKOHHEKTa B npoueccop
" WHTerpayma npoueccopa U namaTn B o4HOM Kopnyce (system-in-a-package)

= 2017-2018

= 3D-stacking npoueccopa n namaTtu
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Pa3sButue onTuHeCcKuUX TexHonorum r"plmmﬂms

" BO3MOKHOCTM BbICOKOCKOPOCTHOM Nepeaaym AaHHbIX N0 MeAHbIM
NPOBOAHMKAM OrpPaHUYEHbI

= 40Gbit/sec => HeCKO/IbKO CaHTUMETPOB Mno naate, =1 m no Kabento

= OnTnyeckaa nepeaya JaHHbIX obecneymBaeT HaMHOTO yYLIYHO
NNOTHOCTb M 3HEProaPPeKTUBHOCTb

= [lepcneKkTuBbl Pa3BUTUA:

" NHTerpaumna onTUYeCcKnX TPAHCUBEPOB B OAHOM MOAY/1e C 1OTMYECKMMMU
ycTponcTBamu (onbITHbie 06pa3Lbl ecTb yrKe cenyac): 2015-2016

= WHTerpayma onTU4eCcKmMx BOJIHOBOAOB Ha neyatHyto nnaty: 2017-2018

= [lonHbIN Nepexon K KpemHneBon GOTOHUKE, ONTUYECKME KOMMYHUKALNK
BHYTPU MUKpoOcxembl: nocne 2018
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Pa3suTue onTMYeCKUX TeXHOMNOormm rl'plmlmﬂms

Goal: Integrate Ultra-dense Nanophotonics Circuits with CMOS chip

© 20101

Integrated EE L OB | Integrated
" Receiver
Chip

: Receiver
Transmit ' x Module
Module 25 T
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BoiuncnurenbHbin y3en gna Exascale H'PlﬂTfllHMS

= TexHonorm4yeckmmn npouecc: 10 nm

= MpounssogutenbHocTb: ~4 Tflops

= Obbem MHTErpUpPOBaHHOM NamATK: 64-128GB

= [MponycKHas cnocobHocTb namAaTu: ~1TB/sec

= [MponycKkHas cnocoHbHOCTb MHTEPKOHHEKTa: ~100GB/sec
= Obbem SCM: 512GB-1TB

= [MponyckHas cnocobHocTb SCM: ~100GB/sec

= JHepronoTpebneHue: ~150W
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BoiuucnurennHbin y3en pna Exascale ﬂ'PlATFIIHMS

Interconnect
4 x 8\ x 25Gbps
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