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Joint Technology and Circuits Highlights
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Beyond CMOS Machine Learning
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Quantum Computing
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Compute-in-Memory
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Compute-in-Memory
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Technology Highlights
Advanced CMOS Technology
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Advanced CMOS Technology
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MRAM Memory Technology
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DRAM Memory Technology
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PCM Memory Technology
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Image Sensor Technology
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Wireline & Optical Systems
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Wireline & Optical Systems
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Advanced Materials

“OIT—NIXT— )L EEEBEE IO FHVEHEEWNS, KS U SX&” —
TSMC (T1-5)

TSMC 1%, ¥4 )@ Bi & 2 IRICH-ER WS, 05555 & RiE 25 L7z, HJE CVD-WS, o
U xR — VRIS o AW T U R 2 Hiff RS L £, HE
2D YKL, A AT —LDF v XIVESICBWTHBIFARX v ) 7 BENE D HEE S,
VT X0 BT v 2 LE (LCH <10 nm) TOFFERIEINEN TS 720, BEROMHE
N7 U RAEDT v XNAMELE LTHERMEITT, ZOHLWEBEIRGIEX, Vo — R
=V TERIESNTEY ., n-FETIZEBW T, 135nm D7 — T 250pA / um D EV A
VERAEERLE L,



100 nm

KO . (@) Z7a—\ 0"y 7 F— N T3 ZEEE il 2 72 4 A4 > F SiNX(100 nm)/
P++-Si U = — NZHRE STz, 24 F ILCVDWS, D EE, (b) SEMBLW (¢
Sb/AU % 7 DB DT A AEEOWTIE TEM i

Image Sensor Technology
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Circuits Highlights

Machine Learning

NG FILEGTRr—) 20304 Ey FEFIEIZEL B 95.6 TOPS/W 5nm 7O
R FEZE Transformer ET/LEIIFH#RT 25 L—3"- IXET 1 7 (C2-1)
HARSFEH « > BV g g U S35 Transformer ~<— 2 ?® DNN (Z8#{k L 7=
MipE ot ooy DTN, AT —E B X —D TR o0H D FF, =X
T 4 7135nm CMOS 7' ut ATl L fiOEEFE T 787 v —4%7a N2 A4 7%
HLET, BBEOHEIIEEEEMEZS| &R T— 5T, KEEOHRE IR 2 —
Pl CEDOE FIZoRN Y £9. FFHIIZOMERIO- O, BT PIcT — 2 NE
WG L TRZ VBN TAEy MEEICAZ =V o 7T 5L 0O LWTFEEZRE LT,
AFIEIZ LY 0.7%DKEELLICHNZ DD 95.6 TOPS/W & W9 BHEhHRAZENR L TV £,

Config In| A Data In B Data In
[
A-Buffer B-Buffer Post-Processing Unit (PPU)
(66KB, Dual Port) (66KB, Dual Port) *
— Address Generator "
H T I —DI Address Generator I | Per-Matrix | Latch Ariy"IB
fil Buffer Manager | - Scaling 256
—il Buffer Manager | l Scale Euffer
l Bias Latch Array | T,
Addition 128
Bias Buffer
2048 Shal! I RelU I—DlVector Maxl
[4— 264 —»|
e [Fecproca
Update every | =Y Update
16 cycles o every
/ ’ cycle V7 I Quantize and Round I

[ R 8K v
I v 2 -
L - -- Approx. Softmax I
Configurable Vector MAC Datapath l 4

| 8-bit Datapath | | 4-bit Datapath | | V5Q Support | )
/ré‘ SRAM
N 512
‘ N 136
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DRAM Memory
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FOMRSFHE (RAS) %) B & w725 3 iff o 10nm DRAM # %% L 3, Z® “High
Bandwidth Memory-3” (HBM3) DRAM |Z, 16 Y DU — Rx=T7—& 25D L E
Fe T — %R ETE 2 LA A =T —a— FiTIE (ECC) FikaHAL, =7
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FXa—THYDOEF AT NV NiEEZ 1024GB/s (Zm EX¥r 2 RN TEE L,
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SRAM Memory

“4nm CMOS /Z & BE30E - b7k 6T SRAM n;zny" 4 > 7 /L (C24-1)

AT X dnm 7 AD CMOS 77 J mo—|Z & TR O EV SRAM 2845 L £
T, BMAN—T > bOT TV r—va kL CEHE @@@ BREEO DD, &
YF o T AEY OREEALE BEEULNEREE e 9, k. 6 hT U UARHKICKD
SRAM (6T SRAM) IZAKE A ELEICHIGE L, 8 h T P AXICTL % SRAM (8T SRAM) (X LV
BWEIRE NS LETR, 206 O REE T, AHE T 0.03um2 Dy b
JVIHIFE Chem{l S 3172 6T SRAM %t 2 #3Jr L. 8T SRAM t [RI%DET) &, 1tk 6T SRAM
REHTKR LT 5.8 0 ENYE IHIE 2 WA L E T,

8T-SRAM
) , L RWL
i HCC
= T L 6T-CONV RT
HlCrs
RBL
LSA s
8T-LSA 6T-CONV B6T-HBW
(8T-SRAM bitcell) (HCC bitcel) (HCC bitcell)
Array Efficiency, 52%, 75%, 61%,
Density 13.7 Mb/mm? 23.8 Mb/mm? 19.4 Mb/mm?
Overall Macro Area [} 1.74 x 1x 1.23x
Read Energy / accessi’?l 1x 5.81x 1.03 x
Write Energy / access!'2 1x 11.9x 1.47 x
EEFFFEFEEEEEEEEEEEE. B Bitcell Leakage 8x 1x 1x

11 Qutput muxes are excluded from area and energy calculations
12 Read and write energy measurements are based on 50% ‘0" and 50% ‘1’ array data
for both read and write

(©)

KO : @) A7 14nmCMOS 77 / a v —D7 A N v 7EE, (b) A4 7/ 4nm
CMOS 77 /uy—0AEFY Ey bk, (c)60kB ~ 7 nEERDBEER T 7 AdHT-
D DT )L X —Lrlig



SRAM Memory

‘AR 7 TYRIFICERGT O CRNE—2FFNVTAXEYDFT O X ENZF58%

L /=7nm SoC /Z/FL)5 418 SRAM” — X & (C24-3)

ART 7Y TIX, TP AT VTV AERAREET LB ITICEIEEEE ) TH D
ZERRKRODLNTWET, KiwmLTIE. A XD Reality Labs DF— LR AR 7T AD Y = %
F ¥ Bk 2 A7 T HBEFHEMG)U A MRV FoFa b XA 7IC#H#H &5 7nm SoC (Zff
O HIRES SRAM EZFHIBE L THiE LE 7, Hoix, AT VEHEFHHEX Y 7 ¢ M1
WL L, AFRVASNDT U H LT 7 AT HOTIER E g7 7' AR 5 N xiE
RLTWET, TITH, BHELEZAT YOO L, BIO, EXALZEECE N
T, BEIEEMEOREZ /ML LTWET, ZOHFRIZL Y, EROREE I LT, FiA
LB % 52%, EXIALES % 58%HIKT 5 Z L NATREL 720 £ LT,

Memory Access Patterns in Typical AR/VR Applications

.E100% m Single Access
g 75% 97% 02-4 Sequential Words
O 50% i 89% 69% m4-8 Sequential Words
g 25% = 8-16 Sequential Words
] m>16 Sequenital Words
g 0% t t t t t t quen!
< EMG *Conv Conv Conv Stereo VIO Eye * Convolution Layer Property:
Pinch &  Kernel Kernel Kernel Depth Tracking [Filter X, Filter Y, Input
Release [3,3,21,42] [3,3,3,16] [1,1,4,32] Sensing Channels, Output Channels]
(a)
SoC Die Image Research Prototype Research Prototype

Board Picture EMG Wristband [8]

« 7 nm SoC demonstrating application-level integration of sequential SRAM
Key « AXl interface to sequential SRAM core with pseudo-single port for pipelined row access

«” SRAM control circuit configured for multiple column access within a single row access
« Combined techniques for sequential access mode: boosted-WL write assist, configurable
number of row activation cycles, hybrid dual rail and SVT-dominated periphery

(b)

Features

M OFH : (@) AR SOC SRAM 57— % 7 7 & R TEWEHMEN B D Z L BN d A XD AR
TV = a Vg, (b) Ty T EERBLOTERE Y KT v, FBEOT oFde, 134T
DY = AF ¥ i % 124u D= )L X —THH,



System-in-Package Power Management

N T—HEBHAAT A X R EHNERBEEFLFaL—%"— 17T/
(C22-1)

A TIME, 22nm I a B RIBT LT VT 4TV ar A X —KR—W% Ed 3D-TSV i
J@T AT LA Xy —3 (SIP) X5 T, BT v Ly M EHA L SiP EE B
IZOWTHE LET, FE DL, 3D-TSV TR SN/ Ny r—VRERICA 27 X o
AT, A VB —R—FF A FOERET L X o L —Z X A R ESREE L E Lz, B
— B A )L TOEIINRIL 10mMA 725 300mA 12T T—EZ2 D, MiET22 /1D X2
L— & @ RICESET 5 2L TLAOHIFETCH L35 Z RSN ET, 2Tk
D, BExREBHEMHEROHE, AEY, BEF vy MEZMD DO R MRS
THZENTEET,

| Vina = Lac = 1.4nH
ax ‘ Rpe = 40mQ
LHS _a. R, = 900"

N I

- 100nF On-die deca
TSV
1mm x 1mm Loaq ‘

Lac = 1.1nH
Rpe = 60mQ
SHS _ /@— R, = 1500*

= AN - A AA-
™V 0.32mm x 0.32mm TSV
Lac = 0.9nH
VL Rpc =90mQ
Rac = 120Q*

AMA-

v AAA

TSV

1.4mm x 0.1mm TSV

'iDnF Input Decap Rac @ 100MHz frequency

Grids

K OFEH « BRI ML — RAZIZ@T 72 TSV _R—A A &Z 7 Z & 10 # A )VEFER
EBELX 2L —FDT A Yy F T v

Power Management of Digital Processors

“3nm GAA (Gate All Around) O+ .X LV /=F/V1 JLIEIFSoC 2 TEBEEEE
FHNET S /=00D Y =F LFa L—ZEE - HALXEF(C21-4)

BIEu O CMOS 7 1t A Z W /=F /3 A /LAl SoC IZxtd Mg EoEERiTE £
BIEMD T, %< O CPU a7 Z#i#i L= /A LAl SoC 2B\ T, EttEhE L KM EE
NN S D T2 OICERMEREIZIS UCa 7 EICERELE 28I (b S 2 HEns AW S
NET, TNEEBLTH72DIC, SoC RIZZHEHO U =7 L ¥ o L — X [BlEE 2 #5875 4
N £, KRSUT. TUOFAEIEE T a S A DRSS RS L WY =7
L¥ o bL—HEEE2#EZ L, 3nm GAA (Gate All Around) 7' v 2 % W= v 73 B $
IZT 34.15 Almm2 O KH FTEFRZEE & 1 ns DA EREIIZT 5 m 22 35 L £
L7z, AREAMZE D, EMERE CTIERIEE B RO A SR OFEE N H I E T,



This work
Current >
Analog Loo Py Digital Loo
AVDE P Comparator ena P

Digital Control

DVS

= 2 2 24 |CLK 2
L1l Ipsp Iycp-B Tyopt
Event-Driven [y VO
Transient |V—2 ;:R _;\.”:'J Em Mt
....... Enhancer  Maep™ T TR e
J_I_I_y Jinnnn ] o
Internal Load Generator 76.8MHz, 1-3GHz ol ] CPU| C
- Isys. osc||cpu PLL" | 5

|
Lioap—
ANA —

o Lana/Ipic<0.1 Ipic —

D Sy

Proposed Hybrid LDO  t

i

" Conventional Hybrid LDO

K OFH] 7 ¥ XV & 7 v Tl T RIS T E 34 L SoC [\l U =7 L
¥ o L —Z A

Wireline Transceivers

“200+Gb/s = 7L 1) > 2 [ #72GS/s, 8-bit DAC X—.X 4nm FinFET CMOS AF#
E1E# — |1BM EZ5F% A7 (C3-2)

IBMIZITF =Xt 2 —ICBITDH%y MU — 7 FHEINOBEIC LT HBEEERS Y T
Y 7N A ERE RS LET, 5D FIEIL 72GS/Is BIfET Y — A v U — Xk (SST)
% AV 7= 8 bit DAC Z JEfiE & LTV Ed, SST ik Mk L L7672 ©ld 56GBaud %
W25 LIITEEHATLEN, AL TIZ726GBaud £ TH L EIFThE4, #50
4nm FinFET CMOS IC 1% 216Gb/s PAM8 & 212Gb/s QAM64 OFDM #@h{E % 288mW D&
HECER L TWET,

] 75mvidiv

M DOFH] . 8-tap FFE % /= 72GS/s GO T A X A4 7 7 Z ZJERE R (@) 144Gb/s
PAM4 QPRBS13 (b) 180Gb/s PAM6 PRBS11 (c) 216Gb/s PAM8 PRBS15



5G Transceivers

“BG /A [1/5 %1 28/39GHz % 7 1 —X R 7 L 1 R — EEAXF (C11-4)
EIERFOFEH 51X, 56 THIFH & TV 5 28GHZ~39GHz D J& I Hes sk 12 5t L

7oy IR OFmOWHG LT = — X K7 LA B A2 RR L ET, f“frﬁijz KTV AT §—

< _R—ZADEZERIL, LR TCOE—LT7 3+ —I U T2 EEHTH1-012, FHilzlmE A A

v F U7 WLy, (AZRORIEEREZ AW CTWET, K7 2 — X RT L1 BEEIL, 28

~39GHz T 64/256/512QAM OBEFN S L, 19.2dB OZEFE, 12.8dBm LL LD i%(E

BHEEB L CWET, Ez, AT LY 25%LL Eomfad sz Ek L E LT,

(a Conventional Phased-Array TRX FE

Power Detection/Self-
B T™xPath W RXPath W calibration Path é
. AMP FMR| M XFMR! Detected
2# S; ! 3# H1 Power
v
PS (————
ANT [N FMR PA| FMR| le-MK G, XFMR| G,
=2 2 a 1 3 S 2 1 1
com
Ps o TR
FMR N XFM XFM G XFMR] G Switch
L~60% Area_g5
Reduction Proposed T/R Folded Bidirectional Phased-Array TRX FE with Power D Path
] ;X P:""J ‘e'rRXI;’Tfh TIR-Folded TIR Folded Transformer + ?"“;:ﬂ": 30‘“3"?“'
'ower Detection/Self- T fe Embedded ATT. ine-Base latching
ant | B 7 CGlibration Patr ransformer /55 \ x Bidirectional  Network
P!

Reused T/R Adi o

SWiteh with Reused TIR| (/ps) COM
[2"° Harmonic| Switch
Network
LNA/PA LNA/PA S LNAIPA' LNA/PA ¢ Zoe, Zoo, 6
TAMP IAMP IAMI /AMP
For Power Detection and Self-calibration
(b) ) NS
Attenuator

M OFEA : (@) BHKHIB CRIE S AN O/ N5 H) TXIRX TV 3K LAY 28/39GHz TE
BT 2 — X RT LA - FTrs—ne Ty Ry R, (b) B T2 AR— RSy
BT v T 32— EHARA L TXRXTVIRLT —F7 7 F v, (O)¥AEE



5G Transceivers

W F/NT 1 7> 2k B5G B /Ga739GHz # 7 —X FF7 L4 K522
—/\—" — BRTFEAZ (Paper C11-2)

WIHRTERFIRNT A BN =T T K ) A XT T a3k T 285 m7 v 7 %8
Lz, 72— RART LA =L 7 4 —~—ICLD G M hT i —R"ERELET, HF&
SIEE A OT T TG T D REE OB EO T DIZT VXV - T a S ORMIES
R L, 7o TG LT X NMETE S A OT 7 2% UTHAE & FIlEE
MIEZ AT 7 7o —Fickn, HEFDO EVM 2 9.1%, %5%EFRF0 EVM % 11.8% % T
WELE Lz, FE DT 39GHz #B\ T 64Q0AM EFHD LM F T 21Gbps DT — X 183K
EriERLE L,

39GHz Bi-Dir. Doherty Beamformer Chip
I T
TX Mode I H3

H-pol. In/Out
Leakage
Canceller

RX Mode

B N igital 3 I|Ma Tude Det
Mismatch I é%lla I<—| V4 Det. I Pghase Det )
Compensation o - —

L~ S —

[ — l
E Il . Calibration ! T
S

Antenna Array

TX Mode AvA)

Dual-pol. Aperture-coupled

fha.ock .,.-» £ t_
s 0]

1h
|

V-pol. In/Out

Doherty | |
RX Mode LV=pol. _ RFVGA PA-LNA

H/V Leakage Constant Gain || Phase

MOFEH : AT IR —T o PR ) A AT T2 FHT AR T > P2 L
FAMI A~y FMiE X 39CGHz 7 = — A RT7 LA BE—LA T —~v—

Imaging & LIDAR

“1200x84-pixels 30fps 64cc D/NHZE LIDAR L >—/V—"— EF (C16-2)

T LIDAR 1T U — —iXERE /ML & ZEHD LSIEIZ L - T AT AR/ ik
L a R MBI SN TWET, HZ1E CMOS-SPAD X— 2 DZE# (¥ —) 25T
LIDAR ' A7 L% FDOO LA XD 64cc DFMEITHAIANTE S DEHRFLES, B P—
TR OVE S kb Sz vy Mg (T2 70770 FRK) /T
% 1200x84 [HjF D SPAD sk 7 L A MEHEINTWET, —MXAIIC SPAD [k %5 &K
NRMET, 2L DA T7F v FEBmEMSELE L, 2 A NT v ATORNPY T, ZONFIET
X, Fv 7 EICSPAD D7 v A LIREIZL DXL X 24 ET HELERIENL—7 2 {KE
JEEIRECERBLL, VAT A0S EZHIH L E L7z, 20 LIDAR ¥ 27 AlX, CMOS %
B ~A 7o R%F ¥y 3T —, 28ch ® ADC, FPGA Z## L. 110kLux O % W Bhs |
T, 30fps., Y AT AIREOCETD 3IWRILT —HF DA EFEIEL TWET,



Receiver (64cc 4x4x4cm?)

2D-SPAD array 28-channel AFE w/ DML FPGA

oo (RIS - TIA
Read out area: —l > TIA

? 28 row x N column £ = = N -

2D-alligned § S| Distance £

#hybrid AQ SPAD : 3 measure g

n TIA =] ADC Logic u:)

| TIA (DML) ——
- Distance
IDC B | | | [
T s] | PLL LiDAR data
8 1 control —

Scanning angle information

" Emitter(280cc) — - DM (LD)start

6-face polygE)n laser scanner (a)

o
o
7]
©
o
-
7]

=

Activate
The DSCC

-0
=
3

=
o
-
@
Q.
5

4

Temp.=25°C - | Temp=90c Temp.= 90°C

Mo : (@) FOOLI A XDart7 FEELDAR E 207 ry 7K, (b) #ET 5T
T4 v SPAD #A#{E 2 OFF 12 L72 25°C. (€) 90°C D 3kt afET —4 ., (d)ONIZ L7z
% O) 3 ykﬁlﬁﬁ?b—&o

Imaging & LIDAR
“BEEEIRIEHICHIG L0023 RITEBERED /=D T v R - B
ZToF 7 X =22 — kHIF (C5-2)

—eriz, 3WITHIEE S A 7 <2 LIDAR HIZFIFH & 5 @ o el #228) ToF ClxiEsEL >
CEMERBEN N — RA 7 LRV ES, FWREIR] - Ty =T 7 ) maUE LOERNR
X, ZOVYUHEEDO ML — RE 72 mIRT O LWVEHIZ A I U T AF— AR L
F Lz, BESNETEIRIITORRHZED -2 HRICE L TEBY, TOREE L/
HHEED T A T DSFE AR A B9 D BRI U A AT oM ik bRt h TnET,
WAETIE30m LY, 100 klux OEREESE R T 15 em LLF OREE A2 2R L TV E T,



25m

at day (ambient 100k lux)

20m

15m

10m

at night (ambient < 1 lux)
20m

- 15m
- 10m

5m

Om

KOFH : B H (100 Klux) 3 X OEM (< 1 lux) 12815 1~20 m #EPHOBIMNEE~ ~ 7

Analog to Digital Converters

CT—RR RS TH2 TS EAB RNV T 7 FHLVE4nm CMOS 8-bit 56GS/s 64
FrRZNEAL LS EZ— 1) —TEADC” - IBM E#HFF A (C19-1)

AA A IBMAFZERT X SE8 D 4nm CMOS $:9fi 2 v 7= 8 ¥ b rfifiE, 56GS/s ® ADC
BRFLET, ITHD ADC X—2DOEH T U 7T VBEH L ¥ —/3NTlX 112Gb/s i O B3
RIS ZDIZDZA DA 2= =T EHWGHMEL o TWET, KBETIH., F v R/
DA Tvw b, Ay, AXa—ET I ZCERIMIEL, 64 F v R/LD ADC % H A
LA VE =) —TEESHETCNET, BWVERELEZLELETIC 4nm 7' 2 & AEICE
iF % 0.8V &\ S RVWVEIRETE O CEIERTRED i KIEIE 0.8Vpp D ASIE B £ T2+ 7]
BTHDH, FHBLABRANI NNy 77T — A NT TR ENT v 7 « dh—)L NI EZ R
LTWEd, 2% ADC [Hl#§13 27GHz B D5 2 3L L 5> 47f3/conv.step &\ 5 EW\iE
TN E R L, MO eI ICEcs 2 e 2 5k L TV E T,

1328um

1420um




K OF : IBM BNEZET 5 4nm CMOS Hff Tl X iv7- 56GS/s 8 v~ hIEFIH SAR
ADC DX A BEL L AT Niffl, 16x4 DA X — U —7 ADCIEZ. LW —FZX T
o THE ABHANY 772 H1IBEOA 2 — — N EH L TWET,



