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Session 2 High-Voltage-Ratio and Scalable Power Delivery
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aoovigooy Electric drive unit (EDU)- -~~~ ---------~ Two problems in [8]
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+150kV/ps, TMHzS| BHE X QI CMT ZAOME TXE H&H0| RxZ Mo 2t ZE|RY
o, 5v YH0IAM 6742 15v B Z=1t 45wWe| X0 EHMH, 67%2 X 22
SHdSHQICE o223 3kv ovgel HA M5t S35 314mm3Q| BO|E T30, HEo|
signal isolator qul = CMT Uda ots B2 285 MSSts H7|XF gate-driver&

Hel 2xol REyE YT

& Conv. (Fig. 3) wio CMT (Simulated)
& Conv. (Fig. 3) w/ CMT (Simulated)

|n;‘q>" @ Proposed (Fig. 3) w/ CMT (Measured)
signal High
S Figh *under 150 KVijs, 1 MHz CMT condition
C
8 70%
m ) ’ 67%@45W
LMG3522EVM-042 Tr 60% |
Half-bridge GaN °
evaluation board s 6 50% b
P 5 -
CMT-induced Vy; transient variation within +5% of 15V £ |8 40% 3
. 84} Ideal 100% | .@
$2V (Vours- = 3 & 2
Vourt E efficiency line| & 30% [
23 L ]
Vourz < o 20% |
2| O Vi =5V o V=5V
e Lo l < ANG Vs =15V]  qp% L All6 Vops =15V
ouTs i !
Vo 167 kViias ' 50“175 kW|.|s o AI! 6 lomls are t?qual 0% | Alllﬁ lom? are e}qual.
[}
B, gl . foNT 25ns‘w 0o 1 2 3 4 5 0o 1 2 3 4 5
e Total RX output power (W) Total RX output power (W)
[2E 3-(b)]

(O3 31cMTI 58 A X 2Dt @), 7IE U Hetsts #ZO RX/TX & It ¥ &8 d2i= (b).

#5-4 2 =3F2 Al accelerator ¥ 1485 ZAFE &0 AHEE|= CHS voltage domain2|
HE 32 HYOIA 2Msls M e &AM stacked voltage domain 7He| HOIHF
E0d EME siZst7| sl StLtQ| inductorg 0l2] £30| 3/]st= VSIMO 7|
current-mismatch compensatorg M|@FSFRUCE Of2ff & 4-(@)2| &Fat &€0| 7[& X
OlM= Z voltage domainO| 7H¥ voltage regulator(VR)E Sdff LHMYS st M
o2 HIASIDE BE HEHHO| regulatorE AXIHA FI4EQl Mot =H0| EE
otk olgfet &=4E F0|7] fldf 7|E AFoMe= 18 4-(@)2 EZD 20| o
voltage domaing X EZ HZAG= stacked voltage-domain +ZE H|QHSIGICH O] =

M= LHETEYS 02! domainO| Lt+0f AFESIEZ Zt domaing fot BE9| step-
down converter7t ZQ3IX| YO, BB RE SAUSH O|MHQ ZHOAME= 100%
Of 7H7h2 system efficiencyE HdE = RUCE ETH voltage regulator(VR)7F FAM| £5HH

HE MIZ|SHA| B domain 7He| TR XpO|T EYSIER, J|E HEY TR FxREH

=

r_>'LﬂJ



Mt 242 34 22 = UL
dgfLt HE2 HEE Zf domainl| FoHFRIE M2 CHEE St voltage raildf| &/
7t @AL BESHA 2 domain2| ©RIO| HSHA EICt M2t ZF S raildf| M = T
S S5%tn BF3 MRE= 329h= current-mismatch compensator?t 2 3}C} 7| &
LDO 7|8t compensatore 50%2| % A|AH %82 HO0|M, switched-capacitor 4]
cest 32 4-a)9| of2Het Z0| X2| 7Hs3%t total current mismatchZb 20~50mA, A|AEl
28 A O 65~75%2 MBHEE A7t AT
(@ Conventional voltage domains Stacked voltage domains Vin
 in —h i Vin .
s 2 T S
: — =i - : i - .y :
L et i St | | i
| =§= 58 ¥ P ivin — -
; VR3 Load3 =5 wiod s —+—*—
i — = W b o Phi_hi é Load2| | =T
! VR4 Load4 Jla i Pl
) oo o I A it £ =TV
2100 . ' - @ § Loadd| | T
E' 90 hA[6] **Th's‘”"”‘ better | ‘:’ T EV:
s 20% Baiee o ="
S 80 ¥ i dt_hi Loadd| | T
% ol :. :,’z.x.... ..E | g [:-ead- dtikl, — son) { 1
5 @A 5] . : ime | utput sequencer Iﬂc- JE- =
2 60 i i TTenk ok [sora oy
2 P A — adc[1:0]
| had : = Digital e Vor, Voo, Voo
< wl []‘: . controller -
> ’ n : . - . = H 'I'II'I'-'—: | - Vet i, Vrem i
@ o0 50 100 150 200 250 300 350 400 - ] _ e
Total current mismatch (mA) H ...t’.‘l?!"ﬁ[%'.”.] .............................. L
(A8 4-(@)] (23 4-(b)]

[13 4] 7|F X stacked voltage-domain T+Z=2} compensator s Hlu (9]) M tSt= VSIMO

current-mismatch compensator?| HX| Tz (b).

ol g gy

= 1.5-bit ADC % digital
0| 7= HeIEL w24,
PID controller= duty

ot 4+ 28 Mo

7|
controller®| =& E O &L
S2X| HESHO, encoderg

o
codeE MM F, 1.024GHzZ S&St=

@

o

=

(@)

o)

c

5

~—

®

S

1o
g -
=
o

El ot
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Universal PEH Interface
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7/ V=
‘W“*’ PT] Va | Reconfigurable |7 " poguiar (41 o PoH
> — Power Stage Ve~ .~ | Sig| Controller
Ml TCo ’ b Vo DeBtlegz::’"‘_\_(Sig.&Ref.Gen.)
L LR
Ly M- Vi Cr gTipe_4ier
= CAM#0 Extracted CAM#1
Fine Sample) Input (Feature Match)
@_ ™ ] ™| Feature [[Pre-Stored Feature
10101 Pre-Stored Feature2
3§ Coarse Sample $Compare | RNN Feature Ext. : :
[ MontorRegister | | (StudentModel) Register | | ([Pre-Stored FeatureN||
. On-Chip ML Inference Engine ‘Knowledge Distillation Pre-Store
Off-Chip ML Model Training - Corr. Type
l Weights
[y Tpe [Gond | o] PSSHI0)
[V [Tyee [ Cord I_, —
: MPP icient
| bbb [ Type | Cond | Ly 101001011
{|[___OtherInput Samples | CIass:ficatlon 011101110
PEH Training Set (100k) Teacher Model RNN Training Results
J8 2 ¥ MY U EBRX MY 9% HE UH
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Session 15 Integrated Voltage Regulators and Power Converters

O[#H 15 Session2 M3 H=ty| U ZUHZ I F WE2E CHR1 ULCE O] &
Infineon TechnologiesOi| A ZESH Xt2HE SoC MY ZLIHE =2(C15.1)2 HHEH, [
X *lg™o|1 24 7HsTH Differential Supply Monitor OFZ|ElAol o EXI H&

= JESHIA} ohLt

#15-1 =22 Xt2FE(Automotive) SoCl| AZ|M 8l 7|& AXHASIL) &EE Qlsl, =7t
MOl ofdz MAMLE A 20| Core Supply =IO LHOIM Etsste 2448 O]
2 M ZL[E(Supply Monitor) Ot7|EIX & | CtStCE,

Seiel M ZUEHEZ WA(ADC = T 24d0lH 7|Ehe LOo[=7t H2 x=gTt
(Quiet) OFEHED M@ EOQIE2 SFSAL, 229 Y2 HH5H7| o) HEN 3|2,
ULVT &%} O & nd % 59 HO[S(LUT)0| EXOolojM 713 U ZHAF H[EO| &
CHEO| QAALCE X st =F 0 A= Master-Slave X 9| XS Digital Detector (DD) Y E
AE E®5tY, Ofg=1 mEA dHid 8i0| CIX|E gmHEA M20ES F4F HYX[S
= TXE oIt ol 83 2k, 34, d=lAging) & =Y HE K022 A=
T EGe= KNAAEHA A2MAZLCH

DD= 7ttH Resistive Ladder2t Current-starved Oscillator, 7t2FH % CIX|E 22X o
2 FEECh ol HAE Al B 139 1™ 17d(One-time, One-point Calibration)=
Q

Eoff 20| Mo ZEE dH-H =, L EZ SHAHOA = Slave DD7t Master DD2}
O QXE EO0|EE 7tH XM HEE CX|E mewo=z xY3ICt oo et 2L EE
Mote o AlP|0|E E/M0| OfH Resistive Ladder ratioOff 28 MEE o=z HAtE|Of, PVT

- -
He X =2|H AHZ|o 2 Zelds 22l

—

28-nm CMOS 3ELZ HZHE Het ZLUE IP= 001 mm? ol 0 22 HEI
540pWe| MM S SHBIQCt 1AQ] MBS A 338H= Supply Aggressor SX 4
~ 160 °Co| =4fot 2= #Q =HOMEZ 10 mv 02| 4% DC FF XS LIEfLY
M_EH 1,us Lol 217mve| MY BESS FHSA 2.45p)/conv-stepl| FoM2 H

N
o CIR|E H3E 22M

A2l BA AHTH K2 Socol SEAS HOls 94
-1 = E



OLK Gen|<K-s [ REG "
— ks OO MM,
VDD |V in DD Master - "I, Data_in
yaar » | v_ana
C"(__H} A4 \ vV _ana
;v_ana 0SC == Counter|f Sampler
f] ~ e Erequency
_ requency
data_res data_ro Accumulator equency| | | '
error
_ error
Vin DD Slave 3 _l—=
£ -
i Counterf Sampler ﬂﬁ%ﬁ-{ﬁ _l—'__"_
£ "
Accumulator data res
data_res -
clk s Digital T
Supply CLK Gen 1 Reference SK-S 1111 [ [ [,
Reference T i’
_ Distribution, ;.. | ™
V_ref V_in DD Master | N
vV ana
v_ana,—clk_ro N ’
_! 0SC Counter|| Sampler ffreqummy e S
‘equency
Data _out . ma .
data_res data_ro L - '
Supply error | ™ b
Monitor ’
V_mon| V in DD Slave o data ro
. ' data_ro
0sC Counterl{ Sampler >
3 I —~ data_res | =——

[AE 1] HQSH=E Master-Slave 7%, Supply Monitor®| S : Calibration Phase (top),
Monitor Phase (bottom).
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Session 22 Fast and High-PSR On-Chip LDO Regulation

O 2026 VLSIQ| Session 220f| A= Fast and High-PSR On-Chip LDO RegulationO|2t=
FHZE T 4Ho =20| LHEL|ACL O|FH sessionfME L& SoCo| A™XOl MH
Sa2 fI¢ on-chip LDO 7|&&0| CHROFCH, WE IE=ZHE T digital LDO
Ho 7|95 E 24 DOo| MF 73}, He °

>|

|
rl

Me TS X

4
El
5
oL
0

= - = d
2Ist high-PSR analog LDO7HX| CiYst 2|2 7| | ATHE[RJACE 2 reviewO A=

U oy
mn

CHH2  distributed LDOO|A =231 H3st H

5| C22-29 |y
1GHztA| &2 PSR 55 =HESIHA WE Nt=3E

jo ETNe)

n e
ot

ok u
-
rot
o

#22-2= MZOStuoM ZESt =222, 2 distributed digital LDOOIA M=
Yoot M7 DYU3E 2E5H7| %t scalable distributed digital LDO(SD-DLDO)E
ALt Distributed LDOOIM+= Ol2f unit LDOULDO)Q| ZHTF7t wYSHX| @2
2 EY g9 77 EBEA local hotspota OF7|& = UL} EDH 7|E9| serial
= hierarchical calibration A2 N7HS| ulDO TFE w27 s N-1H2
KHH QI calibration0] ER3IEZ LDO =7t S7FZ+5 convergence timeO| 3A|
7tSt= SHAEO| EXfTiCt.

1Y =20M= olfet EXE diZSt7| I8 analog current sensor?t group-based
simultaneous calibrationg H&3t %L 2 ulDO WHO0l= 3tLte| power transistor-‘lf

8t compact analog current sensorgE TASI0 MK ZHMFE Y LKL E

o |
_?i
0

conventional serial calibration2} E2| 47§2| uLDOE 3}Lt2| group2ZE +/d3t1, group
LHEC| ZE uLDOE SAI0 calibration®tCt. Calibration0] 2t = 4742| uLDOE GtLto
unit cell2 FZ8 F, CHAl 4709 unit cellE &% THAON S LA O Z calibration
SoEN FXE AHBEHoE =X £ ULk 0|F Sl N7He|l uLDOE « Yztst=0|
Z Q% calibration step2 27|Ho=2 ZrAA|ZALCE

Heotets FZ=E 28nm CMOS SEOM 16742 ulDOZ FRHERUACL HF 2l
E5IHFIL 1.6AQ A=0|A 134.6use| convergence timelt 5.2%2| current balancing

=

errorS 245l OM, balancing IHYOME ZEHAO glitchLl ringing0| A SHX]



Scalable group-based balancing steps
(1) 4 uLDOs (2) 4 uLDOs to 1 unitcell | (3) 4 unit cells (4x4 uLDOs)

o 3 AUnitg—
a\@ﬁ“ qLpo_uLpD | ocell i o uegell_ucell_

G u,LPS uLPO Poulk ¥ _u-cell {u-cell ¥

I pd l,_/ V.
1. 4 uLDOs are calibrated. 1. Dsfine 4 uLDOs as one unit call, |16 uLDOs —** 4 unit celfs
2. Each ul.DO makes same current,| 2. Treaf u-cell as one LDO. Controlling becomes simplified.

2 )
(*) Extrascale (5) 16 uLDOs {4} 4 unit cells [EEENHNT

. 0(\
o Uecell_u-cell”

New
u-cell ‘iL;PQ 'L'-"L-PQ N
P, s o 9'5 ¢ ~u-cell{uecell ¥ %
- ~ ; ; Ul;Pd’ ULPO # M .

Iterate (2)~(4) accordingto | 1. Using iterative calibration (1,4), | 1. Using same calibration in (1).

load demand (# of uLDOs).  |2. 16 uLDOs are balanced. 2. Each u-cell makes same current
10 0 0 OF (1) Auxiliary uLDOs B2, Main uLDO | v : Main unit cell @ : Main uLDO
:o* ok = lhux = Iin : Aux. unit cell Q- Aux. uLDO
. Bal .
0 éfé Ob (4) Main ulDOs == Main #‘LDO a) simultaneous LDO calibration
Aux. u-cell Main u-cell bl Need 1o0teN b (2 for 16 uLDO
g0 O OLOp  —p Balancing all lyain ) Need logN tea(2 for 16 uLDOs)

= Automatically balancing all lxux ¢) Faster calibration than conv.

[AE 1] 3E-7I8 SA| BEE 0|8% scalable distributed digital LDO

oM Zret =22, WS Fox Heel PSRRI HE
=3 St7| gt gain-bandwidth(GBW)-enhanced tri-loop analog
LDOE H|CtSIRALCE %2 SoCOlAM£ switching regulatort LDOE & A3t M
HIHSE active-idle mode transition2 2 Qo] 2 Fots Ho| MR ripplelt
Ast Bop BHE0| ZA0f 2dsict 7|=9| fully integrated LDOE high-frequency
PSRI} B2 transient response AFO|O|| trade-off7t =X5I7| W20, O|E siZsH7| 2l
M S/l regulation loopE 0|&50] & d&58 A0 SAIZACL
X Q= LDO+E gain-enhanced slow loop(SL), current-mirror-based fast loop(CM-FL),
regulated shunt-feedback-inverter-based ultrafast loop(RSFI-UFL)2| Ml 7H loop2 2
TG ECL SL2 &2 DC regulation gaindt XFIt PSRE S A|7|H, CM-FLY| = filtered
current-mirror ripple cancellationg X&3t0] 23 TN LS ripple dE2
feedback pathO FUT2EM pass transistor®| AVsE X A349HCEH RSFI-UFL2 LDO
EHo| 1Fmt dE2 WEA ZX|St0] regulation bandwidth& 500MHz O|&S =
2S5, load transient Al pass transistorl| gateE HWEA TS5 transient
responses 7H41THCE,
£95| sl =20AM= switching regulator®| dominant rippleg MEIXo=Z AX|SH7|

?I5il notch-like PSR boostingdt maximum ripple rejection tracking(MRRT) 7|'#=



X QtSHRALCEH =71 Q1 filtered current-mirror path2| attenuation coefficientE ZHESH0]
£d FOas0MQ| supply-ripples &24SHRACE MRRT controller= time-domain ripple
sensor?t Vernier TDCE 0|85t Z=&H0| E=X{St= ZHH ripple 27|E ZX|BICt O|=
control wordE sweepSt™Al ZO] rippleO| X|ATF El&= ZAZS AHSSE EfMBI0] PSR
boosting frequencyE &3 TS| dominant ripple frequency XZELCt.

M etst= LDO= 40nm CMOS SEOUAM HZEE[RA20, 40pF2| on-chip output
capacitor& AMESIQCH Y ZD 10HzEH 1GHzHX| -255dBECH 2438t PSRS
BXI5t22, 10MHzO|A&= MRRTE Sdll -52.8dBQ| PSR ZAStRICE ESH 0.15mAOfA]
10mAZ H2l5H= load transientOl Al 50mV2| undershootit 13ns settling time=
SSIQICE AKX pre-stage DC-DC converter?t G1Z%H 53 ZIt, MRRTE S £

rippleg F 104§ ZrAA|ZICH

LP LPF T ©OTs(s)
}'I WE‘%M lzlﬂf MFEE l:' Vors I&Assm (2] Tz:,_,.—L(S}
- ¥

5
| _ ¢ g © TrsrurL(S)
4

Vs | [Has lasl] | [Hae Iasd| ' AV Rinple |1 vO‘?
Cancellation |+ } :
RT & - Test
Controller i 1 Logic
s Lsl| | [$as lagd S = =

Ina| | | My N Foecommecmom e 2 1A b

1 1 H

T 1 :

%Z" ":;_ Undershoot
Compensator|
W, = mres L 3 Visr
-3, P81 Cpasst
_ Gmraz Load Adaptive Bias
eP[r:Up,sz = m Illfﬁf,g | Rgsri
'm'l"? YGmFez L —'I:Il
Wp,63 = m _:.—- s T
Bandwidth Extension| Undershoot Compensator| |
30
“Simulafion Results = @, @ Steady State — OFF
ig I = 10mA S ng RSFI-UFL ‘ @, @ Transient Phase - ON Var | T
20 w/ RSFI-UFL 558MHz |
o} Loop Gain [dB] RSFI -, i : |Vpur
150 BW Extension | TR P E—
100 AN @@ QA® @ @
ol I Py T e R e 3 11p Point g+ -» Trip Poicd™ '[V"
0 e a —N = X OFL1 L OFF > Vrsei I o Half Vayx
requency [Hz] @ @ ® @ @ @

[A3 2] GBW-enhanced tri-loop LDO2| HH| 3|2 3=
XMXPER

O|F7| =fAtapd i
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Session 9 Neural Interface and Brain-Computer Interface Circuits

Ol 2026 IEEE Symposium on VLS| Technology and Circuits@| Session 9+ Neural
Interface and Brain-Computer Interface Circuits2h= FHE & 4HO| =F0| LHE|/UCEH

=

Of 42 ECoG, EEG 5 =HME U= 2RH Rol0o YEE HAIUCR FEH Mot
=28 Xsd M3 iz N2 228 SHRE, 23 2k CZY, &5 4 =8 =3
S CiYet 73 HIOlA 882 o MAH IFHM SoC Of7[HME B FICL Y =
= 25 Hefd 7|ut 0A2g ZES 20| &H5 S AF AFE A0 ofst
O|Eg MA3t1, computing-in-memory(CIM) & HZ2| 4 AM TXE S SHH
HANX A SES M2 432z YBstn Ults UM 38E SEdd2 2ot

#9-1 & =F2 EPFL O7 EOIM ZES xx=z AW 28 SYE EWAZD 7|
BCl SoC ATOICt My I LEFCE Qo AX[OHH| &HXte| & 7|5 282 ¢
SiM = 2f HARFEO oESHKA| s HAIZt 28 ClZEo| EHo|Lt, 7|&E ME [=
o SoCE2 EH M=2|0f oJESHAL 28 ME-AHL XtRol SHAZ Qs EMAIZY
of #2 1nds EHQO EXIF oFCh= ZMAoM Zeotct §3] 7|E9|
backpack-mounted 2|5 C|ZE A|AHZ 100msE Zutst= 2 20|EHAIE fEts] A

A-E-g0il Mefol AACHE FOol &L,

Prior Works

1SSCC'25 [2]
Off-Chip
Memory

Oy
Oé'"og
o ok’

ol

LLM
®© On-chip Decoding
@ Need off-chip memory
ISSCC'22[4]  VLSI25[8]
./ ™4

N r\do\ddo
.~“\"

© Restore lower-limb motion _ NeuralTree MicroTree

@® Bulky external setup limits © Remove ext. dependency
Patients wi Patients w! restored wearability @ Limited resources hinder
@® Large latency (~100ms)  advanced models

tetraplegia motor functions

This Work
Wavelet 2's Complement 7T-CIM Ceéil
Module o I‘JQ
\io’o-
=40%
N

Power

i’ & T
© BrainDistill 7] with SRAN oS

1 [Neq.AT] [Fos.AT]
ame-by-frame dataflow —' @ Custom 7T CIM macro with hybrid
end-to-end system : high accuracy&low latency! SM.2C Computation — low power

Fig. 1. Prior work (top) and contributions of this work to address
shortcomings of prior art (bottom).

[ag 1] M3 OfH| 2 AL19| contribution &R E



64 X2 XMEZ AFE, QOIEX 7|8t EF F&7|, 28 HAE C|AHE FHE end-to-

end A|AEl(Fig. 2)= M etsth, =2 XA FF(knowledge distillation)E &l &

2800 Hij IiZOE{E =3t A2 EMAZM BrainDistill O|Ch. 2F 30K ILtZ}0|E{RIe 2

AZEQ0 7|8 oF 1o0M mtOjE ZE Z¥St= ds2 FAISHH, 10 =Y
n

A== B o HiK MK %1 T EH(frame-by-frame)® =}
Helgomn lolgacmy o Hoe BIE o % BUUC BE SFe ok

o
FSM 22 27 AEF0ME0 @Y o22] F2 glo] Y 28 Ha2lg TP
st}

AFE 2Z(Fig. 3)2 4712 16 X2 E=2 E22E0 HEZHME S 37 Gm-C EH
% 10 HIE SAR ADC(64kS/s, MEE 4kS/s)2 2t EE|l= FZX0|0, AC-coupled LNA 2t
AL X SR/ OFF|HN x[HSE Sl 7|& CHH| 30%2| HY BLS HESHRUCH
53 20 MEF 356puwW 2 TEHES ARSHHAM 33~66dB o ZE=IEiMZ A,
.1dB 2| SNDR, 58.1dB 2| SFDR, 1kHz 0Al 10.6MQ 2| = UL EHA 3.06uVrms2| U
A FZ(IRN)E 2, 4F CRY0 ERst Mz SHEE RASHHME HEZ

Transformer-Based Decoder

Fmem1 (80%32) Fmema2 (64%256) |
—] SPI
Mem. Ctrl. || “2c-cim 2C-CIM
Ini)'ut 256128 256%128 -
Projection (Attens.FCy) 2C-CIM (Attenz.FCq) 2C-CIM _g
sM-CIm|IsSm-cim LNorm g 128"256 I LayerNorm E 1231256 §
160x256] [160x256| | Res.+ReLU £ (Attens.FCz) | Res. + ReLU g (Atten2.FCy)|| @
Output |2 Output ||2 Mean
Proj. Proj. t
E;%-‘;i(tiig,'; QKA [ CNorm | [ LNorm | MLP
i
9 _J["wakvi || |[Res.+ReLu]] WaKV2 || |[Res.ReLu |
gﬂﬁ% Wmem1 (288x360) Motion
Types
On-Chip Mem. Breakdown MAC Breakdown
Input
LN, Projection Others 28%
Proj. et.al. 26% 28% Input Layer
34%
Attens.FC4
Customized . 10%- 10% ' 1% Atten;.FC1
Mem. Atten:.FC: 11%
Std SRAM | Attens.FC2

Fig. 4. Architecture of the proposed transformer implementation for
motion-intention decoding.

(O3 2] EMAZED 7|8 C|AHO| OFF|EX

ClRGHo| =2 HAE 7T-SRAM CIM D13 Z20|H, EZ-37|(SM)2F 2 2o E=(20)
HAS =8 AMESH= SI0|EZ[E SM-2C Ait 7|HE2 KFetst Ho| o] =29 7t+H
SEHQ FE20|C 2d3t 410l 0 2X0 ZHE= Y Z=HM CHAo= HE



tm

20| H2 SM-CM 2, H2 293 "-RIE #d= FC/FC2 BAOM= 2C-C(M =
HELozM THM E=2ES 30% dLAZICHFig. 6). 8 HIE 71SX|l= 23.37] HEZ
2ozl 8 JHel =2 HZF 7T-CIM ‘o MZEE|L, isolated read/multiply(VDDH)2t
retention/write(VDDL) T EOCIZ Z2[et FX(Fig. 55 *HEiS Monte-Carlo
AlZ80|8 7|& VDDH>0.7V =AM dlzld As 27| 53 =HSIACL O] =&
Sl ™A m2tolEfe] 66%, MAC S1Ato] 72%7F CIM O2|0|2 XN2|Z0f, C|ALH M|
40% HZ antE Herh £ T il feature SRAM 2 F M OfHIM 20|00

A2 B ZM feature 22| AF2EFS 61.44kb OlA] 14.08kb 2 4.4 B =LY,

65nm SELE HMZAE 2 M 10.1mmAE2E 47mm2, 20 BHE 1.87x249mm)E
X}X|StH, 2% SRAM 2 foundry SRAM 9.47kB 2 CIM-SRAM 26kB 2 T4 EICHFig. 8).
WIMAGINE EX[2 7|52t 6-elx HX 28 2= HOHAMOM 678%2 =&/
He T (F1-score 68%)E FHstn, &7t2 SZ HIO[HA0M=  77%(F1-score
757%E2 O =2 JF&EE ECE CRALE 47pW(0.224ms A4t X[H,
10.53n)/classification)2+2 AR SHH, O[& 68.6 TOPS/W 2| O X| &0 siZtct M
breakdown(Fig. 9)2 =™ dynamic power 7t 19%, leakage power 7} 81%E XtX|s}1,
foundry SRAM 2| leakage 7} T H| leakage 2| 81%E TR SRAM O] {35 X|HfA QI
8 224s € & UCL M OFF[EHN EYe=2Z AZEQY Al 0|d CHH|
dynamic/leakage 0| ZtZt 73%/18% LAt 1, 6-22lA confusion matrix O|A &=
Rest SEfA7F 983 HREZ 7Y W2 FER HFxE Holz & Zdiadg HAL

Metol =Rl Fig. 1001 MAIE A oF =&

(o]

=73t0)
— [
&2 B|U, & Y237 S 67 AT A

Ju
o

i

A
o}
HU
4o
Al <
m

Table | O] H{ROJA &2 A= 7|& CNN-DFT 7|8F 2EZE-ES(1ISSCC'24 Zhong, 1SSCC'22
Shin, TBioCAS An &) OiH| 7} X2 HHZ FX|SIHME EdAZME= O 2 22
TE(35kB)2t o %2 a4 Sala, X 52 XS SA0

Ral
Ok

=
Ctelol the AN CIZE0 HEXE MW AFSat XpEEICE £3] 0.224ms 2
AL XA Ol SoC &2 <1000ms == 50ms &1t Hluws| YrHoz U2
%240|M, O|= backpack & 2§ C|2Y A|AH(>100ms) CHH| HA|ZHH|ESHE AFEMZ
A 7fdet ANtz SHAMEICE CFEF H2E(67.8%)= OS] M X7t A2, Ol=
6-SaA HX| IFH BRI 7IE &I =F HAIEL 2HFCoE H o2
ZHels e dere 227t UCh

#9-3 2 =22 = AJAEPFL)O|M LESH HERHseizure) AER XM M =2

=
MM TARNA ¢TO[L} 7|Z& X HE SoCs AtE Z4 OHIO|HE 0|8t few-shot



SHEOl o/ E5LK HALOl O ALL, zero-shot YAO|H2tE TS -‘f’-l“(topology) SEet
87 Azt o|EgS K| EoMLr k= ﬁ. FFT 2
O] o242 A7 UMALL XMAtEs2 Je= EJE—(GCN)D.} 71|0|E7r 81: ThA}

Bl GHOIES Zoto, eAtE L& HOlE BlolE w2 St ZMVY &

8 Prior Works Y4 This Work: TARNA N
Faw-shot {13 ( D) GCN-based Mode ®B;g'at'f(‘g|§ﬁj;‘°d

Seizure Data

v Seizure?
Tt
I —

Non-seizure Data

Slatem Mask

Fully on-chip topology- Hardware-friendly residual
aware model recurrent state update

@) High power consumption [2,3]

@) Patient seizure data required [1]-[3] m RSEL
__________________________ ® esec\O 00O
Zero-shot [4-6] CIm M.-?cro I::]"-‘[ i
Patient Data No long-term A:?clgnm‘:lea:or li

tempural
b | ujr | s | b | dep y Write energy | 17%, read energy | 87%x, vs. [8,9]
© Ultra-low-| -power CIM architecture
lI’_. {:E \_ @©) High performance under zero-shot setting Y.
4 Performance Comparison B

IO No electrode

Sen. (%) Spe. (%) Power/ Channel (uW)
. dependenc
R 9095 03942100 9395

© No patient seizure data required
@ High power consumption [5,6]
© Limited Performance [4,5]

J \__ ISSCC'24[4] VLSI'25[6]  This Work )

Fig. 1. Limitations of existing designs and contributions of this work.

[O2 3] MAATLO| SHAQF TARNAL| contribution 22F

TARNA o 2@ mo|Zaole M3z 32 7 ME(. =

ez LE2 PO, 4 Jf Fobg Yo AHE™ OfHX|(SEE ZHBELE FH
S| O|™ &fEf(Staten-1)QF X} A0 AlZtE EMZS EESICHFig. 2). zero-shot fine-
tuning O|L} F=7tAQl Gioly Z|gt 7|8 glolz 7|2 ZEUCe=Z 83% DIZEZ, 84%
E0|EE =ds] MA zero-shot Y7 CHH TE=E st Y52 EHQICL H=2
=2|X H{X|E PEB sparse edge matrix 7|8t GCN 2{0[0f(Fig. 3)= StHo=z H
b AZE THXX|7|50], olE 20 AR MEel IUH HAOAM ELIERLO|=

x

N

25s, CHB-MIT 7|&)& d}Lto

= |
HERMO| 19 79 BEFZS Mdste Zat =2 oF™st 5 7§ xfEotoz HAS
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Fig. 5. Hardware architecture of the TARNA.
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Session 21 SoCs for Reasoning and Robotics

2026 IEEE Symposium on VLS| Technology and Circuits@| Session 210X & =X on-

device reasoning, edge 7|8t agentic Al, multimodal embodied Al, 2|1 Vision-

Language-Action(VLA) 7|8t HA|ZH 2& MO E T2z & 4 #Hel ==0] ZaE U
Ch Z[Z2 Al A|AR2 Chast O[O|X| QIA0IL Q10 ™ FEES Ho|, FH SF S XS

Moz QA3 (reasoning), THEHSIH, €M =2|X ASMK| +=ASt= Physical Al &
embodied Al Yoz WEAH ZHY[ QUL Of2{ch B0 Wl Al Z2MA Eot =
2 TOPSE H3&dte HE dF AL Z1E7|0|M HOILE, Transformer/vision/robotics
workload?| Mz CtE AL

2 23 AlAE-II AZO *"71|7|- QFEn ,lEI'. Session 21

| &

end-to-end inference

n

of &2 0|E1°F SEZ t.'_f%%}@ wearable2| always-on reasoning®E{ agentic A
-a

AIOH-' UL,

#21-3 =20l = Transformer 7|2t language reasoning, vision backbone, robotics
perceptiond} Z0| ¢4t EH0| M2 CHE multimodal workloadE EE8X 2= X E|5H7|
2|8t dual-chiplet heterogeneous Al SoCQl SiriusE HQHSHRACE Zb chiplet2 4712
Dense GeMM accelerator, 17§12 SpMV accelerator, 27§ 2| RISC-V Vector(RVV) coreE &%
StH, programmable LUT 7|2t non-uniform quantizationZ} Dense+Sparse decomposition
2 &%l dense HLHIL sparse outlier HAHS ZH2ZE H It acceleratorOf Al =Bt EESH
RVW2} GeMM accelerator?| local memoryZ logically shared, physically distributed SPAD
Z AHZSlY intermediate dataZ} LLCLt DRAMS AHXIX| &1 XY MUYL|ZE stoZ M

heterogeneous kernel fusionO A Z|C ©F 3x°| & &2 HISIRACL

Sirius= % 02| chiplet2 custom chip-to-chip interconnect2 HZ30 multimodal
pipelines Y2 Mallst & QT E AL S SESIIACE Intel 16 nm FinFET SH2Z K|
ZHEl A ABIZ2 Dense GeMMO| A Z[CH 2.24 TFLOPS/W, SpMVO| A 7.11 TFLOPS/WE E7d
Sl om, AKX robotics workload®! ViPlanner®| A 0.97 TFLOPS/W, Qwen2.5-0.5B2f &=
SLMO|AME= %I 16 tokens/s, 23 ml/token?| MH&S EHEGICL & dxs oY Al

accelerator@| peak throughputE =0|= ZELC} dense/sparse/irregular workloadE



heterogeneous compute engine0| ZH{SID chiplet T2 2 5t= embodied-Al SoC
TZE MAICH=E FOolAM 2[0|7F ALE.
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2D Organic Substrate

[ & 1] Sirius dual-chiplet SoC T#Z % heterogeneous accelerator 74

#21-4 ==20|X = Vision-Language Model(VLM)2| perceptionZ} Diffusion Transformer
7|8t Action Expert(AE)E edge®A end-to-endZ A7 Bt A A|ZE Vision-
Language-Action(VLA) processorg M| FSHRALE VIMO| A= HEEl robot action step ARO|
O 2F=%|= static visual tokenO| B2 HO| %QHS0], 960-dimensional tokena 64-bit
fingerprint2 H2tStE SimHash 7|8t temporal token filterE X -83tRACt O] Sdf
static tokenQ| F4HIF KV updateE HEFSI0 B 59.6%2 AMEZ ZSH 2D, success
rate= 90%0|A 87%2 A= HASHRUCE BHH memory-bound S8& %

Mb RRAMI} 1 Mb SRAMZ ZA&3t hybrid Processing-Near-Memory(PNM)

0| weight@} activation®| external memory accessE &7 &t AL,

>90

S 16-chip MCM #ZE HNE83t chip 7t activation transfer®t computationS
overlapdtO] VLM1t AEQ| K| pipeline latencyE 3H ZAA|ZICE 55 nm CMOSE X &t
=l prototype Libero benchmarkOlA 5.31-6.6ms2| end-to-end perception-to-action
latency, 10.46-12.74 mJ/inference, 12|11 E|CH 150 Hz2| robot control rateE =S+ ILCt
E3| 7|& accelerator?t VLM L& Action Expert & L80F 7p&stEH Zdnt 2|, 2 A
Sy

= perceptionE action generation”tX| TH| VLA pipelineS &X| siliconOfl A F2H3Y
Ct= ®o| E-AO|Ct mM2tA algorithm-level token filtering, memory-centric PNM, multi-



chip schedulingS & %M

= 2510 A A|ZE Physical Al ® roboticsE ?|$F end-to-end
VLA hardware?| 7tsd=2 E0Z&E ™
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core (8KB) (8KB) NIENE :tofgf?s jundancy| & w
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. AXI§32 _ Feat. | Feat. Il : s &, et T e
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T S (= (WS) PE array S 284 multi- 8 Static 1) Skipping calc.; |1 [SimHash-based| ||[*1-11#7-7/+1
» T |5 32x32 o bank oy 2) Reuse KV H fingerprint Weights @ X64
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On-chip Storage ,--Dense v . 1 a3
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Feat. Il Scalable MCM: End-to-end VLM-AE execution 0025 05 075 7> O™ | Static token mask

[1& 1] SimHash 7|t temporal token filtering % VLA processor ™A =

X R

2l 8 o}
o A% HtFIiStn
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Session 23 ASICs for Emerging Workloads

2026 VLSIS| Session 232 ASICs for Emerging Workloads 2= FHZ & 4HHo| A7}
LHE|QUCH AAS 2 2 (compact) video encoder A|AE! spatiotemporal reconstruction,
o= Al & dynamic RF 4z 242 Oj42=2, ZI 382 AL MO S &0 %
HotE StEQo] £FME MAIRLE 2 2[R ME2R2 fI22E9 RS diZ5l=
OFZ|HIMX 7|00 FE3}0], spatiotemporal reconstructionsS {8t 4DGS ZZ M| A{, ChF
S Al RES X|RI8H= Hybrid CIM-NPU Z2A M, 12|31 dynamic RF &Z0f| CHS38}=

StERIOl 2AEE 7|Et AE2|Y Z2NME BFE 3WQ 7S SH2E 20

#23-2 KAIST A0 HESH 2 =& [Specter: 376 fps 2.67 nJ/pixel 4DGS Processor for
Spatiotemporal Reconstruction with Contribution-Ordered Rendering and Deformation-
Aware Modeling]2 A|ZHO|| 2t #H3lSH= scenel| XHTEE 2|2 4D Gaussian Splatting
(4DGS) ZZ MM Q! SpecterE H|QHRMCt 4DGSE 3AHA GaussianlZ EDH S7F HE
off AlZHO] 28 WS BtHSt= 7|=0[X|2F Of Al =dBt 7H2| GaussianE *{ 2|3l OF
St2z of OZ22| FZdh Hih H[E0| ACk= oHAZF ARULCE EF|, &2H HE Mo
7|043tK| Gf= GaussianZhX| ErO| 2FStn ME|St= IFEOIM o Eot JH[7F 2y
Ct & SFolME Ol siZst7| fI8l, Gaussian| 25 Y= (opacity)2t &4 (shape)ofl
of EtQ ek HQE ZHSI= Adaptive Tile Allocation Core (ATAC)S A5 baseline
CiH] 2 HE22] 22 67.3% =L EDH Gaussian?| 70|27t =2 THAREH Xe|
St O|=o| 2ERch AAMES EfY 3 MEEY B2 ME5t= Contribution-ordered
Hierarchical Skipping Core (CHSC)E = 2%LCt Modeling THAIO| M= EtYE Gaussian ID
59| dfA|(hash)étS HlWSHY Hatrt Qle A2 HERSH EFRYO| XA M-S MEfete
2N F7PHQL M HZZ Yt Z3FCe=Z 28nm CMOS SE2E HMAEH
12.96mm? T2 1352x1014 S =O|A Z[C§ 376fps2| rendering ‘d&2t Z[C 1123
iterations/s2| modeling d&& 7|S3}Ct. Ol= dynamic scene rendering® OfL|2}
modeling”7tX| X|&ASIHA, scenel| SUH-A|UH SFES SIESRIN =T AL M=

oz HZAUC= FolM 2[O]7 AL



=] Gaussian Feature Processing Cluster (GFPC) Contribution-ordered Hierarchical Sklppmg (CHS) Algorlthm
Ol DMA ] Feature Gen. Corels| Gaussian Sorting Core | Gaussian Contribution Order: ayign>aiow  [=)
Sl NoC IF 4~ (1) (2) ' (1) If apign < Thre] [T1 iy
= Adaptive Tile Alloc. Core (ATAC) 4 Potem il £ R lag -
1 ||Global Mem. Opacity-aware Shape-aware Tile ';E 3 (2) @ Lo < Thra 1 s : :
= SRAM Range Selector (ORS) Allocator (STA) ~F<L g S}(lplnneffnlac'tlve £ Fixad Conibiiion
o I e ; pixels early!
5||[| (48KB) Tile Deformation Detection Unit (TDDU) L Subtle wedld Order __Order
9| || 2gam ot (D) Gaussian Contribution Order Estimation
2 I Gaussian Encoding Lane (GEL) LLU T @i T i(3) (1) (Moomer<Mpos)? L: B’P IE Tile -
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b(| Netwc;rk-on-Chlp (NoC) | WS mg-%ﬂclmlr____m) (Meorner<Mneg)? T:L i & ‘
- TEEE B (Wip ) Estimate bothin | Subtile -
Volume Rendering Cluster (VRC) #0 [Side: Direct] [Corner: Relative] tile- and subtile-level| Bottom
[GMEM(3.75KB)] [OMEM(12KB)] [VRC Ctrl.|[DMA [NoC I/F] (@ High-Contribution-First Reordering] 3 Hierarchical Skipping
Contribution-ordered Hierarchical 7211731 74]15] Tile Order - Left Subtile Ski| r,/e Sk:
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I»{Pixel Rendering Lane #0] |[¥{[3[3| | ¥ | |3 1 (5) (193 13 = Reorder [ 819 | -
Shared Power QOO OIOHONO S 7 N I ' 0'
.~ plPixel Rendering Lane #1] ||o||o||?|||&| || |&|&f| FA4 21 6 : u ‘1,00
Comp. Engine === >>]> _(_a) 6)|(10)(14, 0117
(SPCE) Pixel Rendering Lane #2] [|GIGIO 2 1 3| \Subtile Order - Bottom AN ST |neffect|ve Ghune
[Pixel Rendering Lane #3 *(i\)ctga)l Ig( 13) @I ZHE s;"((Subtlle ldx, /:lxs/ fhunk /dxl)
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[ Color Encoder'& Gradient Accumulator ] (Ffriority ldx) i Pixel Reprdgr in tllelsu§tlle grapularlty
— "= Fig. 5. Operation flow of Contribution-ordered Hierarchical
Fig. 3. Overall chip architecture of Specter. Skipping Core (CHSC).

[28 1] Specter TH| T=eF 7|0l 7|8 ASH #EHEY &= 7|8 (2E Fig. 3, Fig. 5)

#23-3 UNISTR} AHAMCHetn AFTO| LEDE & =F [HCNP: A 70.2 TOPS/W Hybrid CIM-
NPU Processor with In-Streaming Processing for Energy-Efficient CNN/Transformer
Acceleration in HMD]= &3 3! 2<& 20| & Head-Mounted Display (HMD)E %%t
Hybrid CIM-NPU ZZNAME H|2HC}E Compute-in-Memory (CIM)E L™= 7t X E A
Ste e A8 540 =2 UX] 285 MSSHAIT Cryet 2= ALk Mol
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Hybrid CIM—NPU Processor CIM Array Residual Connection (1x1 Conv)
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Fig. 3. Overall architecture of the proposed highly energy-efficient | Fig. 4. Layer fusion dataflow of the proposed HCNP for MCNN
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[ 2] HCNPCQ| Hybrid CIM-NPU Tt&2} layer fusiong 9|2t HIO|Ef && (& Fig. 3, Fig. 4)
y y

#23-4 University of Michigan H7%I0] &HSH 2 =& [A 2485 GFLOPS/mm2, 1.67
TFLOPS/W Streaming Processor with Hardware-Level Scheduling for Advanced Spectrum
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reconfiguration AlZt2 HEMCE PE LHEOE S4+ MAC S22 =88t vUwW 12 H

= =
StO| FFT butterflyE EFY PEO| mappinge -’F UEE HoO, AHESHX| Y= AT}
Hz2|of cist M2 clock/power gatingR 2 M3 AZE EQUCE ZAHCZE 28nm &
Ho2 MZEE 478mm2 E2 FP16 7|& Z[CH 2485 GFLOPS/mm22| ¢4t ZEQF 1.67
TFLOPS/W2| O|HX| 285 7|EJCE CFs MEQ A ™22 pE EEEZE 9 5HY
=330, Hotst AHZEHZ MESHK| %2 baseline CiH| X[CH 8.3H{C| end-to-end ¥

gdds ERACL Ol HO[HO| Mat 23 F=27F HefX|ls |FZE0A, dity| ds&
A

ofL|2r % Hetur Ap@ 2t2[el X[MK| St=of 2AC My g2z
ol A 2d]7F RALF.



Status Table

Graph Memory

T
2

Interrupt Handler + Dispatch Unit
I LN L L A

:®‘\lﬁ’®\\1— 3 POlun ' Otu 2O [N IS > Interrupt with Result
Jo=1 e [ Toe 1 e | JoeT | oo
'g FO==®= =( g o IN1 IN2 IN7  IN8
ELUELL Fr1s 7 1 £ o LALET
g \\/ j] VLIW PE Array :[ ‘g X-bar w/ dynamic gating
9 FEEE EoEE RN
e ==Y Y
Fig. 3. Overview of proposed architecture. Kernel launcher (KL) is

shown in upper part including Global Memory, DSU, RTD, interrupt
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Session 27 Next-Generation Wireless Baseband Processors

O[H 2026 IEEE/JSAP Symposium on VLS| Technology & CircuitsQ| Circuits Session 272
Next-Generation Wireless Baseband Processors& FHE FHE[QUCE 2 S0 = #27-1
tiled beamspace training/detection processor@t #27-2 multi-subcarrier massive MU-
MIMO-OFDM detectorg S22 HE|ottt & B7= E5 mmWave massive MIMOO]
M Zddts =2 Ao HZ22-00lH Ols HE= =0|7] ?I5i beamspace2| &<t

X sparsityg O|8%Ct= 5880 UL

FI
Ok

#27-1 & =F2 mmWave massive MIMOZ2| trainingd} detectiong StLtS| EO|A X 2|
St= tiled beamspace processorg X QtStCt. Massive MIMO= base stationO| =88 7|
antenna® AtESI2Z array #27t HESZE pilot sequence?t ZO{X|1, channel
estimation 0|2 2| matrix processing =& =2t 2= antenna chaing tHe DSPZ HZS}
£ routing 0| 45| Z7I3tCt. £9| antenna-space A0 A= signal energy”?t &
2 antenna dimension0 EAE[0] QOB Z channel estimation®| covariance AlAtat

weight calculation0] 2 X2 matrixE HE2E F+HELCH HAE2 mmWave channel

;9 J|

O] &F¥Ho = QI8 spatially sparsedtCt= §80| FH5t1, spatlal FFTE &9l antenna-
space signal& beamspaceZ H2tSIH O HX|7t &= beam bin0| HSECH= HS 0|8
SHCF

Mot #xol eipMl2 2 256-antenna arrayE 16712 tile2 2t Z tileO| 167K
antennaZ EYSI=Z 3+ F, local tile DSP2} hub DSPO| Z%l 2-stage 2D beamspace

Z40ICt, A ™I intra-tile FFT O|F Zt tiledM= Z W=49)
windowZt Q2% 90% O|A°| signal energyE ZEAE = UL T HWY inter-tile FFTS
AXH HH 2D beam mapOAl OLAX|7} EtA[ ESE[0] WixW2=3x3, & D=92
reduced dimension2 2 HAEICEH O|F adaptive trimming2 &9l O|E 2x3 E£& 3x22
=7t 2 = At olof et A2 N=256 XA FFWE[H trainingdt detections
2W E2 D XHeE ZAY = J2D, channel estimation?| pet R Aih2 22}
reduced dimensionOfAl T E| D weight w=RA-1p A4S O(DA3) REZ= IH RO
Ct.

O] ™Mol 9ol th=d| FFTE UTHY F7t5k= Z0| OtL|2t, O|= 2| matrix inversiond}



vector-matrix multiplicationO| CtF= problem size XtME HASCHE O QUL =

full antenna-space baselinelt H| 3= [} 2D beamspace transformO| training area

L0
(L
=
=
o

HL 12 1o

3 orders of magnitude, detection areaE <t 1.5 orders of magnitude =€ + US2
QICt &, beamspace= &4 82 |XISHHME ZET digital baseband?t X ZE X 2|
SiOF St= state dimensiong® ZO0{F£ algorithm-hardware co-design®| 24 F=Eto =2
Ar&E L

Reduced dimension2 &2 F0f& multi-user channel estimationge &&3%}st7| st =
7b X X3t HEEICH Covariance matrix R2 Hermitian symmetricO| 22 XAHS2 lower
triangular elementTh A4tSH0] estimator areaE 44% =%, +1 Walsh-Hadamard pilot
sequenceE 0|83}t p estimatorO M= Y multiplierE mux-add &2 CfAM[SHY =
THH O 2 54%°| areaS HZUSIRUCE LS 3x3 beam windowZS &4 |X[SHX| &1 p2
energy distribution2 0|83l 2x3 & 3x22 trimmingdtE= adaptive windowingg A&
StCt O] 'HAI2 fixed 3x3 window CHH| areaE 34% ZO|HA|, B+ fixed 2x3 trimming
0t H|WSHH dominant beam #ak2 M2t windowS MEAS = RU0f 2 1.8 dB2| SNR
0|52 HMS¢etct.

mmWave Massive MIMO System
Overview . Challenges Benchmarks
Huge Complexity MIMO  [Detector This
pcwer Works | Only |9 % work
area AT
ntenna
i [Scalability] N° No Yes
i High Pathloss & [ On-chip Yes Yes

D Short Coherence :| Channel | No (Serial) {(Parallel)
Py Est.

H (
H I_. Num.
Large array (N>100) i ‘-ll .I]D[I Antennas| 128/ 32 256
(N)

Spatially sparse channeli  Teone 256

Conventional vs. Pmposed Tlled Beamspace Architecture
Conventional Monolithic Proposed Tiled Beamspace

3. Linked Systolic Array
@ Scalable  [LDLB{INVL
High Throughput

T Antenna Space N T[T S. Transform

Y| e Low Comlp.lexny

Y| 7T Beamspace Low Latency

;: Monolithic | NTI 2. Adaptive Windowing
N 7 Hub DSP _ L Low Comy glexny

vl w3 |i NTI A Higher SN

Y|

\a

h2

Limited -
® Scalabilty NTI

[23 1] mmWave massive MIMO X 2| EX|2 proposed tiled beamspace architecture

a8 12 XMAH=E0| siZSt2 = scalability #XM2F Ol I8t tiled beamspace T+X2E

O{=Ct. 7|& antenna-space 7|2t monolithic architectureOl A= =% 7§ antenna®| CjO|
EHZ 8lLt9| hub DSPE 2O} XzZ|&jjof stE 2 I‘OUtII’]gJ-|' matrix-processing complexity 7}
array 37(0f Mz} WEAH SIFSCE MOt 2= 25671 antennaE 16702 tileE2 25t
1, 2t tileQ| local DSPOIAM TX spatial FFTE %t F| hub DSPO|A inter-tile
processing2 O|0{7t= YAISZ timing-critical data movementS X|S}stCl O X &
physical array tiling2t beamspace #Hets VA A= Y O DSPY ESE =

Hole d2& 24A|7|1, =E AL XN2[siof St= |2 dimension= 274 ZQIC|

£73| channel estimationt® OFL|2} weight calculation®} symbol detection”7}X| on-chipOi|



S50 trainingdt detection2 StLtC| scalable dataflowZ HZA%H ™O| 7|&E detector-
only 7#&ef FHEEIC

Beamspace Energy Concentration

Benefits 1. Reduced Pilot Sequence AS| Long Pilots |

B.S| Short Pilots x2 reduced

100 200 300 400 500

massive MIMO uplink (16QAM)
o
10

Antenna space
(L=512)

+—it Users—> «—# Users—>

This Work

Uncoded BER
3

Antenna space Beamspace
P P | =28 GoR
Benefits 2. BER Performance RPN 1;)[151(:31)6182022
Tiled Beamspace Algorithm

A Training Detection
Y| Tiling Channel Weight Symbol
hal & Y,Vv Estimation Calculation Detecion
. (pilot)(data) Channel vec
Y 2 Reduced @“‘:Y.T”_’w:R"vp_’&zw”-y
Y_Bfeamsfpace DimeDnsion R-v.YH
YY: ransform o) oY) o)

[12] 2] beamspace energy concentration2} reduced-dimension training/detection algorithm

8 20| M= beamspace B2H0| MXA| algorithm complexity ZAZ O|0{X|& IHHES &
Qg = UL} Antenna-spaceO A= signal energy?t 2 antenna dimension0f &4HE|X|
Tt spatial FFT O|20|& A== beam bin0 EEEEE, O B2 pilot sequenceZ2: F&
channel §EE &2 = AL BER FHOME FEI3ICE 1Y =20 ME intra-tile
FFT = 2 tileOlA W=4 windowE MEISI1, hub DSP2| & HH inter-tile FFTE Sl Z|
Z 2D beam mapOlAl W1xW2=3x3, & D=92| &2 ot Z47IC}t 0|0 2t channel
estimation2| p2t R A4t O(DA3)2| weight calculation, 12|11 payload symbol detection
2 B5 reduced dimensionOA ™l £ QUCt =0 HAI ZIOIM= full
antenna-space processing CHH| training area?t 2 3 orders of magnitude, detection area
7} 9F 1.5 orders of magnitude Z25}H, beamspacel| energy concentration XtA|7t =
Tt hardware T2 E E0|&= iy d&S it

0| reduced-dimensional training flowO|A] = p estimator?} covariance R calculator?} pilot
sequenceE HE XN 2|BCE R Hermitian symmetricO|2 2 lower triangular elementt
HAFSEO]  estimator areaE 44% &0|1, +1 Walsh-Hadamard pilot& O|&%3%t= p
estimatorOl Af= multiplierE mux-add ZEZ CHM|SIN F7IHO 2 54%9| areals BZ
StCt Eob 18l 29| 3x3 windowE & 107ESHA| 240 pQ| energy distributiong O|&
Ol 2x3 == 3x2E trimmingSt= adaptive windowing= H-&%tCE O] &4Al2 fixed 3x3
window CHH| area® 34% ZO|HA{ fixed 2x3 trimmingZ Lt 2f 1.8 dB =2 SNR2 A&
StCE Ol 7IE & hardware bottleneck®! weight calculation2 R=LDLAT decomposition,
triangular matrix inversion L~-1, inverse matrix assembly RA-1=(LA-1)AT DA-1 LA-1, WCAL
of Yl HAZ FEECE MAS2 stage AFO|Of FH| matrix& XM&St= alignment buffer



£ QIOj LDL-INVL-INVR-WCALZ A& HZSHE linked systolic dataflowE AtE3}0]
intermediate storage?} stall2 A0 &Lt

O| linked systolic array= Eh=o PE count ZAHELCH data alignment®} intermediate
storageE SI0i&= Ol =HO0| QUC} LDL-INVL direct linkingZt2 2 baseline CHH| area 23%,
latency 22%E =20, INVR2F WCALZHX| 22t end-to-end linked organizationOf M=
baseline CHH| area 66%, power 76% L2t 20% latency 7HME FHESIALCE =,
beamspace?} algorithm dimension= Z0|1 linked systolic dataflow?} 1 Z2 matrixE
=223t buffering 20| NEZ|SH=E FHE|0, algorithmic sparsity@} architecture-level
streaming0| M2 H2tz|= HEjo|Ct.

£ 2 Intelte 3730IA 3.17 mm22| core areaZ MZEEZAR2H 167H2| tile DSPLt
hub DSPE ZEgs{ 256x8 uplinkE X|&SHCE 0.9 V, 550 MHzO|A 16QAM detection
throughput 17.6 Gb/sE H-d5t11 687.6 mWE 2H|SH 39.1 pJ/bl| energy efficiencyE
HUCE 82| userd| CHSE channel estimation latency= 461 nsO|H, 7|& beamspace
ASIC CHH| O 2 antennaZ X|®SIHA weight calculationtX| S2tetCt XMXHS0| H]
wsh &2 MIMO detector CiH| detection throughput2 Z|CH 9.76Hf =11, abstract 7|&
OF area efficiencye Z[CH 6H =20 training latency= 1.7881 XLt O] ZIt&= 2D
beamspace®t tiled implementationO| L2 array2| routing/scaling =X7HX| &4 CHE
Ct= FolM 2o[7t ALt

#27-2 2 =22 massive MU-MIMO-OFDM uplinkO| A O{2{ subcarrier& SA|0f X 2|5}
soft-output detectorE A|QtetCt OFDMOAM = =8 7H2| subcarrierOtC} equalization
F&lsjof st22 Z+ subcarrier®] 2Bt preprocessing hardwareS SX|StH area®t
powerZ} Z4X| 11, BtCHE serial processing= EiSHH latency®@t buffering0| S 72t XX}

=2 0| 2HME silZAst7| {8 channel impulse response?t 2% dominant tap0fl &% &l

mo rr

Ct= frequency-domain correlation®, mmWave channelO| beamspaceO| Al sparsedtCh=
spatial propertyS SA|0| O|&%ICt &=, 2E subcarrier0l A LMMSE equalization matrix
E ZEHOZ AMSIX| %D LB basepointdf A ZH HEst preprocessings T F

LIHX| & interpolation@ 2 A AT}
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basepoint2| BPUZ} LMMSE equalization matrix W2t LLR H[4t0| 23t inverse bias term
2 post-equalization SINRS H-dStCE 21 AO| non-basepoint subcarrier= IPUZF EH$
basepointl| parameters X0 2t linear interpolation®tCt. 0|2 EQZF symbol
estimateS A4S LLR unitO] max-log approximation 7|8t9| soft outputS AL}
& expensive matrix preprocessinge Y5 basepointOf 2t EEA|Z|HME ZE subcarrier
Ol A soft-output detectiong |FXISHES architectureZt 8 E[0 A2, IPUZ} matrixE
column-by-column2E M2[5t7| [MZ0f interpolated subcarrierE I8t full matrix
storagek L& = QUCEL

BPUS| M2 Ux(U+1)/27H2] PEER T =l triangular systolic arrayO|3{ U=80|2 2 367{
©| PEZF Gram computation, Cholesky decomposition, forward substitution, backward
substitution®| Ul phaseE «AH 2= AT} PhaseOtCt HE acceleratorg FA| &
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Implementation2 GlobalFoundries 22FDX0{|A] O|FO0{& 1 core cell area= 1.3 mm20|LC},
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Session 1 High-Frequency Arrays for 6G and SATCOM

O|®H 2026 IEEE VLSIO|A£ Session 1 “High-Frequency Arrays for 6G and SATCOM"1}
Session 14 "Adaptive and Agile Radio Architectures”Of|A{ ZfZt 5HI} 4HO| =F0| LHE]
AELICE & MMOME 6G H SATCOME st CHES Fots YOl transceiver2t
phased-array 7|=0| £71E|2D, o|¥ Z0|M= OF S0|22 OfO|C|0fE Hetet Q-

o
band transceiver?l V-band transceiver =22 ZtZt ot HWA AJ|SIAX}p S| L
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#1-1 O[HHO| AUNY =2 M 9EM nad AFLEOAM ZESH “An Ultra-
Compact 4-Element 4-Beam Q-band Multibeamformer IC with 1Q Pre-weighted Phase
Shifter for VLEO SATCOM"RIL|C}t. %2 low-latency SATCOI\/I01| Ot =27t S7t5IHAM
very low earth orbit(VLEQ) 9/‘-d&4I0| =1 QOM, =2 data capacity HEE 2ot
Q/V-band & ZYS| AL YUSFLICE 2 _IOML O|2{3t VLEO SATCOMZ ¢
St 4-element 4-beam Q-band multibeamformer ICE X QtStRA & LILCE,
Fig. 1(a)2l conventional fully-connected multibeamformerOlAl= divider/combiner
network?} gain/phase control O|=0f H{X|EL|Ct O] AL C}E beamOAM coupling®
MZ 7t desired signalit A2 CHE gain/phase weighting2 27| {20, beam?| gain2
ZEEFE coupling®ll 28t gain/phase errorZt S7t5tA ELICL Ol 3{ZSH?| lsH
=20l M+E Fig. 1(b)2F 20| divider/combiner network2} gain/phase control block2|

I & LICE Ofof 2} desired signalDt coupled signalO| &3t gain/phase

Ay i
R
M
rE
o
oI-

control& A E|0], gain controlOf| [FE coupling errorE B8 2 ZY = JUSLICH
SHX|OF O|2{gt LEO|ME BILEC| antenna element?t 0J& beam AMZE SA|0| X 2|8l
OF 3tE & multi-beam phase shifter?t ERSIL|CL Fig. 2(a)2] conventional phase shifter
M= Zt beamOtCH &= 9| quadrature signal generator(QSG)7t 2 Q317| Z0 beam
Tt B71E+E 212 ©H Lot 3A FItELUCL 0|F sidsty| s & ==20AM=
IQ pre-weighted phase shifterE M tSHRASLICE Fig. 2(b)2F 20| 7|Z&2| QSG2} vector
generator®| =AE BlA5L0] vector generatorg X HHII6+:1_ SILtO| QSGE 29tz
g FI5I¥EUL 2 beamOM 1/Q d&0] & AM=ZO| amplitudeE A pre-
weighting®t 5 shared QSGOA quadrature phaseE 44T ZM, multi-beam phase
shifterE HCt compactdtH F+3ig = ASLICL

=

Z, O] =229 HH2 beam-to-beam coupling2 =0|7| {3l divider/combiner network



@t gain/phase control2| H{X| =ME #ZSI, 0|2 Qg H¥St= multi-beam phase

—

shifter@| area penaltyE 1Q pre-weighting 7|%t2| shared-QSG #+ZX = diZ3st AR LICH

K QtEl FL&= simulation®|A] 10-dB gain control AlO|l &= coupling®fl 2|3t RMS gain
phase error& ZZf 0.14 dB2} 0.9° O|3tZ2 FX|SIRASLICL &3] 7|&E 222 452
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#=5| J§4Sk= A0l OtL2}, block HHX| AtME Mgotr 10| [HE penaltys MZE2
phase-shifter architecture2 s{ZAYCH= HO|AM SO|E22 202t & = USLICL
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[Fig 1] Coupling error accrording to the location of the multibeam divider/combiner in a

multibeamformin IC (a) Conventional, (b) Proposed structure.
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[Fig 2] (a) Conventional PS structure, (b) Proposed |IQ pre-weighted PS structure, (c) Simulated results

about coupling effect.

X R

OF : mm-Wave IC design
: lisang@korea.ac.kr
X| : https://arfsl. korea.ac kr




2026 VLSI Review

aE{tfstn M7|FEASea JARPE HE5 %

Session 14 Adaptive and Agile Radio Architectures

Ot 2026 IEEE VLSIO|A= Session 1 “High-Frequency Arrays for 6G and SATCOM"1}
Session 14 "Adaptive and Agile Radio Architectures"OflA] ZtZt 5t 4HO| =F0| LHE]
AZUEL & MEM= 6G A SATCOMS 9Tt CHYst Fobg L2l transceiver?t
phased-array 7|=0| 2702, O|H S0 M= 1T SO0|=22 OfO|C|HE H|etet Q-

= [=)
== 22 oF HHY A4S X} gL o

band transceiver?t V-band transceiver &=

#14.3 O|RHO| 270 =FE2 Institute of Science Tokyo2| Kenichi Okada w<=H AHAE 0
A ZEDE "A 57-71-GHz CMOS Phased-Array Transceiver with Aperture-Tuning Antenna
Achieving 47.9-62.2% EIRP Efficiency Improvement” 2 L|Ct. 5G NR FR2-22| n263 band(57-
71 GHz) & W2 frequency coverageE 8 T5HX| 2, antennalt transceiverZt T CH < 0i| A
g =2 452 RXISHEE broadbanddtH A5t A2 &X| gsUCH dEtHo=z
=2 EIRPE ZESI7| 2/ PA output powerE F7HAIZ 5= JUX|TH O] B2 DC power
consumptionO| F7t5t10 EIRP efficiency?t ROIE == UELILCE,

Fig. 3(a)2l conventional approachOAM= 178El antenna gain characteristicOlA| =2
EIRPE 27| 25l PA output powerg S7tA|7|= BtH, Fig. 3(b)2| AetEl FXROM=
distributed tuner2| impedanceE Z=ESIO antennall current distributiondt effective
radiation apertureE HSIA|ZLICtH O] &3l antenna gainl| peak frequencyE & 5t=
operating bandZ O|SA|7, PA output powerE F7I2 F7tAI7|X| RF1E =2 EIRPE
stEgh = Qe reconfigurable aperture-tuning #AS Ot & LICE

XM QtEl aperture tunere= THaed| antenna 2F0| F7tkl= FE7 OfL 2l PA2L LNAS
matching network LH50 Z%&tEl IC-antenna co-design HEHE AHE|ASLICE O &
S tuner?t impedance transformation?| YFE= ZZESt= SA|0 antennall radiation
modeE MOAE = JUZE TASLICL ZF, conventional feed-port impedance tunings
20l RF front-end?} antenna® & 2250 operating frequencyOll 2t antennall
radiation characteristic2 reconfigure® = UEE SIS LICE

Fig. 4£ O|2{3t aperture tuning?| & Z1tE EOEFLICL Fig. 4(a)2t (b)2| measured
beam patternO| A 57 GHz2t 71 GHz 2% main beam EeFs HHHOZ RX[S5t= HS

gtolgt = o, Z frequencyOl Egtst aperture-tuning modeE &3 &2 antenna



gaing =ESL|CEH EESH measured EIRP ZIO| A& conventional impedance-tuning
mode CHH| 57 GHzOlA| 2.1 dB, 71 GHzO|A 1.7 dB2| EIRP improvementE =35t &L
Ct Ol= ZtZt 62.2%2} 47.9%°| EIRP efficiency improvement0 SiEstM, additional
power consumption 810] 2O0{Zl ZAIFQJL|C}

Z, 0| =29 s#iM2 W2 frequency coverageE RF circuitl} antennal| broadband &
A2 S| ZSt= CH4l, aperture tuning2 &9l antenna gain peakE | AtESt=
frequency bandOl %A O|SA|A system-level EIRPE =@ ZAYULICE. £3] PA output
powers F7IE2 FIHA|Z|= conventionaldt ™ZO0A HO{LL, antennall radiation
characteristic XtA|E reconfigureStO] EIRP efficiencyE & A|ZICH= HO|M SOZE &

=02t = = UASLICE

EIRP Enhancement Approach
EIRP = PA Pout + Antenna Gain

- Conventional This work
% + E y
G B 5 S
s & S8
g=| [/ T .\. &=
'E q:: . »
Freq.
F 3
a L
&5 o
[TH)
Working Band Freg. Working Band Freq.
@ Increase PA power @© shift antenna operation freq.
for high EIRP for high EIRP
Conventional This work
PA Pout Ingeased Invariant
Anten_na Gain Fixed Shifted
EIRP I_ncreased Increased
EIRP Efficiency Degraded Improved

[Fig 3] Operating principle of the proposed aperture-tuning antenna compared with the
conventional approach.
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[Fig 4] measured radiation patterns and EIRP performance at different frequencies.
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2026 IEEE Symposium on VLS| Technology and Circuits@| Session 262 UWSB, loT, RF
Enablers2t= FHZ & 4HO| =20| LHE|RUCE O MM =252 MTEH FM ¢
21 3 7Y 2 2E CHF0, AOLEEO|L; wearable 77|t 2 SA8HOF St loT EN
1, VR/AR 71712} k|-ZHFE QIHL|O|A (BCI, brain-computer interface)E ¢t =X
s 23 AEE UWB ZO|EAME JIE B 44 R0 MER 7[s8 He S
Z0| EC} 26-32 switched-capacitor C|X|E PAS| FHIHA|E{ O{2{0] AtO[0| QIEHE 4
ol nxmt S MFE AX[Sh= SLCPA X2, 6 dB power back-off0ll Al Class-B CHH]
1.29H12] E22 ¥ DPD 20| 100 MSymbol/s 256-QAM (800 Mby/s) A= & X|@IPHC}
26-4 |EEE 802.15.4z =& IR-UWB SoCOf| FIR EH 7|8t self-interference cancellation
20| TX/RX7t QAHLIE S75t= full-duplex 20|E A2 7tssHA o
M OFE ZX| (child presence detection)& A|ZUCE &£ 7|AL M= O] 7}
HAD S4 RO FA AME HHE F H F H2A9 d5 OXE 4
t preamble 90| PSKE IR-UWBO| Z&ot 26-11f, 57 Ft2t
backscatter FLtS CHE Y2 E2|8| selfjammerS MA3ID HIEZ| Q= AoA
K FZ Wi-Fi BEE mask =& SA0 2t 26-20 S5t Mzotot

2

Of

#26-1 VR/AR wearablelt implantable BCl= == Gb/s2| HIO|H&2 = mw 0|5t M
O2 HMEYOF st &FE 278 Z=Ct Impulse-radio UWB (IR-UWB)E E2 AL
tE¥o=z LEUW= A0l Of =A0 Hetsih, ZZ20= HX SHL0| pulse-
position modulation (PPM), pulse-width modulation (PWM), frequency-shift keying (FSK)
S o2 HIZE SA|0| A0 #HiX X5 &O0|&= hybrid modulation0| GIO|E{&2t 0fL
X 282 & E02ele Wtz Xp2| &Uct 23M #HE WA 720 phase-shift
keying (PSK)2H2 hybrid0fl Z2tst7| O{2{ Lt 7|& PSKE GXIb A|IAHRZ MAZE BHE
0N 2l 7|&2 ®XI5H7| flet PLLat &A| SESt= LO, AE[X preamble 7|8 S7|
7t BQst, AT ™Mo 20t EXfSHE IR-UWB HE0M = A Ato|of 94 &S
Of +HE|0f 37|17t Atz MZILCE ACH7E 90| BT EHA Iobd XpM7p ZetX[2E=
PPMO|L}E PWMIt HustH Zetstr|= O fLt

=20| N|2tSl= edge-reference differential PSK (ER-DPSK)= O] 2XE HA XtAof 7|

Me WAooz ErOf 2 BAs HXY 393t FEHQ| 7|E K| (reference edge)E

M
mjo



g2t
F 27t glok ofX| 2]

ra
mn
k1
]
4n
=2
1o
oot
rir
40
0z
&
o
Ral
40 R
it
I_:Il
i}
I
T
ro
in
Of
I
10
1]
| >
e
=2
N
MM

0z
N
MM
mo M
o
Sl
=2
x
=0}
Ral
Tuot
n

Efo|d Haeot 2 4S0|E2 HAs g% o450 ATt me[E = HE FEf=
HA 0 oKX X7} HEH o2 TS| =& JUCt HO|He ™o & HA9l 24 X0
of d2l= Xt&s Fxet, o] 4= IE0M 47|= EO|Y EMO| Atse = A1
HAOiCH 2|40 ME FEEEE 2o 30| FHEX 0t 7|1F X[t E2HMO|
QAN ZHSIA SLSICHE © W20 PPM, PWMIS| EHN T3HYE SHE L0, PSK
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£ hybrid modulation?| o+ %22 @2 + UA ECh
T30 M= ER-DPSKE A |4 47HE &= ER-DQPSKE THE0| BAT 2HEE 11
O 7|0f digitalized multi-pulse-position modulation (DMPPM), PWM, FSKE Z 3Lt 250
MHz 28 st 7| (4 ns)0fl ER-DQPSK 4H|E, DMPPM 3H|E, PWM 4H|E, FSK 2H|E, &t
A 13H|ET} M2 325 Gb/s7t =Ch & 2|2& ring oscillatorE pre-chargedt] 2|4
FEE FEY FUCHKL HA 7|F OXE WEWD Atz MEE (4ol me|7t 0|0
K=& 3= ER-DQPSK ZAEE2{2t pulse shaperO|H, O A2 T2E Ta 22 7|
T OX[7t =S =Yt
[18 112 7|& UWB PSKet A|Qt ER-DPSKS| 7HES H|m$t ZO|CE 7|E AN E
A F otof 20| 0°21X| &2 F&= 7|&0| S0l =4ITHO] preambledt PLLO| 2| E3H
OF StX|2F Xt HAME B BAZE Aol 7[& OX|E #1 1 F0f 0°,90° 180°,
270°2| @& FEIt mEt2ch A2 X AE5t O o X|of F Stk Hetst
5l oI HA 7F Y4 XO|E O|2dt= ATCE HOJHE S/]Y = UCh
EAM7|= 28 nm FD-SOIZ & E0 0.018 mm2e| HAES X}X|SIH, 6.1~8.6 GHz CHHO|
M FCC spectral maskE EHESICE 3.25 Gb/sOIA AH| MEHE2 241 mWE O|HX| 282
0.74 pJ/bit0|11, =22 0| 3 Gb/s2 IR-UWB SA7|2ZE HS2Z 1 pJ/bit OF2HZ LY
2{7t 202 AMAIBICH Hlm CHARI X2 hybrid IR-UWB &417|S0] 1.66~2.54 Gb/s0f| A
1.2~5.8 pJ/bit@! AL} CHH|EICE 3 dBi QtH|LIQF A2ATFZ= B4 ZF-o A0 325
Gb/sOl A BER 102 7|& 50 cmQ| &4 AHE[E A2, 0X| dF 22 O3 TF2| 5%
OFE HiE O HICHE ZAO| OfX| EfO|Y HXt= DMPPMOA 4.7 ps, PWMOIA 9.7 ps2
2] (14.0 ps, 29.0 ps)2| °f 322| 10[QULCt AHXIME FMH=ZE oF PSKE E2A 7|4t
A 2B SEA CHA] HO[3510] PLLI} preambles 2iQH &2 BCICt wearableS {8t =
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Convetional PSK vs ER-DPSK

Proposed ER-DPSK

Before Communication

& ® Wast . (® NoPreamble =No PLL
R = Achieve Synchronization
1% '-W_MH'J‘“."'-'-”.UU* RX ‘Wmﬂf Only with Reference-Ed
n Y Preamble ¥ N
| Every Pulse has its own Reference-Edge |
Hey Rx! This is Phase 0° : : ;
- ¥ v Y
Always-On LO :
Tx_Phase Noise —"
W= | rRx i Aways GoodSyn
Sme sycfal | Emepe Ly,
S WP | & A—AWW—
Sorry | Forgot @

Fig. 3. Conventional PSK vs. ER-DPSK: Preamble-Based PLL
Synchronization with Phase Drift vs. Reference-Edge-Based Per-
Pulse Synchronization, Providing Always-Good Synchronization
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=22 A WK 7|82 Z7 Dt backscatterg CHE CHYC=Z 22|SH= cross-band multi-
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= HE 7182 Wi-Fi #F maskE HF7] 2%t polar-modulated pre-distortion mask
shapingO|Ct. baseband HIOIHE CIX[EE Ity Fyst § {4 PM) d&23F TF (AM)
HEL2E LIFd, PM 22 5/3 fypr BHEIRE 40 IF H2FE HEDH, AM dE22 C|X|
S YoM 02| AFS 24T F| thermometer TEZ HEH| 32H|E MY HALY|
O'|E|O|E TESCE BEARZ] Of|0[0 A PMIF AMO| CHA| 2HX|H HEYE AHEFO
backscatter 127t Lt O] &Aooz AYIAS| AXIIL AN EO Wi-Fiet BLE & #
Z9| maskE & THESHCL

[A2! 2]= cross-band multi-carrier fusion?| FA&1F 02 EOQICt 915 MHz 78 E0fA

Fht S 427t IF BHESOE PHED backscatter 227 0|8 BHAISHE #+RE2, Y
Bro| @™ E0| QHE|LE THOA HEE[O] self-jammer 810] AoA Xl =FO| 7tsdiX|l=
A4 @A Qi= SOCi7F oL A2 M 27| @10 SSB YAt k= AS
e 2O FCt

i3 H2 65 nm CMOSE +HE[0] 0.798 mm?E AHX[SIC} 915 MHz 30 dBm ™ Of
2iOoilA 9 m EHO{Tl ADIEEO| Ef7} backscattergt Wi-Fiet BLE IjZlS 4lsl 2O
HAISHE AS AAD, ADEE Z0|A over-the-air2 Z$t 24 GHz Ht&Ito| Q4
HE2 1 MHz LA —111 dBc/HzSILE cross-band BHAL AHE 0N ASt= Hnt
Ci= image=Ct 32 dB O|4 &3l 32 dB O|42| image rejections 2, M 742 EfL

dot HEfOA AoA 7|X[=0| BLE IfZI2 2 +10 cm O|LHS| MA|ZH 1K F7F

ot Ols FHZ +HAMLL polar pre-distortions ME36HH backscatter Al==2| INLO| 6.70
LSBE &1 Wi-Fi AHEZO| EFE mask 20| SO{RCLH M2 =3 T

CHA 1.2 pw, Y33 EHA 215 pwoO|H CHRE 3 54 kb/s, HE3 1
Mb/sO|CE H|m Ciefel 7[&E ADPE% 2t HiHZ2| 9= Ef2S0l 25 in-band

backscatter2 image rejectionO| A4 0 dBO|ZL self-jammerZ7t Z=MSIH Wi-Fi maskS
TESHX| ZotALE ASoHA| B2 AL f H| @&}, cross-band X2} AoA IX| =M, Wi-
Fi mask =& 0] =20 H& E¢l &5=0|Ct 82 ADLEEO| Ot HEQ| 915
MHz SHO0| EEslaz MA HiX|ojAEs 3H AZ2p7t TRSICHE Mg Zots|of
SHAR, Sdar S4le

| idS 22|otCh= oLt Z2780| self-jammer, X =, BE
mask2t= MEZ CHE M 2XME sA0 20 FOA backscatter Ef2| EAH S7tS
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Fig. 3. Proposed technique#1: cross-band multi-carrier fusion to Fig. 4. Proposed technique#2: polar-modulated pre-distortion mask
eliminate self-jammer and enable SSB backscat_t@r shaping for Wi-Fi/BLE standard-compliant spectrum.
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Session C13 In Body Bioelectronic Systems

Ol 2026 IEEE/JSAP Symposium on VLS| Technology and Circuits2| Session C13,
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U= 57 ASKs FES s UHIAZE EOELL YSHE RS HtE
Hyar 4 =g 1250 MFL S YESUEL} 27 fof2s A= Liss
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2 M2 $4ez HEste NS Of2E1 TEELF Noise-shaping SAR ADC, A1}
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sA HME2 A K MFY AFZo Aol g ot He HAE HUYs
event-based body-coupled communication &S X830l EALCH oz LEUEE
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MZA Q0| loop antennalt HE ZEt crystal-free %*o*%t wireless power and data
transfer A|AEZ KQtotCh 500MHz T3 carrierE YEHEL {FYS 7|FE clocklE

AL SHH, M3 32 F0= 5Mb/s ASK downlink@t 5~500Mb/s IR-UWB uplinkE &A|0f|
X|@otCt HEO| crystal oscillator 10| ™3 carrier2 downlink &2 timingdt multi-
GHz uplink PLLE 25 &S7|2tet Z0| i O|Ct.

Ma M1t downlink OO £
i 22| data loopZ TdEl dual-loop ZE AETCL 2| loopi= matching network
ot rectifier H LDOE Sl M2 3ZotL, YotAH B E LHE loope 37 tankE
HO| loadingdtX| %= DY QAU EHA voltage-mode mixersS =& FSTHCE A&
500MHz carrier= coherent ASK S2&7]9| |ocal oscillator2 AL EIEE F2 CHHEQ| 2t
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=

DownlinkOf|= &Z& QI CDR loop CHAl SRS carrierE &F5H0] retiming clock
2 PEE CDR-less +&7F MEE|QUCEH 02 &9 sampling edgeE ‘d-d3st= delay-
buffered oversampling chainOl Al eye center0i| 7t& 7177h2 Q&S MEiSIOZM phase
quantization 2XE EO0|0{, symbol rate2Ct 28} E= SHH = samplinge X|@3HC}
UplinkOl A= X% 23 HIO|HE &2 500Mb/s burst® |+ burst-mode rate converter
£ AE%CE Type-l PLL2 500MHz 7|& clockOl 50F7| O|LHE lock=|, ZF burst F
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IR-UWB &2417|= % 709 current-starved delay chain®Z RF pulse®} PSK |0

AMZO| timingg =

Of

1, switched-capacitor power amplifier®t 2% folded-dipole
antennas Sdll OO|EHE BAFSICE PSK scrambling2 OOKO|A] LtEtLHE discrete tones
AXSHAH spectrum= =LHAIZICE 65nm &2 4.4x1.05mm20|H downlink RX& 5Mb/s0f|
A 208uWE 2AH[SED 10mm HE|OA] BER 102 E-d3IRULCE Uplink &2 5Mb/sOfl
M 0.23mW, 500Mb/sOfl Al 493mW= H[O|E{=0f M2t Z=EE|H, 500Mb/sH Al 20cm
™5t Z[Of 40cmOlA BER 10732 ZRISHRALCE 3mmel x X y&=H QEHNME

1S
0

= ?o

Agt &4 377t 3dB O|2HO|RA 1, 20dBm A HO|M SAR(10g)= 1.27W/kg2E 2W/kg
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dual-loop inductive linkE Sdll &1 5Mb/s ASK downlinkE ®Edst, 2% carrier2 CDR-

less 27|t burst-mode IR-UWB uplink PLLE &7|3e K& 23 I:‘||0||51E 500Mb/s2| B2
burst2 BSISHY S417|QF PLLO| SEIAIZLE =2
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Session 19 Bio-Sensing and Molecular Interfaces

O 2026 VLSI2| Session 190{M= & 5HS| =0 EHERCL O & #19-12 300-
channel photometry neural probe0f| adaptive-noise AY modulatorg X830 & Az
7t ZOtE4$Z noise floor7t ZASIEE SIFOH, 16.8 fA/VHz2l noise?t 88.7 dBO
dynamic rangeE E-d5IRALCE #19-32 FSCV 7|8t neurotransmitter sensingOf|A| BtE XS
2 2= non-faradaic current® template2 2 FX3Sl= dynamic track-and-zoom
IADCE H|©tSH0], sensor drift0]] CHESHHA 83.5 dB2| dynamic rangelt 73.8 pArus2|
noise floorE Ed3IGICH OHX|H2E #19-5& time-gated fluorescence?t pseudo-
differential sensing= 0| &%t filter-free CMOS biochip2 =, 9.9 fA2| minimum detection
limitd} 129 dB2| dynamic range, 133 dB O|&2| background suppressiong -5t A

M PCR % DNA melt-curve 2M7tX| HSSHSULCE

-—

uju

#19-1 =22 4 AF 250 M2 d& MZE Ty FFH7| 8t 300-channel
photometry neural probe0| 2ot L{EO[Ct 7|EQ| fiber photometrys= {2t 2F
photodetectorE O|&3%}7| MZ0| A M= HHZ SA0 MESHA =857 {82,
St NS0z ohAZE QUCE OfF 7H4d5t7| fI8 CMOS 7|8t optical neural interface”t
AL AX|BH SPAD 7|8F FEE 15V 0|42 =& bias voltage?t HmA 2 HMH &
27t HRsitt. 2 =20M= ojgfet ZME SiZ5H7| 28l photodiode (PD)2F ME=
readout circuit® probe shank {50 %3 E& Tt 300-channel photometry neural probe
£ HICtstULE.

X QtEl probe= shankE 2} 3007H2| photometry channel2 HiX|St1, Zt channelOtCt

o}
PD2t in-pixel readoutE &/H TFESFRACL 7|E centralized readout TR M= sub-nA

AR

Q

9| %2 photodiode currentE 7! analog lineg &3 TEBHOF 17| IZ 0 noisedd|

T
FASHX|TH 2 =22 PD HZ FoM M2 E HetgtozM o2{st Z2HE ZUCH ot
Ot &2 probe shankO| =2 7§ channelZ HiX|5{OF &}7| I{E0| ZI readout?| TZE 1}

rz

HZ KAISIHME 2 noiseE EG|OF StH, O] <[l adaptive-noise AT
modulator +&E ALESHRAL
Lt

7|12 current-mode AY modulatorE noise shapings S8l %2 noiseE T3E = UX|



2t active integratorl| HZEO| 311 complementary current DACOIA] 218 37[Qt Al
O| X|£EH2E noise?t LWLt 0[O0 2 =20 M= ¥H photocurrent?| polarity?t &
i ALt BE2 0|23t unipolar P-side IDACIL passive integratorgE AtESHRILCtH £
IDACE & &% AI7l= AO0| ofL 2t ¥ 420 H[2St= duty cycle2 SETAIZ|7] T}
20, 23 photocurrent?t ZOtE 2 |DACO| 7K Qe A|ZtO] ZAstD o|of w2t
noise contributionT= &7 EO0=Ct ZutFez Y2 YH MUBO0|M noise floor?t Ats
oZ ZAatiH, 7|& Fxo HlWS| 2k 12 dB| noise reductiong F7tHQl powerlLt
area overhead 910| €2 == QUC}.
EESE Z} channel2 1-bit AY output2 °d5tH, shift-register 7|8t serializerE 0]&3}0
3007l channel2| HIO|HE EF & 712 wireZ2 H&ESHC) Ol oOH HgtEl shank LHE9|
routing area® Z0|1 bias@t power distributions It 372 ESIUCE 2 channel
O| photodiode parasitic capacitance®?t top-metal MIM capacitorE &
integratorE T3}t 1, IDACIL dynamic comparator= 1 Of2Hofl HiX[5I0] HAZ X As}
StRALCE EEDH IDAC bias= probe basedAM M-d5t0f EE channelO| 31739 } g 749,
channel2 2 " 9| current routings AtE3st= S LlsHRALE
X 2t=l neural probe= 130-nm CMOS S™C 2 MZE[F2D, Zt channel2 25 um pitch
ot 0.0015 mm2e| HAME Zt1 2F 70 nW/channel®| 2 M3HS AEsCH FF Zat ¢
o Mzt Zdago mek HH noise floor= 2 ROFX|= adaptive-noise /40| 29l
ZlRon, MH| AA”O|A 88.7 dB2| dynamic range®t 76.5 dB2| peak SNR2 M3t
Ct Dark condition®lA Z3t 370 representative channel®| & input-referred noise
density= 16.8 fA/VHzZ LIEIGCH £3| adaptive-noise S22 QI8f| signal power?} 6
dB 2% I in-band noiseZt 2F 3 dB ZAst H2 U HR0AM sensitivityS 2

SHRALCE.

JlOI-

IROH passive

OrX|%e = A fluorescence sensing 7t dS =&Q15t7| {8l fluorescent beadE probe
O] Y& channel |0 MEAMOZ HYX|SID 470 nm lightS ZAMSIRCE 12 Z1t bead?t

XI5
ZMstE IXI2 channeld|AMEH H2IS5H fluorescence peak?t HHE|O, A otst

probe”}
probe shank ¢X[0] E A& LS E SHECE FEII0 HEL = A3 ASSHY
Ct. O|E 83l =2 channel density?t Y2 noise W powerE SAIO] ZED

f
photometry neural probel| 7tsXd2 EOFULE,



Proposed Current-Mode DSM with Adaptive Noise Floor

Buffered Ref.
& IDAC Bias Gen|

Timing Diagram

10nA

In

CMPcLk
DataReady
Vos

5nA
T F.=100kkz /

'
Duty cycle=25% | _Duty cycle=50% H Duty cycle=100%

IDAC CTRL

[3& 1] #19-10|A XQtEl in-pixel current-mode readoutdt timing diagram

#19-3 =82 Z0A dopaminelt Z2 neurotransmitterS Z™sH7| ¥ high-
dynamic-range sensor interface0 2%t L{&O[Ct Neurotransmitter ZE0|= fast-scan
cyclic voltammetry (FSCV)7t E2| ALEE[=0, 2F 1.7 Vppll WE scan waveform=
electrode®f| QI7}StH ZFHHSIOXL Sl= faradaic current= nA ==L 2 O A2 HHH,
electrode capacitanceO| 2|8l Z|C{ 1 uA ==F2| non-faradaic (NF) currentZt &HH| 245t
Ct. 2k 22 neurotransmitter 12 & 2 background current £0(AM 2517 2|dH
80 dB O|4f2| dynamic range@t %2 noise floor7t 27 EICE 7|& WAS2 NF currents
ADC O|A XMAH3BHZ| sl DC =& DAC 7|8 subtractiong ARESHAHLE F7t
electrodeE O|&3tX| D, subtraction circuit®| non-ideality2 SNRO| X StE[AL} sensor
driftofl 2t F7|MQl recalibration0] L3k, =7t electrodeZ 28 implantation

complexity?} S7t5t= =7} QULCL.

Ot

n

Ol oliZst7| sl 2 =E0AE dynamic template-tracking direct-digitization
incremental ADC (IADC)E H|9tSIRICE FSCVUIM 2 H|E S XHX|St= NF current?t scan
OFCH AHQ| Bt=E[= quasi-repetitive 582 A=Chk= & 0|&35t0, X20|= NF signal
o CHEtHQl HERE template2 =2 AMFH3SI 0| ADCZt 3 template FH2| %2 4
S0 DM EE FHSIEE SICt 0|F Sl YXO| analog current subtraction 210|=
large background signaldl small faradaic signal2 SAI0 M2|g = U2, electrode

currentE ADCE AE M0l 57 analog stage®lAM F7HE|= noisez Z UL

X QtEl ADCE template acquisition (TA)Zb dynamic track-and-zoom (DT2)2| & 7iX|
modeZ SESICE AJA"E A2 Al TA modeOA& ADCSO| input rangeE 3|1

resolutione® =% NF current®| coarse templateg 2|53tH, FSCV 8 scandf| siEst=

2|2 ADC conversion rangeE &9 &2 faradaic currentE =2 resolution@ 2 ZHFSICL



Z, MM pA HIAE T =2 resolutionlZ BBt

[}
background =Tt zoom-insto] HBIEC 2N =2 DRZ &ESI= 2H4|0|CH

EESE electrochemical sensorl| S84 A|ZtO] X|LFHA NF currentl| HE{7} W=

sensor drift7t Zdg £+ Q=0 D™E templateg AFESHH AKX signalOl ADC

conversion rangeE HOYE = QUCt 2 =F0 M= DIZ modedM HEl fine

conversion ZI7t upper/lower thresholdE® HO{Lt=X|E HCtstn, ofof ezt sig

template 2f2 37t £& ZAA|7|E dynamic drift correction2 M-8SHRALCE MELA 7|E

HEALK] 2 ég% SCHtn FI|HO R recalibration® FHSIX| QAOtE X[HHOE
M s

template2 &K sensor &E{O| &AH YHOIEY = ULt

S|2XO 2= high-side-regulated current followerE AF23t0] 17 Vppll FSCV scan
waveform2 electrodel Q17t5k= &SA|0f| sensor currentE ADC Y= A M
Ct. Current follower= 3.3 VoAl S&5HH ADCS| 1.5 V input range2 A ZE level shift
5l0] ® =9 current mirrorkl 27} level-shifting reference® AFE3HX| U =& A4 Lt
ADC+= 3rd-order CIFF incremental AY T+ZE ARE9ID, template acquisitionZ} fine
conversionOf| A 53t analog hardwareE TAFESHY & SZ AO|Q] mismatchE =X
Cf. EESE tri-level current DACIt incremental bidirectional data-weighted averaging (iBi-
DWA)2 X830 DAC noise?t mismatch 2 S, FSCVIt F7|HCz A &

AL E42 0|89 power gating@ 2 2F 91%9| M3 HZ2 FHSIRICEH

d

HN2tEl sensor interfaceE 180-nm CMOS 3HECEZE HZEEACM, on-chip power
consumption2 6.7 pW, drift correctiondt memory2| = AH|HHZ ETSHH 2 69
uW/channelO|Ct. Dynamic track-and-zoom=2 &%t £ Z1t 83.5 dB2| dynamic range,
73.8 pArms@l noise floor, 70.6 dB2| peak SNR= EdstRAC O, 7|= & CfH| DR 224
dB, peak SNR2 22.0 dB ZF&E|ACE EDH carbon fiber eIectrodeE A&t wet-bench A

_._

oA sub-100 nM =F2| dopamine detectionO| 7ts&2 =QISHGILCE,

DXt e 2 AX| in-vivo HeS &l 2|22 H& JtsdE A5OSR MZE sensor
interface®@t carbon fiber electrodeZ rat brain0| &-835t11 ventral tegmental area (VTA)E
M7|1Me2 A28t Zat, 2 300 nM2| dopamine responseE HYSIRACH F Che
electrical characterizationOff X[X| Qi1 K| A 2B ME neurotransmitter &1
HEMCM, It electrode 80| &2 DR2 &EIMCH=E FHO| 2 =29 F2 EZFO|CL

I ] T e T



Decimatiol
Filter

Dynamic

Drift
Correction

100x5b
CHsgL:Channel Select P Template

MODE:ADC Mode Select Memol
Om: Gain Scale Factor

| ADC Mode 1:Template Acquisition ] | ADC Mode 2:Dynamic Track-and-Zoom I

(32 2] #19-30| A HIQHEl overall system block diagramXt & ADC mode9| & &2

#19-5 =& point-of-care (PoC) DNA AALS 2[¢h filter-free time-gated fluorescence
CMOS biochip0l st L|-&0|Ct 7|Z& CMOS fluorescence biochip2 d& AMs=CH &N
4ot excitation light2t autofluorescenceE H|A3t7| 23l optical emission filtert &2
7t post-CMOS &70| B3t 427t WL & =0 M= O3t =7} optical filter
210|= DNA fluorescenceE A=< &= UL = time-gated fluorescence (TGF) 7|HZ2 X &
¢t 16x24 CMOS biosensor arrayE A StotA 20, chip LHF0 heater?t temperature

sensors 7 XS0 PCRIM melt-curve analysistX| =3gt = U= E G RACE

Z} pixel2 working (W) photodetector@} reference (R) photodetector2 T4 =/, working

detector= A X| fluorescenceE FSIL reference detector= optical interferenceE &

M5l0] pseudo-differential A2 &= MSE H|WSHCH Excitation LEDZF 7HZ O|F <

—

10~100 ps2| delayS S fluorescence decay®t integrationSh= time-gatingg M-8+

™

excitation light2] @2 Z0|0, bright/dark sample2 correlated double sampling (CDS)
50| dark current2t offset d&&E HMADCE ESH fluorescence®t excitation signal AtO]
o 2 dynamicrangeE Xz2|5t7| 28l high-gaint low-gain readout pathS E= 2 74
SHRALE.

High-gain pathOf A= pinned photodiode (PPD)2t CTIAE O|83d}0| %2 fluorescence
photocurrentE ZETtCt CTIAO= low-leakage reset switch?t feedback level shifterE X
25t/ 2, O|= switched-capacitor integrator®| A bright?t dark 4= & CDS HAle=
XHEStD o cycle &2 £A0] SNRE2 =QICh %FT A== 20-bit TDCE 0|80

digital value2 HHSHEICH

M etEl biochip2 0.18-um CIS S22 HMZEE/JASH, high-gain pathOA 9.9 fAS
minimum detection limit2t & gain pathE O[&%t 129 dB dynamic rangeE H-d3IRILCEH

In-pixel CDSE &%l offsetS 49 dB ZAA|7| LED variation correction2Z spatial



nonuniformityE  37%0A 52% O|St2 HAAZ2D, pseudo-differential sensingt
time-gating= &7 H83}0] excitation X autofluorescence backgroundE 133 dB 0|4
AKX SHACt. E3t integrated heaterS 0|23 18 °C/s O|42| heating/cooling rateS =
6t0] W2 PCR thermal cycling®| 7ts&g =HIstLt.

OFX|2 S 2 europium-chelate fluorescence labelZt DNA probeE chip EHO| M3l
2H PCR A melt-curve HES TSRO, MZ LCHE target concentrationOf Af
target DNA2| EXf O£ E FE2L = USS HOSIRULCt O|E Sl HtE biochip2

-

optical filter@t Z&%t post-CMOS processings £ A28 HA fluorescence sensing, PCR

ek & 9les

thermal cycling, DNA melt-curve analysisE StLt2| CMOS platformOf| A =& = AZS
CAGES WS

[ 3] #19-500 A1 XIQtEl functional block diagramilt timing diagram
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Session 24 Circuits for Bio-Signal Acquisition and Neural Interfaces

O|tH VLSI 2026 Session 240 A= wearable 5! implantable biomedical systemOflA{ ‘4|

E MUslH s-Hsln MBS FAHOZE X35H7| st H™E neural interface 7|
=2 OE & 58O =20 YHELUCE 2 2|FoM= 0 LM capacitive sensing2t
code-domain multiplexing(CDM)2& O| &30 32702| interconnectTt2E 256-channel
neural signal2 ZFd3h= neural interface (24-2)2f, ©=0| EL23t K=o M2t high-
voltage supplyE SHL=E ZHStD F=ot charge balancing2 HMSdt= temporal
interference stimulation(TIS) ASIC (24-5)2 TS E MI{E X} SiCt,

|
Ms
o
=

#24-2 2 =22 flexible microelectrode array(MEA ol M= =7t ot W L lSt= By

MhE capacitive neural mterfaceg Hl‘?JOP ACEH &[Of A2 2%2 =
HH F2 90| X2 ©FE HiX[SHoF StX|2H ™=0OkCH
A”EO| FT|F YL IA S7tetct ofgf 18 6-(a)2 &
readout circuit® StLES| CMOS chipOfl &ASIH HiMS =Y =+
substrate2 Q6 =| EMO| ZEAIZ|7] OfFHLCL HtH =
BHO| A BEHY = AL}, passive MEA(E SHE
MEA(R Stthe &2 M= HHO| amplifier?t switch® T S|0F L2 2 noiselt MHA
27t BI7FpCh £ J|E  voltage-sensing A2 A2

electrode offset X 1/f noise= ZZE[7| j20] 0| A

ZR5ICH= A0 ULH

2 =2 olfet StAE JfMdSt7| fIsi 38 6-(b)”t &O| neural voltage CHA
EDL(Electrical Double-Layer) capacitance®| H%tE =Lt EDL capacitance= F=1F A
Ho| AAHO HME[= capacitor 222, MAMZI 2M3tE0f FRO 0|2 s&7t
HSIH O Zt= s BSCh K|otst 16x16 MEAOIAME= 16709 columnO| MZ CHE
Walsh codeE ¢17t5t1, ZF rowOlM 1670 32| AM=E StLtZ X &=Lt ofj
Walsh code7f Zt columng TE%te BA d¥g St2E, StLE EX™T MzE ADC
M2t 2 digital demodulationg &3l CtA| 167H2| 7Y M2 Fa2[g 4= QUCE makA

neural signaltt TH 2

\J

15t7] ¢let Beo| 2F 2|27t



16702| column drive lineXt 167H2| row readout lineBtS 2 £ 256712 ™
ULt EESH neural signalO| Walsh codell 23 =2 Fht+= FYC = 0O|&

Ao E=E electrode offsetdt 1/f noisel| FE BHH =L £ Q)
(o]

Q
N
i
10

Conventional Works : Voltage Sensing Neural Interface Proposed Work: Capacitive Sensing Neural Interface
Ve In O :Substrate  C:Electrode [ _In-vivo Application

On-chip Arra
1,2,5] = ,_! _____ =

Ign Channel = _o
0 N
”

Oa

n‘channel=
o\ j.FRs 9

+ + . I
1 [3,6]
Re Ce [T p—T: Al TN —

Veo + |::|@

=
_In-vitro Application
Ver Suffer 1/f Noise, MY w1 Noise £ &L
v, large dcoffset & Moderate NEF no dc offset .
n () Application limit | <. \Pitch:20um
Signal f @ Chopping/ EDOC required Sighal” )

Off-chip Passive Array [7] Off-chip Active Array [8,9,10] [:AuElectrode) [ Dielectric
In-pixel amplifier or switch : :

[J:Kapton film []-Encapsulation
——— ==
lI
@@ l: +REZ change d,u‘ fo
> PGS hewral activity
% NA ™
;, Moderate noise efficiency factor(NEF)

() High No. Interconnect @High NEF

-

.. |Pitch:100pm

==

No. Interconnect = 2xVNo. Channel

Z(Q) (log)

forv Fregq. (log)

- . &) Low NEF
() Choppingl/ electrode DC offset © Low No. Interconnect Re:fluid resistor (> Low No. Interconnect
cancellation (EDOC) required @ Chopping/ EDOC required Rerelactrode resistor (5 No Chopping/ EDOC required
(28 6-@)] (2% 6-(b)

[A& 6] 7|& neural interface?| 7+ S SHAHE (@t & =20M XM CtSt= capacitive-sensing 7|t

9| neural interface (b).

otz 13 72 Z rowOlM XTI &2 MSE FESH| fIet 2 ==9| SPA(Series-
Parallel Amplifien)2} input-impedance boosting 7|'#H2 EOEL}E SPAE sampling 7710
M O3 capacitorg 30| HE= AHZSIH M=2E XS T, amplification T1ZH0f|A

Ol AE=Z 7Yt <2F 11HiS| voltage gaing YECH F JHS| SPAZL HHZOf

samplingdt amplificationg2 FASIEE M E AXHo=Z NP £ JUX|T, sampling
capacitor/t =0 AHAE I MI2ERE chargeE 7tM7IH YHMZIL Z4ASHD
input impedance?t ROtX|= M7 LASICE O|F HWX[5H7| 28 Hetet 2=
sampling capacitorg Yt 77t MY =E 0|2 FTS0, M=t HZE If 0|S3t
= chargeE ZAZoIC O|F &8l F7HAQl amplifier 910|= MHARE ZO|HAM 2
2 neural signal€ S&3| SFA|A I M= AAE YA = U}



Ping-Pong Configuration - Zin Boost Auto Calibration
EN

[ Y} SPAs O O Calibration Enable
o SPA. Mea ¥/
Ll
Vin L] @2 o L SPAom‘O
LCsi | Caz | [Csro
0 1o tL o
TCepy |TCarz| |T Copno
Ve B Precharge kCAL! CAL
o, Logic
Drive SPA
D4
- CLKca
T I
Dres @Pc} jﬁ" | Veal i Vear = Vier+DC
pez T Dpca e

Pz (Do e (i et Veer
CAL, S
S| %4 SPAcy_ |
Wprat  AACpr preds
bt j]caLcoag |oa o I—I ,—l
Clock Phases

Dy Prcy [0 Ppcz Calibrate Cpre to max Zin
Wik 15 I

| - | I |

= Precharge| ] Ces, 'MGAIN
. SPAs Undercharge Ideal charg

[A3 7] 2 =20A X etsts SPAQl &% 2|2t auto-calibrated input-impedance boosting 7| &.

ofgf 108 82 & =&0|A X tst input-impedance boosting2| 21t} on-chip spike
detection?| £ ZIE 2O FEL} Auto-calibration® X-E8%H AFEQ| input impedance=
THZOIM BT 124MQS 2 ZHE|0, boostings HEdHX| %2 ZRXEC 1,8008 0|4
SEACE. THLRE CfH| noise & LIEtL= NEF= AFE TH=2| B2 081, ADCE
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PskE MA CIOIHE ™M&sts CHAl, neural spike?t AZEE #7t0| npnp 2l A|H
Y R E MEE= HOlEHe Y2 EALL & =&2| neural interface= 22nm
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1.89uWe| M AR R} 436nV/VHz2| input-referred noise densitys =/ &StALCE OFX|E S
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2}, dynamic supply M8 Al O{2{®IX|= charge balancing
EHME silZ5t7] I8l on-chip dynamic supplyE £ MEZ2 TIS XE HQHSHRACE TIS
= MEZ OE FalsE 2= F 9| sinusoidal currentE QIA|O| QI7tstn, & MIFIt
SHEHEAM HGE= XMFOHo| i envelopeE 0|83t {sts P £2IE AFste
HFAIO|C} & stimulation ¥o| FF 37| HlEE ZESIH X=0| YTE= fIAlz #HYE
2 = AeBE = g0 § #2 MEE HEHoz X=g £ UCt= FFO| UL
Jd2fLt E|cf 10mAS] MJRE = kQO| O|2= electrode-tissue impedanced S&dH0F 5t
82 10V 0]&2| =2 compliance voltage?t E 23}, stimulation0| =z ¢ X|HZk[=
8% source?t sink current AtO[Of 22 QAH7F HMSHH M=t X A HO| charge?t
=X &[0] source®t sink currentOi| CHEH H=H5t charge balancingO| 27HEICE

71F TIS WAI2 otz O3 9-(a)*t Z0| IMYT HHA QI charge balancing2 ZHE
57| R8s oFo nHE NTUS ALESIRALCL O] fFx&=
o 2O MRAXMYE |FAISIEE, stimulator LHFO| AEot 3 &40 YUWdt= otA It
o m]

ULL 7|FE dynamic supply stimulator?| 2= T30 S5 MATY

>

X8t Z=Z biphasic waveforma 4d3t= H-bridge +ZTE AtE3H7| 20 o2 xf<
O] A0 &SZ5t= TISOIAM+E= channel ARO|Of cross-talk &AX|7F Yl = Ao

active charge balancing= M&3}7| O ELCt.
= =20M= olg{et 7|ES ZMESE JHMSt7| L3 38 9-(b)2F &0l 4742
push-pull SOU(Stimulation Output Unit)& 5 712l differential pair2 F4d3%t1, Z SOUE
4742 H= T StLtof AZESHY & 16702l =2HE MY & U= TIS +E2E HASHRA
o a0
=) 5

A
Ct. LHE MR boost convertert 2t SOUNM Q7L+ 7HE =2 MY



DDHE “4'd3tCt 2t SOUO|= active X passive charge-balancing 2|2

& A¥Yg MR vV &gttt 4
oS o (=) o xS
b ZEE0] A0, MATYS HA FAGHEHME A=HF =1 M=t =% AH
= o S = 0 = X =
9| charge X YA|ot0] 7|E2| ZHME SHZSHIULY.
e HV compliance * Low inter-chan crosstalk e High power efficiency
Ton (up to seconds) TIS and its applications » Accurate CB e On-chip HV supplies
1/(af) Torr Repeat ;
i VDDH

.y . L 3
) #W‘m’ %—“m‘%’m*— 'm" HV boost | | (Bootsmap # R Gt
. ; i VCM N

e Currentup to 10mA & |Zgr| up to kQ 2 HV compliance converter T drive! ol
2 ‘ ¢ Proper electrical field interference = Low inter-chan crosstalk R C
e Avoid charge build up during semi-continuous stim. = Active CB f VH ! 3
Vin Event driven boost J-STIM OFF
Off-chip . >Power loss¢ q B It trol LD—'
VDDH _ <€, Prior TIS ASICs [6][7] 3.3V converler conltro:
N i Trig = l-lV buffer

VDDH

i 2 . + HV compliance .
— v \/\ * Low inter-chan crosstalk DS ctrl Mode sel
=+ ELgp g e Active CB - (
VSS C) () B 5SS — . txll‘mul HV supply 1 = o S0U3 i}
a educe . wer efficiency a1k i
Differential push-pull stim © cuninlljm' Et‘rd R T\ DDH SO0 i \
Dynamic Low Z path: limited R et 3 Lore Sl S 452
VDDH ::urrel;lconlml ASICs [8-11] E 5 D<2:0> based VDDH : :S *ifr"l
. :]\ \“E]‘“]ﬂ?;m n | regulation tl\ludcgvlpL ﬂag . 7’1 CB" U
* Noactive . H - = "en -
* High inter-chan crosstalk Stim. L : v Vi
inter-chan O, N :;“ ) chip HV supply gen. CDn['l‘:lcr siFnScC\:g?c ? (‘::3':‘]'2:: ) Ismk f
. ower ef] cy ¥,
stimulator crosstalk el ponesetfien & timer en. 4 HV TIS SOUs with 16 outputs
(2% 9-(a)) (28 9-(b)]
[AE 9 TIse| S JE[et 7|&E FxO| oA (a) X 2 ==0M HtSt= dynamic-supply TIS ASIC
o 7= (b)
ofgf AE 10-(a)= ©H LS Z2| 6 & ==0M HMEStHE common-
mode voltage(VCM) Z[H2t0] CHot IHEZ EO{FC} VCMOI XILEX|A 2@ VDDHZt
MIHYS et LOXHEE sink RO 2 Mol Zaf M HZ 2u7t MHE

Ct. 2kA stimulationO] A|ZE|™ mode 00|A] VDDHRI VCME Z|CHgte 2 HH%H Z,

3-bit codeE O| &3t + TYS THANE HELy HIHYO0l soul S ohA o 7t
MM Z2=9| flagZ7t ZABHH i VCME ZH gte2 ATt 0|2 mode 10|AM=

— o —
VCME {X|5tHA VDDHZF 47§ soU & 7t+% SH™AS 25t headroomBt=
It RE 510 WE7IEF B

SsEZ2| A
=

SHX|2F, VDDHZt A& #SIH charge-balancing 3|29 7|&0| &£ VCME E582
ULt O|F XISt 8 21 10-(b)Qt Z0| stimulationO| 2I7tEl= TON &2t0ll& HV
buffer?t passive switch& 111 VCMEZ capacitor® FX[BtCt O|Mf active charge-
balancing loopZt MYl B2 ZXISHH source?t sink current2| X0|E EAS}
B2, VCME MEStE capacitore 72| LFSHA FA|ECt B2 TOFF S2H0=
buffert passive switchE A ZE ©3FZ vCMO| HZTCZMN HOt U= charges
HAHstD, CHE stimulationO] ZL3H VMo Z ZASICE 0|2 S3ll dynamic supplyZt

SAstE S0 = PPY A Ql veMat H&SE charge balancings A0 SXI” = QUCH



Without V¢ optimization With Vcy optimization During Toy
VDDH Power loss

VCM \M Significant VEOE A reduced uay. Stepping down
A . VDDH °f
VEl y Hpoxt‘[r lfss VCMiL. ...\ 7 Marginto N Tracking Sty H
sin i : . H
VEI . AP ] keep [*”_‘k mn N Ve floating & OFF i
VSS saturation stabilized by active CB
Trst Ton  Torr one differential pair for simplicity Ip= Al
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STIM_ON — — i " { |» Changing VDDH allowed v/
Ttimn0/ Tstim1 il ! 17 £18) o R — Active CB ON:-~ » CB during Ton guaranteed v/
D<2:0> | 111 11 101 100 +» JVDDH HV buffer
Ve e ViuF23.8V ? ON
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o YA VY T S I L ) S Ve
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|RST |Automatlc V(M optimizing phase VM optimized | = Active CB OFF."
[22 10-(a)] (28 10-(b)]

(A 100 2 =29 VCM % dynamic-supply 32 S0 CHgH ELO|Y CiO|oja (@) %

active/passive 2A19| charge-balancing 28 (b).

otz O& 11-(a)= 5 stimulation pairg 2kHz2t 2.01kHzZ F+&% Fl, & 872
7| Hlg2 HEstHN F8o TIS & Z1E EOFELL 5 stimulation pairl| ™A H
F7F 103mAY M= 23.8ve| 17 HAAZ AMESH= on-chip supply CHH| Z|CH 42%, O
A0l QU n7g ™ CHH| %|Cf 26%2| ©HS HASIYULCL TH HFZF 39mAE
StH =E % voltage headroomO| & HX[7| 20 M HL zitk S75t0, &
7k %

=
Th 77%9F 70%°) X2 AAE HOIE WS solE & ULk

1

T A Y = UACh 2 ==20M HMetet TIS= 130nm BCD S7E0IAM 4x5mm22]
HMo=Z FHEASH, 33V YA E|Cf 21Ve| compliance voltage?t SOUY Z|Cf
10.3mA2| stimulation current® X S®tCE Boost converter= 4V Z0|A X[CH 93%,
23.8VOIA 80%2 22 Edst¥n, HA stimulatorl| X0 282 57%2 SYEALL.

-

LS saline ¥ 12T nerve-cuff electrodeE 0| 8% Ads Eo| /St= TIS electric

fieldE H-JstHM HHLRE o 175-176mWOIM 72-73mW=2 2L + AZES &3t
ALCE Ol &8 2 =2 TIS& multi-channel stimulator®l dynamic supply2t d=tot

charge balancingE &A|0| H&83}0f, &2 stimulation voltage?t HHEE2 FXISIHAM %
O 70%2| MES BHY = ASS YBSHIULL



Iamp()+ Iamp] = 10.3mA, Iampﬂ: Iampl =1:1

Measurement sctup —&— On-chip 23.8V supply 20 VDDH T ‘
JkHz 2.0 1kHz —&— External 23.8V supply s
WU'(I Lo VOM o™ f WU —— Proposed adaptive supply P
! " )
Vi & o Vi _ 3 10
T X \-’\% T oo lamp0+ lampl__ 10.3mA g
Vi e A Vis g 02 42% u 0 EVED,VEI,VEZ,VA . | ] | |
H 73 ;
; J’U\J\UILMW [mIIUW't i g 0.15 b0 D 5 10 1.5 20-... 25 30 35
~ 2kHz (180°) 2.01kHz (180°) 1:3 1:1.7  1:1 1.7:1 3:1 ; Time [s]
Iamp(]: Iampl 0.2 ; T
Vio-VCM
Adjusting amplitude ratios to _ s | d
mimic focal region steering 04 Yanpo + Lamp1 = 3.9mA g 0.1 Ve -VCM
g M2 3 7
= : ® gt J
$005 0%  77% &
3 0 e ———— = |\ AmvBRAT
15 12 11 21 s 01 s ConAG T cap) Ve YN
Lampo > Tamp1 Lampo < Tampt Lampo * Lamp1 0 2 4 6 8 10
Time [s]
(28 11-a)] (& 11-(b)]
. .
(A% 1] ™7 37| & Hgo ME TIS & MHAR =FH (@ H dynamic supply 5% =
charge-balancing 8 &3 (b).
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£0F : Power management ICs
2 : uknow@korea.ac.kr
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Session 3 Accelerators: Spatial and Immersive Visual Computing

Ol 2026 IEEE/JSAP Symposium on VLS| Technology & Circuits@| Session C30{A=
spatial computing % immersive visual computing2 ?/8t accelerator SoOCE FHZE & 5
Ho| =F0| &EE|QUCL X2 AR/VR, 22, embodied agent?t Z2 edge device®|A 3D
sis Aoz X5t A EstH= =27t HX[HA, 3D Gaussian 7|8t HY,
neural video codec, vision-language navigation, event 7|8t M1 222 M2 workload
7l &5t ULt O|F workload= AAHE & OtL 2 =2&sH At2+X 2, sorting,
entropy codingdt #Z2 non-GEMM Q40| H=0| k= FR7F QoL Zi2F 542
3|2 Fx=0| 2T BrHSHE algorithm-hardware co-designO| 34l M7 O|%+Z2 HZtxjn
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#C3-1 2 =2

GMMap2 %It 6 mWE SoC?l GleanmerE H|QtSIRILCE 3D occupancy map2 37t

occupied, free, unexplored @G22 F &5 LS X2 FA 8! AR/NVR =%

7b&StA SHX|EE, OctoMapt 2 = SHERIY 7t&52 HESIHHEE 100

OlgfS 21510 edge ®E Ot Z1iotLy. GMMap2 occupied o free HS 3D
a

7|Z& embedded software 782 2W O|A&S AR

Rl
l—_l_

Gaussian ellipsoid2 2% EH 5|
otCh= SHAI7F URULCE

O|2 dliZ3t7| 2ISh Gleanmer= Ml 7tX| co-optimizationg M-E3HACEH AW, MH| map
construction Ol 4 X|2| %[CH 65%E AtX|SIE free Gaussian bases M-dZ =8 742| line
segment?t Ol occupied GaussianZ2E 2T A 45H0]  construction O X| &
22~63% BHUSIALE. =M, trajectory 2| Q1T query coordinateS0| FAISH R-Tree
AEE 3stChe TOo| &S0, 1670 coordinateE LS| bounding boxE R
batch queryE &3l query throughput® 4~10H] &=0|1 query HUHX|E 74~81% HZ
SHILCE AR, scanline segmentation2| slopeE 1-cycle2 ZAISIIl Gaussian precision®

32-bitOf| A 19-bit2 ZFZF+£ approximate computing@ £ accelerator B8 Z 38% =Lt



16nm CMOSZ H|ZtEl %2 640x480 depth imageS 88 fps O|A4 22 XNZ|SIH, 6 mW
O|5to] MH O Z NVIDIA Jetson TX2 CHH| 341HH, OctoMap 7+7|Q1 OMU CHH| 44H) &

e He ADE P

External I0s
RISC-V CPU & Global Buffer
PLL1| cache (33kB) (512KB)
1 T | 1 1 ]
| AXI-4 Bus |

| | i i

. ! '

Depth Decoder || Sample Mem.

(5KE) (1KB) Map Mem. Allocator
L 1 Query Cache
i Unit R-Tree Engine |+ (+4KB)
Scanline Free Gaussian g
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i 1

<

~ Unit
1 T 1

Gaussian
Distance Unit

Regression Unit

Free Bases
Memory
(17KB)

1 [

. N Map Fusion Bounding Box
‘ Segment Fusion Unit H Unit Unit

Gaussian Generation Engine Fusion & Regression Engine
GMMap Accelerator

Line Segment N
Buffer (10KB) Gaussian

Merge Unit

Free Bases
Fusion Unit

Interconnect

[3 1] Gleanmer SoC2| System architecture

#C3-2 2 =322 KAIST AF7o] Zast NOVAZ, Tt HO|A decoding-processing-

encoding® end-to-endZ F&st= %[Z9] fully integrated neural video SoCE | tst

Ct. 7|F neural video processor=+ super resolution, denoisingdt &2 video task 7t
5

ofZh BSsto] &= 8 B&ES ?Ieh BE2l codec SHEROIZ7F ERMD, implicit NVCE

=] —
video &&0 MHE GPUER 1~220| AQEO decode-onlyd| HEFCE Y
forward pass2 QIR YO| 7ts%h explicit NvCe| S&CZ tHY & &89 7Hs40| g
X8t quantization BIZ-d, P-frame X 2|7} A[AE O|HX|Q| 69~82%E AtHX[St= &A|
symbol CH@| =Xt HAOZ QIS entropy coding latency?t MZ22 HWEo 2 HZtg|iCt

NOVAE Ol A 7FX| 7|82 ojZsRACt. AWM, bound-guided mixed
quantization(BMQ)=2 inlierE INT4E H3SIHA] shared exponent biasE shift A=
CHAISHO! FP scaling 32 91.9% &0|1, shift-ordered adder treeE %= bound-guided
unified(BU) core@t &7 it MEHS 417% BUSIIUCL. &M, temporal interpolation
unit(TIV)2 NVC Z=7| layer| flow HEE =ZH&3 temporally predictabledt frame2|
neural processings MEM O 2 MaFst 10, tiered DMAE S8l TIU2t coreQ| HEH S22
X235t encoding/decoding OIHXIE 282 71.2%/71.8% HZLSHLCE AW, adaptive
entropy coding unit(AECU)2 entropy =Z0| 2t chunk ZAHE SHo=2 ZFsIn

load balancing controller2 H& engineO| &HiSH hardware utilization2 91.6%7HX| =



O] coding latencyE Z|CH 79.2% Z=RCE 28nm CMOSE HMZHE H2 4K UVG
benchmarkO| Al 31.4 TOPS/WQ| O|LX| E&8 ZE3I¥U2SH, encoding2 5.3 mJ/framelt
13.7 ms/frame2 £ edge GPU CHH| 76.7H W= decoding2 6.3 mJ/frame2E 4K 70.8

FPSE oI RALE

Challenge 1: Challenge 2: Challenge 3:
High Computation Power High NVC Energy Long Coding Latency
with Fine-grouped Quant. by Large P-frames by Sequential Nature
MAC 1 Scali BNVC  |frame Net. BNV Compress
s carng W Task Prf{xaess 7.1% B NV Reconstruction
a [[10 | ETC Entropy Encoding
s g 08 I I 4 Entropy Decoding
E = 06 1.0 ‘ “““
ey ® © 0.8
g = [|04 N 04918
2 z S 06 -
a 5 0.2 P-frame Net|| 04 : 0.25
= [|0.0 GRFFDNH* FIF* Process 8(2) 0.40 017
1* 2% 3* g% System Energy Breakdown ~ Ops. latency
Solution: Solution: Solution:
Mixed Precision with Hybrid Interpolation- Input Adaptive
Bound-guided Biasing based NN Skipping Parallel Processing
D/ Exp. [Low-bit ADD] AR EIEE
DL = Y 32021202
Low Low - -
ScalePower  MACPower — [2]2]2]2]2]2
If Similar
5 NN Process Hybn Interp Coding | = Time =
BlA %ol
: | | SKP e el
= Coding | iLoad Balance
1+ 4 Ours |

*1: INT16 (per tensor) / 2: GQINT8 (G.S 64) / 3. GQINT8 (G.S 32) / 4: GQINTS (G.S 16)
** Super Resolution / Denoising / Frame Interpolation

[O& 2] Video Codec HWS| EX| ™1} =& #C3-29| sfZdH

#C3-3 2 =& 9A| KAIST 70| uEst He
reasoning 7|8t vision language navigation(VLN) 7}—’—'.‘—7|°| SR-VLNAE H[QtSIRALCE 7|E
point planning 7t&7|E2 0O|2] HolE SE IHEE &5 occupancy 7|EH 2 A= Tt
Tdot0] SHQ FH =HFur 210 HHES O[StA| XotCh HMetE VIN A|2E2 3D

o=
Gaussian splatting 7[%F semantic understanding(SU)Z} language-based planning(LP)2

2, embodied agentE I3t spatial

TS E| X2 edge GPUOIAE semantic embedding Z=7t2 Qlot 15.6H{C| AAt2Em}F 185
Hi 2| external memory access, cross-attention2| 2 activation H{E I8t FP group

scaling F &, SUQt LP2| 40|t sparsity IjEHO| B=0] ECf

SR-VLNAE U4 ZtX| 7|2 X QHSHRACE Embedding skipping unit(ESU)2 Zt2{ %Xl Zi K| Q|
semantic embeddinglt FRE7t %2 channel HAHSI0 AMZFS 656%, external
memory access= 77.7% =%, mapping region decision unit(MRDU)2 balanced KD-
tree 7|8t bounding box FEZ ¥H ZHM|2| Gaussian redundancyE H A5t SU
934% HEZUSIILt  Context-aware unit(CAGQU)2

latencyS group quantization



instruction R8It edge 0| 2t power-of-two2t INT/FP scale factore MEHXOZ At
23510 FP SF AL S 92.9% EF 2M, heterogeneous sparsity-aware adder tree(HSAT)=
sparse®t C|O|E{O0|= carry-suppressed adder treeZ, dense®t O|O|E{0= zero count
adder treeS &0 OHX| EES 2.3~2.78] 7HMSIRACt 28nm FDSOIZ A Zft=l &2
SUOIAl 0.004~0.021 pJ/point2| state-of-the-art &S EF 1A, LPE %EXZ A|HSI0]
0.25~0.96 mJ/taskE EHESIR M, AAE AU A 50~23.9 m)/meterZ edge GPU L
H XMooz 2 oHX|E 7|55t 3Lt

@ Semantic Understanding (SU): 15.6x Comp & 18.5x EMA

[SEmantelEmb R el *Geom.
! Loss || T G Only
Ground % «#of GS»
Truth Image Image w
— 1 (aT)
_— =
Lo%s |‘ Olsemanticlel  +256*
& £|Emb.(SE)
Segmentation Segmented Rendered uf-: Newly
Mask Semantic Added

® Language-based Planning (LP): 2.8 Power for FP SF
3 Norm. Power & VLN Success Rate

3 - =
'ﬂ\(xg \Node Enc/ \Edge Enc/ 881 _1—2
\ Paa—— 1 28| g0 4 . 95.9
4 Sﬁu(rice Bezt. Edge 1] .
! % Node w/Rj 3
Bt e ARightDist. | —5ori T INT T BFP
e Scale Factor (SF) of Group
2 "’]ae: w ,i Required HW for Quant.?
] Cross-Attention > T\/j
= b}:ut_e @Vision fl.anguage ElffiEi:e:nt ‘ M ’Inel":f%ent
chair ranstormer 1) Power-o-Two 2) Main Prec=S\i4

[2& 3] Spatial reasoning 7|2t VINS| 2X|H

#C3-5 & =& 2 Tsinghua University A0 HHSH A2 2, 3D/4D Gaussian splatting
MAIZE AIHEEZ 28t 12nm spatial video rendering processor®! Uni4DE K| QtstRILCE
4DGSE Hex-plane encodingdt MLP 7|8t deformation2Z 3DGSE && HHOZ =%
SEX|2H SESIO 2HHO| M= K-plane2| 3D indexing0l Rt T 2D register array, tile
7|8t preprocessingOf| A2 &=XIX QI Gaussian box-bounding, software 4! radix sorting

O QIgt framed 42 MB2| external memory access7t ¥50| =ICt

Uni4dDE= K-plane samplingldt MLP deformationS E'2 datapathZ STt UniMAC
deformation engined}, 64x64 gridE 16x16 sub-grid2 &&3l= K-plane weights
segmentation(KWS)2 &3l K-plane buffer HEZ 84% HZSIYULL Non-blocking KVP
generation engine2 boundary tile filtering unit2 2 tile H2|E shift? decodertCZ =

S5t Ch=2| key-value generation unitOll HE ZHISH0 preprocessing AlZHS 74% Et



%St 2, hierarchical radix sorting engine(HRSE)2 global tile sortingt on-chip depth
sorting= =2|5t 4-bit partial sub-sorting2} rescheduled parallel sorting workloadE &
23510 external memory accessE frame™t 464 MBO|Al 126 MBE Z®ILCt 12nm CMOS
2 HM=EE 529 mm2 2 0.16~0.52 mJ/frame2| O|LHX|2 HyperNeRF A[EAE 74~76
fps, synthetic D-NeRF & HE X|CH 232 fps2 HEHZSIH, 7|= NeRF/3DGS ZZM|A Cf
H| $F Xt 0|4 W2 framed OHXIE FMSHIALE

FTYUMOE Session C3£ 3D GaussianO| occupancy mapping(#C3-1), semantic
understanding(#C3-3), spatial video rendering(#C3-5)0 O|27[7}X| edge spatial

=4S
8 oMo 2AZE 955 Edots BHAN 2RSS E0FACL £t R-Tree &
2|, entropy coding, KD-tree B, radix sorting, graph T+'d1t Z0[ GPUZ} H[2EXQl =
& HitE TE engineRE 7HESED, sparsity?t temporal locality 22 workload =4
quantization 5! adder tree =ZE7tX| HtFot ©O| MM Muto| I &= MA Moo=z

Ct.
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o
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Session 7 Accelerators: Generative Models and Specialized Decoding

Ol Session C7°| M =& multi-modal autoregressive model, LLM speculative
decoding, quantum error correctiond 3 MZ Ct2 S8 CEX|T SEXHOZ AL Xt
HE2Ct memory access@t data movementO|M st HEZ 0|l Wao =TS
grx=n QICH X EHmet & HHA| =& autoregressive modeldt LLMS2| external memory
access& =01, M ™A =F2 quantum error correctionOlAl weight storage®t
matching complexity2 & QIC}.
S| Ml =2 E5% Ched| ALA7|9] peak performanceE =0|& YEFECH= workload@
N2 o|8df Zast HO|HTt Z7|HL, dataflows HHRALE, et =7H0 B A Ats)
Ct= FO| QAMXO|Ct X[ accelerator A O|A AKX application?| execution
flow2t memory behavior& YOtL} & BHASH=X|7F SR3HX| 2 UACt= S H E0F

= Mdolgtn dztet

#7-1 Silicon-Oracle (Soracle): A Multi-Modal Autoregressive Model Accelerator for

Context-Aware Assistance on Mobile Platform
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_‘\/‘—“*\

le:;c::t 3 g (AR) Model °é§ gﬁfk’; a lemon cake
e R

Encoder| £ 5 Layer #0 b= Ep \“ﬁﬂ!@ Step

e — z Text/Image Decoder
— =]

SWhat cam‘baket?} o g - .
~— e X o x U f =
rE £ L5 a o = N

Question Encoder = [l -

-——— - -
- -

— -
e -

Visual AR (VAR) Scale-by-Scale Token Generation | Text AR Prefilling & Decoding
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oo | t76.3 = =52

] t3915 .\ Pok time_
| *t;;: tokefij of sc@lle i @ime” | *p,/@: prefill/decode tokens”

Large Amount of Parallel AR Processing

[212 1] Soracle®| head-local RBCU AR core2} EMA-free attention execution T+%&



M OH®W =22 mobile TAOIM image?t textE EA KXZ|StE  multi-modal
autoregressive accelerator?! SoracleS H|QFotCh YOl LM accelerator?t EHe| text
generation® OfL|2} visual autoregressive model2 O| &%t image generation7tX| StLt2|
accelerator®| A X 2|5tCt =F0|AM+E mixed-precision MACR2| &2 hardware cost,
weight@t K/Ve| BHE X Ol external memory access, 12|11 2 probability token7tX| 2

F AMSHEN ZYste 22 dits F2 ZME 20

Soracle2 X Exponent-Tracked LUT-Counter MAC, ET LC-MACS AtE3 mixed-
precision @4t HES ZEQICH LN QI multiplier CHA! LUTRt counterE 0|83 ¢Atst
1 exponentE HEZ FH| MZE CHE precision?| #t= accumulation®tCt. Canonical
term decompositiont equivalent-term coalescing= O|&3ll counter activation= = ?ILCl.
£d Z1t conventional multiplier-based MACIH H|Z3 S W powerE 71.7%, areas
53.7% E ALt

o2y

row-broadcast/column-unicast(RBCU) TZO|C}  Query, score,
probability X8 A AM2EZl= HIO|E &= row W2 Z broadcastStO] spatial reusedt,
weightt K/VAE Bt= AL8E|l= OIO|EH= 2 memory®| XMZESH F| column HH2=
MES] temporal reuse®tCt O|E S5l attention head LHFO0|A HIO|EE ZE|CHD THAFE
StH, attention execution2| EMAE 97.9%, data loading2} storing latencyE 59.1% =
Ct.

A rlo

oY g

O|2t & slice-shared logz-partition quantizationt bandwidth-aligned streamingg2 &-&
S weight storage®t refill& 0|1, O|™ generation2 dominant token ?X|7} Ct&
generationO| A{= O|0{X|= £/dZ 0| &% dominance-trackable attention2®Z QxKr2f
PxV S4t2kS EQLCE QKV projectiont FFN weights 2t 76.7%, 86.2% ZASHL refill

request HA| ZtZH 88.9%, 93.6% ZARMLCE

28 nm FDSOIOA H|ZHEl Soracle2 20.25 mm? die areaS 7HX|O, Infinity-125M2 0| &
ot image generationOf|A] 83.93 mJ/framelll 0.671 s/frame= E-dotCL 7|F generation
accelerator?l H|WSHH image generation energyE 52.6%, latencyE 36.7% S 20 text
generation= 2 X|@BtCH MAC T+ E dataflow, quantization, attention sparsityZ7}X|
o2 EHAel XAZE  ZAYS] multi-modal autoregressive generation®  StLQ)

acceleratorOfl M X2 X2|Ch= 0| Ql&H™O|LCt

#7-2 A SPECTRA: An Asymmetric-Precision Speculative Decoding LLM Accelerator with
Product Quantization and Reconfigurable Flip-Flop Buffers in 28nm CMOS



SPECTRA Architecturelphase-wise config | |(Verify) Input-Stationary ¢ &Transpose
SIMD Mem

RISCV L[ vxnTe |> :D (PSUMT 0]
H nput | || 32x32 MAC X2FP BSUNT T
- Memory Amay !
[ FPamx 24K8 RFLB e .
"
FP24 Acc. = Eelle

SIMD SIMDJ‘ 7 EEERERAN| | =g
Pipeline fMemory* [ PSUM Buffer SMD Mem b o7 x32

ot [ 18] | it | S e 5, £
Prefill)Burst-Coalesced Weight-Stationary (Decode)PQ-LUT Gen. &PQ-LUT Readout
x32 [ TToken ]
Adder]||{

w -
Iﬁioalﬁﬁfﬂlﬁ«% \pazs

entroids

Feature 0S Feature | ISSCC'25 [5] Ours
MX Format [>Hard Quant. Nonlingar Product
[Token Similarity|>None (&3 Precision 4 bit 1-4 bit

Adder Cost [>High [F3Low

Generality [ Specialized |E2 Add-on
PSUM Access [EaLow |[>High

GEMV_[X_ No Yes

[Z13 2] Prefill-Decode-VerifyOf| 2t dataflow?t HH+= SPECTRAL| reconfigurable Of7|ElX]

=@ SPECTRAE LLM2| speculative decoding= hardware architecture®| %
Aot HFO|CE LLM inferenceO®ll Al prefill2 data reuse?t 2 GEMMO|X| 2t decode
token® GEMVE BtE3l2 2 external memory access®| @S IAAH HECH =&
OlX&= speculative decoding?| £dE 0|83 F=z7F IS2% prefilldt verifyll=
MXINT8S At83st1, 2757} 2SI E target modelOf|Al CHA] HBZE £ A& draft
decodeOf|= 2-bit product quantization(PQ)& AHE2tLCt

rr o2 4n
% ErE

Hardware ZHO|AM 7tE Z23% £&22 Reconfigurable Flip-Flop Local Buffer(RFLB)O|
Ct &% RFLBZ} prefillof A= partial sum buffer, decodeO| Al = PQ lookup table, verify
0| Al = transpose buffer2 &ZFStCE PrefillOf M= burst-coalesced weight-stationary 24
O 2 PSUM accessE 8H| &0|11, clock gatingZt input gatinge &3l RFLB LHE powerZ
86% =0 MK prefill stage energyES 24% ZHAA|ZiLCEH

Decode®| A= RFLBE PQ-LUT2Z Aj7-dotd, 02 PEZL SA[M LWUTE 8= M Y
St= area overheadE Z0|7| 28l Shared-Prefix Multi-Readout(SPMR) 71 XE Atg3t
Ct. 256-entry LUTE 4702 bankZ Lt+1 prefix decoderE 392 ZM =2 read
throughput2 22 areaZ T3ICE A AQLMI} PQCache workloadO®l Al 22t 8.6HY,
13380 &2 throughput® 231, AQLM 7|& MXINT8 MAC array2C} energy 5.9tH,
GEMV throughput2 7.7 7{ M E|QUC}

Verify EEAOAM= RFLB2| transpose 7|&& O[&3l input-stationary &4 22 dataflow
£ BHO MAC utilizations 1.9~2.4H =QICt. £ PQCacheE O| &3l long-contextO|
M B8%t KV entry@t 7t 20, 12k token ZZO|A KV-cache energy@t latencyS 2zt
12.7H42F 9.18] = RICH



SPECTRAE 28 nm CMOSO|A] THHE|IR M 148~635 MHzO| Al SEHSHCE GSM8K, GPQA,
PIQA, MATH5002 O|&2%t Llama-3.1-8B target / Llama-3.2-1B draft model E7}0j|A
accuracy loss 10| MXINT8 baseline CHH| EMA 4.1H{, latency 3.7H{E =0[1, FP16
baseline CHH| Z+2f 7.7HiQt 73HHE Z= AL} SHLEC| accelerator® ZE phased| &
A AtE3t= ZO0| otL2l, prefill, decode, verify®] AMZ CHE it EMof| 30
precisiond} dataflow, buffer &S 25 HECI= HFO| O] =22 71 & SF0|2t2

M2psiCt

#7-3 A Full-MWPM Surface Code Decoder with On-the-Fly Weight Computation and

Cross-Platform Adaptability Achieving 1.9X10° LER and 20.8-ns Decode Time at 4K

Conventional: This work:

(— full weight storage ™\ adjacent weight storage only* )
#W= ng{d-'l)""l #W =d 2+(d—1)2+d(d-1)108 #Weight

Wo-B Global Weight Memo D

Wo-1 (GWM)gstoring Y 08} a0

NO-

g, il
WO0-15 Wi-15 = W14-15 W15-15 ﬂ—’?-jg@_
i —QFI Plomr o |
Weights required for he={De: Thi
ALL syndrome bit pairs 3 1 _} L 1'.1 L 1.51 1.9
153 weights ford=3 19 welghts ford= 3 Distance
| (including pairing with boundary ) }| *Planar adjacent weights + 1 layer vertical weights

On-the-Fly Weight Computation Converting Error Probability

...................... to Weight
: W0-17; 1=1W0-6 + W6-7 ; jTTTTTT T mem e :
Wo-6 + :W? -8 + W8- 11'4_ E P0-17=P0-6xP6-7xP7-8 E
LUK A : xPeA1xP11AT !
W7-8 € Raaaaan ‘
@ FSBs pairs  Adjacent bits lw =-logP
W11-17  weight pairs weight ~  --T----mmmeeceoccoaaaol

Local weight) (Global weight) W0-17=W0-6+W6-7 !
%ia j P AWTBHWBA1HWIT |

Wi = Making X to +

L v

[1& 3] On-the-fly weight computation, lock-pair evaluation, parallel MWPM engineL & T4
cryo-CMOS decoder

M H® =& quantum error correction(QEC)2 9Tt cryo-CMOS decoderO|LC}.
Surface codeO| M= BH=H QI parity checkE &3l flipped syndrome bit(FSB)E A=35t1
O] FSBE MZ matchingdto] LMDt errorE FETICH F&ZIt =2 CHEXQ HEO|
Minimum Weight Perfect Matching(MWPM)O|X| B} FSB =7t B7t&+E 7t53t matching

gt 2Rk weight storage’t 5245 S7tSCE O =2 O|2g EME SHZSHHA
full MWPME 4 K 280 &Y sdst= AS SHE oo

KRR did 7|&2 On-the-Fly Weight Computation(OFWC)O|CH 2= FSB pair ARO|

O weight& memory0| XZ5t= L4l QIS syndrome bit AFO|2] weightZh XZ5tL,



| BO{Zl FSB AtO|Q| weightE decoding Al 3T pathl| adjacent weightE EHHA]

A AFSECE Error probabilityl] &0| —log #et 0|2 weight?| 222 HHH= 54& 0|8

ot Z0|Ck Z|Cf 67H2| local weightE o cycleO A4t5tD, O|F &3 weight memory
[e)

areas 989t EO0|HA| distance 217tX| arbitrary weightS X|@BtCt.

& 9K HA2 lock-pair-based speed tuningt parallel MWPM engineO|Ct 7H& %H2
weightE Zt= FSB pairE 2 7H MK lockdt #EHE CHE pairE search CH&0fA
HAZECZMN 2 FSB =5 ZQICL Lock-pair &£ configurabledtd] MZ CHE qubit
platform2| coherence time0 30| decoding speed& Z=FEE £ JUCL O|F 2 FSB
= depth-first search 7|2t parallel MWPM engine®|Al X 2|51, unmatched FSBZF 67
O|5t7F &l 77H2| match core?t MZ CHE S EE SA|0f Aitotrt,

40 nm test chip2 &AM 4 K cryostatOiiM ZEEAU2M, surface code distance d=9,
PER=10"3 Z=Z0{|A 1.9x10°¢ LERZ} 20.8 ns decode time, 2.46 nlJ/decodeS =M3ZULCE.
Full MWPM decoding threshold= 2 0.0470|0, d=11, PER=10"3 20 M= 474Q| pair

£ lock S If average decode timeO| 17,8708 ZrA$HC}

7|E surface-code decoder?} speedE I3l approximate algorithm2 At&dts 227t

2 A 22|, 0] =22 weight storage?}t matching architecture XtH|E HFO| full
MWPMEZ hardware2 T ¥UCH= HO| QIHHO|CE ESH decoderE 4 K stageOf &FH
HiX|St lock-pair =& ZHS| M= CHE qubit platform0 iE3t==E HCh= FOi|A
algorithm® OfL|2} AKX quantum computing systemD}t9| integration”7tX| 12{st MA 2t

o gzt

O|H M =28 Z0| EH accelerator?t dedicated processor 717} Chad| GitzkS =
Ol YoM HOLt workload?t HMZ 2= FEXHQ £4E hardwareOllM EHHY &
8l= Wekoz EhMetDn QIch= MOo| & EOICH Soracle2 attention LHE2| reuse?t

dominant tokengs 831, SPECTRAE prefilldecodeverify| MZ CHE E-40f [zt
hardwareES M7 45IH, MWPM decodere ZE weightS X&SHX| 1 ot =7t
A AFSHCE

A5 M =2 25 "BAS O HEA Aigd AQAVMED FAE 20| XESIAHL O|F
StZHLE HASEK| UOIE E|=71E WA X1, 0|2 3|22} architectureE2 THICH= &
S7HO0| ALt Memory access@t data movement?t BHE G 2 system bottleneckO| Zl&
20l 0|23t workload-aware optimization0| %2 2= st HA #ako| & He

£ HoICt,
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Session 6: Intelligent Vision and Perception Sensors

2026 IEEE/JSAP Symposium on VLS| Technology & Circuits2| Session C6= Intelligent
Vision and Perception SensorsZt= FHE & 4He| =F0| YWRHE|YUCL Hybrid
processing-in-sensorE 0| &%t filter-less color vision(C6.1), triple conversion gaind} LOFIC
2 23t 100 dB single-exposure HDR CIS(C6.2), clocked-recharging SPAD®}t TTFS
encoding= 0|&%t neuromorphic image sensor(C6.3), scene-adaptive power savingxf
object-of-interest T2 ZAT %t all-digital EVS(C6.4)7t AW EIRUCH 24 =22 ME CHE
pixel & readout FEE AFESIX|T sensor HEUA COJH EHHS Chestsin ZQ3t
FEIE ME50 HEF22M high dynamic range, low power, high throughput 5! edge

c
intelligenceE A0 &St = SSE Hakds EQlo)

rlo

Ol'

#6.1 Carnegie Mellon UniversityOl | ZHot =F 2=, Computational Mosaic Array(CMA)
@} residual-enhanced analog skip connectiong ZASt hybrid processing-in-sensor(PIS)
£ XNIQtStCt 7[E  processing-in-pixel(PIP)2 =2 HEME HISHX|TE pixel arealt
weight resolutionO| H|$tE| 11, processing-in-column(PIC)2 =& ot AHAO| 7HsSHR| T 2-
D convolution2 {8t row buffer?} memory 0| ALt O|E s{ZSH7| I8 3x3 CMA

A L& pixelBt triple-well photodiode®@t analog front end2 ALt FY pixel o
convolution ZIME X &EESZM photodiode areaE 55% ZEZLSIHA 4-b in-pixel
convolutiong T&SILEL Triple-well photodiode= ¥ =2 color filter 810] R/G/B ‘H&
2 SA|o| E53lH, time-domain AFEZt 3-b magnitude®t 1-b signQ 2 TEE weightS
current accumulation0f| gt @ oo}

CONV1 £32 column-wise median % max pooling2 &3l 2-D feature mapOAl 21x1

time-domain representation® 2 HBtE|M, 0|0 M2} GOjE &2 98.8% Z0|1 row-
buffer memoryE H et} O|F 3x1 CONV22| =82 upscaling®l 7 CONV1 Zitet
analog skip connection@ 2 &AHE[T, CONV3Qt TDC readout® HA off-chip classifier2

MEEICH £9| residual-enhanced networkE analog weight mismatch®t noise?t S7+He



M plain network 2CF 22 Hete XMSHE E O analog PISQ| H|O|&dof Ciot &S
AFAIZACE 180-nm CMOSHIA X ZHEl 126x126 sensor arrayE= 40 fpsHlA] 62.08 yWE &

B35t 97.76 pl/pixel-framel| iFoM H 97.25%2| face-detection accuracyE =4 SIRALCE.

e
o
2

Simplified Block Diagram of proposed 3-layer residual-enhanced CNN

A AlA A
4 L 3x3 Key Features

C C e CMA Processing-in-Pixel
51A AlA A (1 3X3 CMA
o ;
t A - e D : Triple-well Photodiode * Color Image (wio Filter)
8 [c] (Color Sensing) (Triple-well photodiode)
3 Al [A| [A]:Analog Front end « Area saved by 55%
| 14um : Convolution Pixel » 4b Weight resolution

Triple-well Photodiode Pixel Array | ® 3x3 CONV1, Stride 3

126H x 126V (2) Median & Max Pooling

Column-wise & Max Pocling e Converting 2D to 1D
21Hx1V Time-domain Output Data is reduced by 98.8%

RAMP

|7|J ‘ | LJ | 3x1CONV ‘ 7J e Reduced memory & power
i "—\L]Hl ”-w-‘lfﬂ—‘ Upscaling i‘—{m}» |~ Processing-in-Column
() skip € i
" 3x1 CONV 7 » Improved robustness to
TDC & ReadOut analog noise & mismatch

—CONV1 — CONV2 — Skip Connection

O3 HMQtEl 3-layer residual-enhanced PIS MH|F#X

#6.2 Sony Semiconductor Solutions2} Sony Semiconductor ManufacturingOi| Al ZHEDH =
=22, 1.22 um pixel pitchO| A triple conversion gaind} transfer-gate(TRG)-type LOFICS
A2t 50-Mpixel single-exposure HDR image sensorg A|9ttC} 7|& sub-pixel HDR
Z= StLEO| pixeld & 7H2| photodiodeE HIA[SIEZ 2 uym 0|3} pitchOf|Af BHE =&
7t {ECh Mt pixel2 4709 photodiode?t FD1& &RStH, FDGE Sl metal
capacitance?t =7tEl FD2E A5t FCGE &3 CHEZ 3-D MIM LOFIC capacitorOf|
AZAEILCEH =27t B7tSHH charge?t PDOIA FD1, FD2, LOFIC capacitor &=Al2 overflow
E|BZ 1st gain, 2nd gain, LOFIC gain2| Ml 70N H2 2 HeIE S = AULL

TRG OF2{0f| overflow pathE &-d3tH PD2| charge-storage capacity’t Z4g = U2
82, 2 MJAE= PD maximum potentiallt FD reset potentiale &H =SICt O|mf
RST VDDR2} source-follower?| SF VDDE &2|5t0 reset headroome ZHESIHA
source-follower®| M3 F7h= YWX|SHRULCtH EDH exposure &2t MIM_VDDE 3.3 VOIA|
24VE 23 LOFIC storage node?| electric field& t=2tSt2 FD dark currentE 5,000 e7/s
OlM 3,700 e/sE ZHAA|ZACE 90-nm CIS2t 22-nm ASICRE FHE sensore= Z|CH
analog gain%|A 0.73 e rms read noise, LOFIC gainO{|A{ 250 ke~ full-well capacity, 12|11

100 dB O|4°| single-exposure dynamic rangeE &5t SCH



RST_VDD
1.22um wio LOFIC  ===1.22um WLOFIC (This work)

MIM_VDD 50 - —
SE:HDR>100dB

'S
@

—Lrst vsL

=)

Cioric

PD3 | PD4 —LFce
Croz
aC A ;J: L
TRG3|TRG4 ’]_
]l
Csr
TRG1|TRG2 L
- csnl —[sEL
PD1 | PD2 CE /A R N N N
77 102 10 1 10 102 108 104 105 10°

Fig.1. Pixel Equivalent Circuit llluminance [a.u.]
Fig. 8. SNR Curve

o o

Signal to Noise Ratio [dB]
= A NN W W A

o o o wm o g

2. Triple conversion gaindt TRG-type LOFICE Tt21%t pixel equivalent circuit(Zhat 7|Z DCG

sensor CHH| 100 dB O] 42| single-exposure dynamic rangeE EO0|+& SNR curve(?)

#6.3 UNIST2 Sogang UniversityO| Al 83 =22 F, clocked-recharging(CR) SPAD pixel
O] #M7|E time-to-first-spike(TTFS)Z X& encodingdt= S4= O0|8% neuromorphic
image sensorE M|QtotCE. Z7[E CNN Z[Hb PIS= dense multi-bit data®2b HH=ZX ¢l
accumulation2 2 QI8 O|O|E O|Fd} Ak OfHX|e] FEHO| Hop Q= BHH, TTFS 7|t
SNN2 BtLtC| spike 2l AUz YH AV[E HASIEZR 2 sparsity?t H2
latencyE M STHCE 96x96 pixel arrayl| 2 pixel2 CR SPAD, 4-b TTFS memory, 8-b

exponential counter, 5-b SRAM S! pulse generatorE Z2SIH, 3x3 sub-pixel-array(SPA)

Mo

CHRI2 comparator?t output memoryE 37510 array-parallel convolutiong =& oHC},

Intensity modeO| M= recharging cycle i & spikeE TSO-TS32| one-hot codeZ %5t
1, spike timing®ll [t2t 8-b counterdf| +8, +4, +2, +1& FHBICL 162]9| averaging2 Z
dark-count E&2 &9 %, convolution modedM & counter®| 49| 4-b2 dominant
spike timing= decodedtll SRAMZ2| 5-b weightE pulse 2} polarity2 HSFSICH
Chopping analog counter®| 4-b CDAC2 TSO-TS30{ ZtZt 8C, 4C, 2C, 1C2| temporal
weightE 5§ 0I5, thresholdE negative weightZ2 TH FYUsH tHY comparatorZ
integrate-and-fireE T3 %Lt Input-stationary dataflows Sl St spike input2 M
AESIER filterOtCH CHA| exposureStZ Lt encoding® E27t SICE 110-nm BSI 3782
2 HMZEE prototype 150 ps frame timeOl| A 6.67 kfpsE S2ZISHH, convolution modedf|
M 512 mWE 223 £ El compute powere 0.5 mWO|L, 2.6 pl/pixelfpsfiltere]

FoM, 3.86 TOPS/WZ2| energy efficiency H 91.5% face-detection accuracyE & SHRALCH



3 x 3 SPA Measured 1b Feature Maps (32x32, Face)

ﬁ - 0O ~HHHEHN ~-HEHENR
‘v_‘x 96 96 &

Pixel Array .-
Comparatol ]

OutpulMemory |
1

F4EIII Fﬂllll

TS0 TS1 TS2 TS3 TS0 _TS1 _TS2 TS3
Measured 1b Feature Maps (32%32, Nonface)

~HHHE ~ KN

Row Decoder & Driver

11 T
Yeb Jao fsb J40

R r— JE. - EEEN

8b Intensity Data l 4b Feature Data TSO 7S1 _TS2 TS3 TS0 TS1 _TS2 TS3
(96 * 96) (82 % 32) Tin 8 Mancirad fanr Th faatiea manc

18l CR SPAD, TTFS memory, exponential counter 3 SPA-level IF 2|22 T4 El overall sensor

architecture(ZH 2t face/non-face YL=0f| CHall FH = 1-b feature maps($)

#6.4 Sungkyunkwan University2} SolidVueO|A| D =F2F, scene-adaptive pixel
power savingZ} object-of-interest(OOI) selective readout2 Z& %t all-digital
synchronous event-based vision sensor(EVS)E | 2HStCt 200x128 SPAD array=
saturation-based(SAT-PS), temporal(T-PS), spatial(S-PS)2| Ml ZtX| power-saving 7|
AHEBHCt, SAT-PS= pixel outputO| saturationOff =ESHH 0|22 23 countingS
S5t T-PS= H2 sub-windowOi|A] 243t intensity changeE AZ=3t F| pixel2 H]

g2kt S-PSE= 37H2| primitive pixeldt 17H2| reference pixel2 T4 = 2x2 macro-

o

m

pixelO| A temporal intensity trend& H|W S}, 91F pixelO] FAIZ ZS primitive pixel
2 & 5l reference event2 overwritedtd| S7HECE2 F=E SEZ ZQICL

Event decision & interpolation logicOlA -4 El event= 48-row kernel buffer0f X% &
= SA|0 3-layer hybrid SNN-BNN2E HEEICE & HA SNN layer?t spatial-
temporal filtering2 &3k, £ 12| BNN layer?t 1-b weight®l activations 0| & dH
8x8 tile TH?|2| OOI confidence map= &’d2tCE O] OOl maskZ readout= gating22
EM 2 BFQ| eventtt R 2 TESHD, MEHE event =& O[3 CtE framel
threshold= scene-adaptiveStA| AAIBHCE 90-nm SE 2| prototype 200 luxOf|A{ 9.85
mWE 2250 pixel X core powers 22t 47.6%2 21.6% EHSIALCE S-PS Eh= X
oM = Z|Ci 53.77%, Ml Z7|810] SA|0| &25t= composite scened| A= 51.4%2]
pixel power savingg 2Lt 4 throughput2 DAQO| 98l X|stEl 558 kfps X 714
MepsO|C}. On-chip OOl block IR-drop2L 2 ZH 100 MHzO|A CHEH O 2 FASHK|
20l S networkE FPGAZ T8l HS5IA2M, sensor-captured event imagedi| A

0.74529| Dice scoreS =HASIRULCE



Key Idea #1
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Session 10 Building Blocks for Multimodal Sensors

0| 2026 VLSIQ| Session 102 Sensors, Imagers, loT, MEMS, Display Circuits FX|2| S}

222 £ 5Ho| =20 HELACH MEHMSZE 2% MAQL MEMS EtQol HE|RE
A1IA-|E Ay HZXT|2 CIX|E35H= 10.1, 102 =&, coarse-fine A2 Z5H HiE =
H ZHNME FFZS Y& & = JZE 3+ LDAR MA0| &t 103 =&, J2|2
710 PMICE I3 MF MA(104)2F 3D IC Lf I4 X[E 2=-TY MYS 2
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g2 et HAYS ZFettt. WMt 2t =20| o XS =HE7| 23 FAS
ZISIRA=XE HlustH O0{E ZHSICE 0|0 always-on OfZE[AH0[HS ALK
7|0 A]

100nW O|5to| M=oN FELE =HESH 10.1H E%ﬂr Al A|AHIS QI8 AHAL
22 HYS B2 AlZE Lo MASHE 1058 =

#10-1 22 MM MY AXH0 ek A BJT, MOS, Mg 7|8te 2 LEEICEH O] & BJT
718 MME &8 420 ot 2XO| tHFES 1-point trimZt22 0.1°C &2 F&k
2 HE £ Ao, @& 7|7t Y 2 MAMol mEo=Z Xt2|sf Ch [1]. Ci2t BITS

st MEQnt 0|8 Mo|ste WmIE AMA| SESIOOF DR AHl MO
100nWE %E 0] LErHO|RY 1, Ol= HiE2|Lt O] SIHARCE SX3t= OfEL

101 =22 BJT 7|8t 2= HMME, always-on loTQt HIO|QOC|ZA O{E2|#H0|MS
FSERACE 180nm 3’801|A1 1V 38 MYSZ 75nWHS 228FHAM -40°COIA 85°C
210l CHal 1-point trim & +0.1°C (30)2| & =E F Y} E0, Ol 55 BAZE
= 7|& dY BJT 7[8t A CfH] 3H| 22 MHO|H SA|0f M= MOS 7|8t MA CH
Hl 2~3Hf =2 FH=EO|Ct 2= "2 Fraest i FESCR-IAE EH 0.16%=,
sub-pywW FFOoIAM Z1 =F0f SiFotCt.
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=20|AM HMotsts eial 0t0|C|0j& dual-mode front-end (DMFE)2, Z2EJIEEZ pre-
bias phase2} conversion phasel| & HEHZ2 LI+0] S%A|7|= ZO|C}. Pre-bias phase
OlM = LEHE QI BJT-7|8t reference0ilA{Qt Z0| A Sl M Rens FTHEl AVeeE
ZHSY PTAT HF lgasE AP0, ZEEMETE FESE 5| M1,22] HOIE TR Vias
£ SpF A7|9| cap0®l M&ESHICE 0|0 X|= conversion phasedlAE A1S 2HH 3| THH 2|,
DZEEQANEE CTAT HY Vel PTAT HY AV E WSt FH22 THHIX|SHO AY H
I O MEZSI=E oiCt O8 1(b)Q EIO|YUOM =2 = UX pre-biase 1ms,
conversion2 49msO|B22 20nAE AESH= ¥mTIL 7{H U= A|ZH2 HHQ| 2%0| X|Lt
X =Lk HIHAIHO| HEO|O{A HEHE MIYSH F1 ™Y AR7F 2 288 HEFe
duty cycling Atil= Z2MTY Ofd=21 220N E2] A0l HIAYO|X|E, O[F 0.1°C
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IC DNN ZZMA [2]2] Ah&FE CHO|Of| 216pm O|38te| ZHA 2 2 HYX|Z|RA2T, Intel 32}
Intel 18A & S0 2f2f T E[RULCE

=
2 =22 &% 1&0| 2025 ISSCCOlAM Erst ATE 3™EE &7|0 &t AO|CH [3].
Mel o] SHAl OFO|C|Oj= sensor fusion2E, 200t =2 HMQtoj|ot HIE 3= O|At
Mol MME 3|22 e oM E oA & B RS0 B3etr] ZE7F M2 CHE F
7Ho|l @A 0|HE F1, O Fat A (FT, FV)O| (T, V) BHO|AM Tt siLtol MEtg X|H
St JEZ 0|8%t0] 2ot MYS A0 F& ZAO|CH (O 2] MAOCH CHE &
H MEE 327t otLet MAME AriatA 3| REO| 450, A= 2|2 0|4
ZOIERteoz 1 HES MR7| 28] A= HEHI MY 28 340 sQtts S 0
g3t Fd&E =M (PCA)O| AHEEICE

In-situ Sensor On-chip Real-tme  [35]
. O . = pgean—Hﬁ‘ﬁ
Environment Circuits Post-processing ~ Measurements |5
Fr T(Fr,Fv) > Tsensen S VRO TRO ,
Mo 15 || ovesystem. | | Reeonee | |21 aamen - wRo ™o
Y N P 2 Always-on TV Sensor . .o
DNN equations - S .
Procesi;/— S ~OSR Ty Telemetry g Reference TV Sensor
ensor V(F1,Fy ) | V.
(FrFv) SENSED — Calibration TV Measurement
e T Compute Frequency Degradation Compensate for Aging
|Accelerator| [ SRAM F F
w | Fr= el L FrusKxFy | FrreKoxFr
Top Constantr VoAON TAON
Router-. 3D Link Lvec i, Il i 1 Il
“ep || Top Tile 4 __06]0.65[0.7]075] .. [09 Ky Inverse Backward Polynomial
- Ql (V,T) 5 % ry Regression to solve for
Bottom Tile £ Fy= T T(FT. Fv) and V(FT, Fv)
> RV Core m e Constanty D . Kr l l‘
E_i: L1/ 5 Aging Compensated

‘ :| ?Zﬂ-

Planar Link v > i——
Bottom SRAM N Average across Temperature and Frequency
Voltage calibration points Measurements

[28 21TV Mol S2 7Heet 3D IC L BiX| (&, &E Fig. 2) Always-on A QL o] A0S &

reference A Q| It H|E 0|83 3t B4 & (2, }Z Fig. 5)

= =0 o7[of Hgt A= FA Y ZEX[O|CE AR, ME MAMI} Chesiict 2= A
Mg 2420|HE 3T 7|& HYDt current-starved +XE ME  ZOA  diode-
connected pull-up= ZEgoH XA A=, MY MME 24 0|HE standard QIHEHETES
2 TR 2T OXE #F 2 247t =Uen HAE S0 M, SEO| et
N 2E= 2us, MY 100ns9| A|lZH 2dlls=

F£H0| BLUH MAMIL AHBEER RISC-V IO E ML, T0{7t ACtatAlg A 4t510]
=2 WS UEAL 22EF MZE UHEH

reference MME 0|83+ L2l(aging) 240
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o

=

=
=
CraAlo] QTH2 GECH 5, 2SS ChAl ML Cf4 93 XS 2Ass wajo|ct

o

o
Ay
rr
o
ps
=
)
>
10
o
>t
N
=
-+

0
o

4%
N
il
3Q
o
0z
>
o
1
ot

n



| ds2=2&

TSt AR CIO| 5671 T0{ol MA[ZE 2k W HR/JAD, O|E RISC-V ZO{7t X 2|t

of AZEES ZAUCE 700MHZON 2ZEZS A

IHAM H33t XU 07622, 28 Fit A Y
O

24% 2 X dup o &2 %0 2EE

w
W)
)
O
pd
zZ
I=
Hu
=
X
2
>
>
in
]
pd
zZ
Y
|1l
HU
[n
i

AEHCE 2 =22 MM 22 Ao HUEE S0{22|= CHA, H[O[&HQ & 24
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HE HAs A2 Q3ICt Z2 MMQl 101 =&0| o421 3|2 HIAYSE 2K
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[1] K. A. A. Makinwa, "Smart Temperature Sensor Survey," [Online].
[2] P Knag et al., ISSCC, 2026.

[3] H. S. Ozturk et al,, "A Dual VDD-Temperature Sensor Employing Sensor Fusion with 2.4°C, 9mV
(x30) Inaccuracy in 65nm CMOS," ISSCC, pp. 170-172, 2025.
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Session 18 Display Interfaces and Data Conversion Circuits

O 2026 VLSIC| Session 180|Al= & 5| =20| HHEULCL O] T #18-12 2880-
channel OLED DDI%| Miller-charge cancellation (MCC)Zt fast-slew input (FSINP)Z X-&3
0, ZE channelO| SA|0| switchingdts =AM E 13.3 V/us2l slew rateS =dgh LY
8O|Ct. #18-4& OLEDOSE& 11-bit source-driver ICOf| 3-stage resistor-resistor-embedded
(RRE) DACT} multi-step offset calibration2 -85t 1,723 uym?/channel?| H& 1t 1.6 mV
9| DVO, 0.69 ps2| settling time= E/d5IRICt DX 22 #18-5= E= current source
£ E83h= cross-point (XP) DACIt improved correlated double integration (I-CDl)2 Xl
2tS0 mismatch@t amplifier offsetS =0[|1, 1,223 um?/channel?| AL 43 mVve
DVOE Ed¢ot L{&O0|LCt

#18-1 =2 DM Z-TIFALE OLED displaydlA| source driver| #+& £EE =0|7|
2|t display driver IC (DDI)O| 2t3+ LH0|C} %|2 OLED display®| SHAMZ @} frame rate
7t BIHSHEAM ot JHe| rowd|| HIO|HE 7|EY %= U= 1-H timeO| HOIX|L U204, O
O 2t source amplifier’t 2 panel loadE HWHEH FSs{OF otCh £3] 7|E Miller-
compensated amplifiere & 28 AZ 7t Q7HE W Miller capacitor (Cy)= bias current
2 ZHoor 57| IO slew rate?t (ls/CW22 HMehElCh ESF =8 7HS| source
channelO| SA|0| Sot reference voltageE MEYSH global resistor stringd| £
dynamic load7t Z’435t0f reference voltage?t E&2|11 settling timeO| S7tt= &H|7t
UALE.
Ol dlZst7| flsll & =20 A= Miller-charge cancellation (MCC) 7|'HE X|tSHRILCE
MCC+ source amplifier2| 21t L2 current buffer AHO|0]| feedforward capacitor (Cer)
E FIISHL, C=CylE A0 = MYo| W If UMSt= displacement current
£ 0|83l Miller capaC|tor01| 2Rt chargeE A SaCtCh WEtM slew FZHM=
Miller capacitor®| Habs AMMA HAHTH amplifierdd WEH SZst0, 2™ transition
O| BLIE C2 £ MFIF AAABA ARRIX|HA 7|ZE Miller compensationO] CHA|
Ztsto oY H QI settling® FXIPHCE 7|& comparator 7|8E2| slew-rate enhancement
9f B2 Yo 23 offsetO|Lt delayS O|8310] slew T2 AI™S TCHSHX| 27| 2



Of under-charge S+ over-chargeOl 2|3t settling errors &Y = QUCk Est 7|E
folded-cascode summing circuit2 current buffer2 X{AESH0] F=7t transistor 210] MCC
E IHTUOZMN area N static power overheadE %23} Lt

SHH, 2E channelO| SA|0] SAE [ global R-stringdl & E|= capacitive loadE &
O|7] I8l fast-slew input (FSINP) Z7|'H= <A HICtSIRUCE MCCe| YUHS &N ME4E
reference node (Vylk))Oll A& AZSH= CHM QAFTE (VRIk-NDOI HZESIH +=H 7Y
channel®| capacitive loadE O{2] R-string tap2Z &4ASHCEH O MCCE 39| DC
levelO| OfL|Z} voltage transition 27|0] 2|8 S23t7| MZ0| MZ CHE reference tap
2 AHE3IEEHE Miller charge cancellation S22 A& &= UCH

M Q= DDI= 28-nm CMOS 2™ 2 HZE|om, 2880712 source channel® 0|23}
O] 3200x2880 3HA=2| 6.9-inch OLED panel2 120 HzOIA F&SHRACE 1670 channel2
SEAZ % MCCE &30 slew rate?l 7|E 4.8 V/usOlAM 157 V/usE 2 334 &
HEYRol, 288070 channelO| SA[Of transitionSt= worst-case E=AOAME MCCRF
FSINPE 2 M85t 13.3 V/usQ| slew rateE HMSIRACE ESH MK 288071 channel
9| slew-rate variation2 0z=7.5%2 ZHJE|UCE AKX OLED paneld| M= 7|FE FZ=OA
LIEFLEE color imbalance®?t smearingO| ZA3 20, luminance dispersionO| 2 10%0i| A
2%E LASHY US|k OLED displaydiA Aot 7|2l 205 A panel =Z0AM &
SotRALE.

Proposed Miller-Charge Cancellation (MCC
mccC VCe=Cw ___MCC

fmcc "M C C
{ = o L]

Vesi |
FS_ Cre Virtual J Miller
Current Open - Loop
Buffe\; V. . v v
+
@ = ” b o Vin gm o __‘ -Az g
5[ _lI

la

—HHe

=ro i =ro

High SR of Uncompensated Amp.  Stable w/ Miller Compensation

N © Exactly- Charged Qu
Qu= C.rla"AvouT (Qe=0)

Qrr = CrrrAVin t

’MCC

© Resume Miller-Comp.

Vor ® Boosted Slew Rate ——m———————
B 11 lsro t

[O28 1] #18-10)| A H|2tEl Miller-charge cancellation (MCC) 7|

#18-4 =22 X144 = OLED-on-Silicon (OLEDOS) displayS | 11-bit source-driver
ICOjl 2tst LH-8O|Ct OLEDoSE =2 pixel densityS T3 60OF St7| 20| source-driver
O channel BXZ O XA BHS0{0F St= SAI0f, =2 frame rateg ¢[of HE
settlingO| Q- EICt E3H OLED pixel2 22 MFE S&6H7| I{E0| channel 7t output
voltage HAQl deviation of voltage output (DVO)0l| TIZSHH, O|= display uniformity X



SI2 O|o{&E == QICt 7|& multi-stage DACO|L} low-voltage DAC #+ZX& HAZ2 =Y
2 JAX| T sequential switchingd| 2 £HE XLt channel =7t Z7tWS M
reference-line IR drop2 2 DVOZ} HX|= X7t EXotCt. 2 =20 M= 0[2{gt area,
speed, DVO £HXE SA|0| siZ23t7| 2I8ll 3-stage resistor-resistor-embedded (RRE) DAC
TEE M QS

X QtEl 11-bit RRE DAC2 4b+4b+3b2| 3-stage +XZ T E|H, low-voltage DACE &
M AHESHY transistor =2t device sizeE ZQICH 7|F resistor-floating-resistor (RFR)
DACO| M= nonlinear gamma voltageE Mgt I coarse DACOIA MEHEI (vy), (V)OI I}
2} R-string currentZt EEX|12, O|2 QIS mismatch current?t coarse switch@} reference
line2 SE2MA| IR drop0| Ed3ict £ B .= 749| channelO] &%t MSB code
£ ME4SIH reference-line resistance® Sl S2& AFII FHEO DVOZL A 7t
g = QICE Ol ofiZdt7| flsh 2 =22 input datalf M2t MFE ZHSE data-
dependent current source (D°CS)E &1%6}01 mismatch currentg & 20, replica coarse
switch@t fine R-string= global amplifier0fl T30 compensating voltageE ddE2 =2

M nonlinear gamma SX 0| vy et v o ==& =RACL

St T2 channelO] SA|O| S2&E [ff 2lStE reference-line IR drop E0|7] 2I6h
spare amplifier?} R-share logic2 | QtstS f. 50070 O| 49| channelO| SA|0 & d=3}&
AL spare amplifier?t 7|& amplifier®| driving loadE 2&3tH, 21F channelO] &%t
MSB %2 MEHSH= ZR0|= R-share logicE &3 5&3t R-string voltageE SF2HCH
O|E &3l reference lineg S2= ™{/E Z=0{ 1000-channel load =AM = DVO 57+

£ AHeHEE oHH global amplifier?| offset2 ME CHE sourcing/sinking amplifier AtO|
O| voltage XO|E {0 DAC monotonicityS HEE = U7| MEO, multi-step
offset calibration unit (MOCU)2 M &3} ALt MOCU= 5-bit coarse calibration O] 5-bit
fine calibrationg T&5}t0| residual offset= ZO|HA calibration 2|22 AL AlZ+Z

EAAE|'

& &2 2SiAM= high-pass-filter-assisted dynamic current source (HPDCS)E 0| &%t
slew-rate enhancement 7|8& & &3IULCE HPDCS= dynamic-bias source follower2f
high-pass filter, dynamic current source2 T&E|0, 20| transition® [HEZF dynamic
current sourceZt ZHABIE|O] amplifierl slew rateE F7HAIZICE Hd HEHOM=
dynamic current sourceZt 7HX|7| W{E0 F7tH QI static currentE AESHA| Y=Lt FF

At [T 12 V/ps9| slew rate@} 0.69 psQ| settling timeS E4 3Lt

HMI9t=l source-driver ICE 65-nm CMOS &892 H|ZHZ|QACH DAC2| 1 LSBE= 0.49 mVO|
0, Z|CH DNLZF INL2 ZtZF 0.30 LSB2t 0.55 LSBZE =ME|QACE MOCU HE ™ Z|CH{
262 mVRATE DVOE= 1.3 mVIHA| HASHA2M, 1000-channel load ZHMAE spare



amplifier@t R-share logic® X830 XL DVOE 1.6 mVE XNoHSIRACt XFHOZ 11-
bit resolutiong X|ASFHA] 1,723 pm?2/channel?| channel area, 1.6 mV2| DVO, 0.69 us2|
settling time2 E-d35t0] 7|E AT CfjH| ZE2 channel arealt 2 DVO, HHE settling

g2 A0 =LAt

Conventional RFR DAC [6] IR drop at the parasitic Disadvantage of RFR DAC
@Rdop QIR drop resistance .
Vir=Vew1 v Veer Vitooo=Vanet-EVaen @ Only linear gamma
P oW Vriei| w IIV D Constant current source
Vs 3 Vi ' @ IR drop at SW with nonlinear garnrma
| Voo ®Large DVO(IRrgp)  ® Large DVO
2 Rarop [ ) ® X 9 IR drop at the parastic resistance
atsw | (/| Constant %: Teveen ® Large area (two-stage DAC & HVDAC)
7‘\11_"7 Vi ® Slow (no slew-rate enhancement block)
— B s e GAr CHow  ® Large DVO (no Vos CAL block)
i &5 g
o | Ha|4 R df°lr3 “i mnarﬂsm Advantage of proposed RRE DAC
7V5‘”+‘ 8 psistance ® Nonlinear gamma
. Viwet| (@ Data dependent current source (DCS)
‘:zdsw ‘\ X 7 NWI Large ) IR drop Z( SW compensation with replica
T @ Vo © Low DVO
Ve ! Sonstant w . ® Small R drop at the parasitic resistance
— =] Vi small with spare AMP and R-share logic
Vwi=Ven Pl a R:J, Visouw=Vei+EVaen N TR © Small area (three-stage DAC&LVDAC)
= s _ @ Large DVO (conventional) ~ © Fast (slew-rate enhancement block)
Proposed 11b resistor-resistor-embedded DAC (RRE DAC) [GERNIIVCRos ) © Small DVO (Vos CAL block)
[ R [@Small IR drop @ Small IR drop [’ @ Small IR drop
v -

i
=

Ver=Va 1+Vsw fe Vo]

Visooo=Vens 1+Vsw-2IVren
H=1

20
]

=] =]
3b EMB-DAC AMP | 3b EMB-DAC AMP.

SP) Ver
Number of channels (@ Small IR drop Re
ame Desor> > 500 N —n- _ =
skt Vi Ve Vaw Vereg) WVipzal, Y Veroas=Ver-Veut2EVen
When SPA=1 spare amplifier drive reference line after 500" channel Re @ Small IR drop Re.

[33 2] #18-40| A H|QtEl 11b resistor-resistor-embedded DAC (RRE DAC)

#18-5 =F2 mobile OLED display& 10-bit source-driver IC2| channel &1} channel
¢ =8 MY HADVO)E sA0| E0|7] flet DAC #x=0 #tet O[Tt s

OLEDO|M = B2 source channel2 o chipOl EAHOF St7| IEO| channel HE S &
Ol ZHO| &23dlH, £3] DAC7t channel HXHOAM £ HFZS XX|stCh 7|E
segmented DACE global resistor-string0i| A 42t vy, Vi AFO|E in-channel sub-DAC}
MNEXMo=Z BZ2tSts AR E AMESHA| T sub-DAC HAE S EYSE transistor mismatch
7t 37150 channel 7t deviation of voltage output (DVO)7t 7{X|= trade-off7t E=X{t
Ct ESE 7|E clock-based sub-DACE &2 £ &7t =2|1, charge-modulation QM DAC
= HXN wEH SESHX| 2 current-source mismatchOfl 2IZSH0] device sizeS S 29|
=0[7| O{#8Ct= A7t JULE 2 ==20M= 0|E SiZSH7| I8l cross-point (XP) DAC

@} improved correlated double integration (I-CDI) 7|22 | QtStRALC

o

7|E QM-DACO|AM &= MEHEl binary-weighted current sourceE O &3l amplifier output2]
slopeE Pt=11, B X 9| full-scale current sourceZ reference capacitors #7Hst0] Lot
integration time (T & Mg 3tCt. WMakA output voltages MEHE currentQ| slopelt 178
2 Tol 522 ZFEE =, o FEE Tc 88 flet F7HHQl full-scale current source

7t 2ot MEHE|X] 242 current sourceS2 conversion MHO|AM AR E[X| &=Lt



=

TcE TtE= current?t output slopeE ZHEE current AFO|2] mismatchZt &7
output error2 LtEfLEE 2874 QUCEH

i
o

0| 7H5k7] RIsl MQtE XP-DACE MEHE|X| B2 current source”tA| E& X{ARE ot
Ct 23 coded| Qsff MEHEl currentE2 Vourg ASAIZ|E slope (Sou)2 BHE1, ME
EIX] %2 currentE2 BtCHE node (V))& SHEAIZ|& slope (Sy)& 34“°H:f. Comparator
= F MY Vourdt Wb BHLb= cross-pointE® AESHH, O] A|EOAM 5= integration2
SAlO| ZESICE MEkM output2 17ZEl integration timeO| OFL|E} & slopel| ACHA
QI 37|0f o8 ZHEI0, 2= binary-weighted current source?t Of conversionOFCE At
EICE O[3t internal division +2E &3l local current-source mismatchE Extatet
£ on, E3| coded| M2 output deviationO| 3+5F witoz LHMEX| Q4D

symmetric-centroid HENE FZESHA EICH

Mismatch 241 Z1} XP-DACE 7|& QM-DACECL} output variationd| CHet RIZH=T &
O, worst-case codeOf|A| 2f 28| %2 deviationg =Lk =20AM= Pelgrom's lawE
721222 O| mismatch ZAE transistor TAE A2 AT F2  current-source
transistor sizeg 2f 4H] ¢ = UA2MH, 7|E QM-DACOHAM EHaHH HEO| full-scale

= 7| W20 ZuM 22 DAC areaS ZCi sHiZHX|] &Y =+
UACtn HHBHCE ESH XP-DACS| output Vy2t Vi ALO|Q| internal division2 2 ZAHE|

7] W20 outputO| reference HPIE HOLIX| EOF monotonicity =220 = 72|50t

current sourceE K| AHgt

SHH cross-pointE AE5H= comparator?| propagation delay2 QI8 L St= erroret
source amplifier2| offset= H|H5t7| 23l improved correlated double integration (I-CDI)
71¥HE HMESIRILCE 7|& CDI= comparator®| cross-point detection errorg& samplingst
of 2™% = UX|E output amplifier®| offset7tX| HMAHSHK|= ZCL HMQHEl |-CDIE
7|E error-sampling IF 0| A AtE L= feedback capacitorE amplifier offset auto-zeroO||
T MALESIH, O|F I8 MUX StLEEH =Ipotet et HEO| 2 calibration circuit 91

O| comparator-induced error@ amplifier offsetS SA|0] 2L 4 QUACH

M|2HEl source-driver ICE 180-nm CMOS SE2E M &AL, 5-bit global R-DACRt
5-bit XP-DACE Z&5t0 10-bit grayscaleg T SHRLCE 30 kQ1F 30 pF2| panel load =
HOIM X2 1-H time 1.5 pys2 10-bit settling accuracyES THESIRICE I-CDIE HEdIH
1670 channel2| output dispersionO| Z7|& 2 27 mVO|A 3 mVE ZASIZoH, T
grayscaleO| M %[0 DVO 4.3 mvE FQotRACt Eoh FFE maximum DNLI INL2 2
Z} 0.36 LSBR} 1.02 LSBRA2O, £ZF channel size= 107.6 x 11.3 ym2E HM3IQUCt 0|
SOl HE 1-H scan time2 |AISHHA E2 channel area?t ¥2 DVOE &SA|0| &ES}
RLE.
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Proposed Cross-Point (XP) DAC

Orer V4-Generation o 1Syl = 2°-Su= Sour
v i
=f q)CMP“ Vi W
Dewp — i
2%1y
~.1© Small
Key Points W 3
v Remove Full-Scale Ref. Sour=32"D[il-Su
. _1i=0
v Fully-Utilized I-DAC Orst[ L
) Ocp|
Current-Reuse DAC | — -t
e.g. (D<4'0> - 100002) Internal Division
1Syl VL + Sour Vi

= I+1+ Sour
D[4] D[3] D[2] D[1] D[0] 22. DIl

AV

Selected © Recycle Unselected Units | 22‘4'20

[12] 3] #18-50{|A] |t

O=l cross-point (XP) DAC based internal division M L&

e gl

ATE0F . CIAEY 0| E2LO|H / HX| MM / PMIC
Ol Y : ajw1104@korea.ac.kr

ZHO[X| :

. https://sites.google.com/site/kubasiclab/home
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Session 4 Advanced High-Frequency Synthesizers

Ol VLSI 2026 Session 40|M& =% K24 4 AAHEHON Q7= MAH 4F
o 228 MYy st Chst frequency synthesizer 7|&50| A& QUACE ED
mmWave CHO|A 2lStH= VCO2Q| phase noiselt FIte 2 IPEOAM Sl ™3 2 ™

M BSIHE JHu5k| fIet M2 vCo & PLL +ES0| HHEALC & 2[R0 XM= O
o
n=
Al

_|_|

harmonic extractiont harmonic-mixing phase detection=
M S8 245 #4-3 =2 SAOZ 1O AR A

ro ofy

1

jitter?t ™3 ARE FAI0 FHE7| Bt 2nd harmonic extractiondt 5th harmonic-
mixing phase detector(HMPD)E X -&%t 54~60 GHz cascaded PLL +Z&E& A|QtSHZILCE 100

Gb/s O|&2| Z=1<& wireline transceiverO| = %2 jitterE Z= mmWave clockO| 27

#4-3 2 =22 ZRWY DI0|ARTXATA ATTS FHOE LHI A=, WL
A

X8 S FhtpIb ZO0tESE passive componentl| H$HEl quality factor2 QI
VCOZ2| phase noise?t S7t5t X PLLY| jitter M2 HMBHotCh 7|&E0= R ot
2= VCO2| harmonicS F=Z3IHLt T 709 PLLS AHZASI= cascaded TS ARG

A2 frequency multiplication H?I7t M$HE|D 02| THA 2
buffer2 QI8 FH1 WXO| ZItotct. EDH 7|E cascaded PLLE| 2nd-stagedAM=
high-frequency isolation buffer@t 2 phase-detector gain2 2 QI & AR} in-
band phase noise?t S7t5t= SHAZF QUCH O|E S ZSH7| 2Io A QHEl cascaded PLL2
5.6 GHz2| 1st-stage sub-sampling PLLZ} 56 GHz2| 2nd-stage harmonic-mixing PLLE
MEICH HA 1st-stagel| Class-F, VCOOA ZM3SH= 2nd harmonic2 AF FEHY
11.2 GHz A= & ‘ddstct 0213t implicit frequency doubling2 29| active frequency
doubler& ARESHA| 411 VvCO LWHROM HEE[= harmonicg O|ERLEM F7HEQI
My 8 ¥ AnE FQCh Eot FEE 2nd-harmonic 41Z&=  process 3
temperature BSIOME  FE3H amplitudeE FX[SH0  2nd-stage PLLS| IFIf
reference= A& EILCH 2nd-stage PLLO|A = 7|&E high-frequency sub-sampling 241 2| St
AE 7iM5t7| {8 5th harmonic-mixing phase detector(HMPD)E AFE$HCH 11.2 GHz 4
inverter-based buffer& &3l harmonic H&0| Z&E quasi-square waveform2 2
Sk, 0] A=2| 5th harmonicit 56 GHz VCO &3 2 A& mixingdto] phase errors

StCk O|E 8ol ¥X=2| mmWave VCO isolation buffer?t E&3t sampling clock= |

Lt, harmonic-extraction gf4!

oY rE ot
rlHM r_+0¢ mjn



s, 7|F voltage-sampling 2210 A sampling capacitance®| 2|3l phase-detector
gainO| XM|otk|l= EHE &2t5tRALCE HEDH 22 series-peaking inductorg 0| &30 5th-
harmonic d&28 4% fé*oiw phase-detector gaing E&A|Z20, harmonic-
 HMPDE 13 mwe| %S MES AH[BICH ZT}EOZ 56
GHz2| 1st-stage PLL %Eﬁ.% 2nd harmonic extraction2} 5th harmonic mixingES &3 &
10812 frequency multiplication® X 56 GHz7tX| 2tEEICH

X QtEl cascaded T+ 2nd-stage PLLS| 2 loop bandwidth& O|&3}0] 56 GHz VCO

Ol-l:l

generation buffer& I

9| phase noiseE ZIMCOZ AX|BtC) DI VCO A& %2 quality factor2 QIsh
MM O Z =2 phase noiseS 7HA|X|2t, 2F 100 MHzO| 2 PLL2 bandwidthE S5
Mot YoM = 1st-stageOl A MEHE XNX|E referenceE M2t7t= 5 L} O|F S

243t phase noise E48 ZE multi-GHz PLLO| H&58 EESIHA mmWave CHYLX|
Foi+E 25, FIHHQ jitter S7HE X A21S5HRACE

=X ZD, 28 nm CMOS 3HSZ HMEEl PLL2 0.23 mm22| core areadf Al 54~60 GHz
9| tuning rangeE 7}X|, 56 GHzOlA| 53.8 fs2| RMS jitter@} 14.9 mwe| AH|MHZ &
Aot ot ZEE 3702] chip 25 FAH| tuning range®lA 60 fs 0|5+2| RMS jitterE
RXISIQCE ZMHo2 2 AFE implicit 2nd harmonic extractiondt 5th harmonic-
mixing phase detection2 cascaded PLLO| ZASt0] 1FLb bufferdf 2ot M3 ARE
E0[1, &2 jitterE FXISIHA 56 GHzIHX| 228 2l frequency multiplicationS 215}
AULE O|F Sl =11 wireline transceiverdlA @7&l= N H-XX|IEf mmWave clock

na

generationg ¢+ M{Z2 frequency synthesizer &7 2ebS HA|SHSICE.

~—— Prior Harmonic-Extraction PLL —— —————— Prior Cascaded PLL
Fundamental PLL . ~GHz PLL (PLL1) mmW SSPLL (PLL2)
Multi-stage
ClassVCO| 1 ¢ Buf. veot veoz
faer @ PD H LF | —-—m}—m frer @1 PD1 HLF1 =, FOZ HLF2 ——]
e il R A ) e e A T
<] =Nifags  =3Nifie < =Nifece < =M Nafce
mmW Buf.

® Limited frequency multiplication factor (3) ® Degraded Keo of high-freq. SSPD = In-band PN of PLL2 T
® Multi-stage buffers = Power and areat ® High-frequency VCO buffer = Power efficiency 4

— Proposed Cascaded PLL with Implicit Frequency Doubling and Harmonic-Mixing PD —

15.-Stage Sub-Sampling PLL (5.6GHz) 2d-Stage Harmonic-Mixing PLL
XO-Ret. Q Implicit Freq. Doubling (56GHz)
(11.2GHz) @ 5t Harmonic-mixing PD
10002 FL @ capacitive 2

Ret T2 | g harmonic-extraction

Coep | | L

CHE

@ Power and area reduced by H: extraction + HWPD @ VCO2's noise suppressed by wide bandwidth of PLL2

(A8 1] 7|& LF0of PLL 72 H2HEl Cascaded PLLO| M| 1=
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ARG MARDRY CHEHE

D e ]

°
® Q11 20} : clock generators
- e O|H ¥ : ljy72250338@dankook.ac.kr
Y ® =I|O|X| : https://sites.google.com/dankook.ac.kr/acs-lab
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O|&H VLSI 2026 Session 160 = XMXH 25 Hdut X8 gz MH o HEY &
2 SdA717] Yot Crdet AFE0| AV QUL I 2 Y ©SES FE5H7| fivt
nes L7t MY CX|E 228 SHRE, HMotE T HAHNM 22 d58
SAAIZ|7] 2Bt MER FRE0| YREJCE 2 ZIF0ME MER 3T HERIAE
SO 2 4 H21 =2 WY 288 Zd% #16-1 CSA-PR VCOE 3oz 1
ot el OfO|C|0|E A ZCt

#16-1 & =22 2912 ETH ZurichO| M g2Ho ¢4z, =2 Y 8 BY g8 74X
StHAM =2 QA ZHS(Phase Noise, PN)2 e

Assisted Parallel-Resonance(CSA-PR) VCO -2 &

74 84 A2EME HXH 28 442 fI5) veoel fld 888 E0l= A0 &
Q3iCH 7|FE0|= 03 VCO TOE HWHE AZASHL} series-resonance XA E 0|83}
of ©% B3 QmEAZ Ltx=7 ZXI7|
MSIACH 2Lt multi-core +E2&=

—
series-resonance 72+ =2 AH/MHE @49}

apacitively-Coupled Series-
MerotRict 1% Ho|H Her|et M

rx

He Zastozn QA Teg

249
Zt mismatch 2ME 7tX|H, 7|&
b ALt Ol siZSH7| s A

KU rjo
<

F

rr
rot
]
d

Ot=l CSA-PR VCO-= parallel LC resonator®l ¢, Cp, L2 T8 EX 3T HERJIE
capacitive couplingdte Tt&2E AFESILL Cp/C; HIEE ZESIH active circuitOf| A Hiet
He /2 83 QUEAE HIAZ = A2, 0|F &3 HoHE voltage swingOM =
ST710| O H2 d¥2 3300 AN HSS LaAZE = ULCL ED capacitor ratio
£ 8 Y3 YuEAE =FY = U0 2FE= AH[FHD} 4 &S0 M2t S5FE
2 RSt 23 £+ UCE HMetE ST HEXYI = passive voltage gainit waveform
shapingg Sl ¢l °

S 2 J|MSICE LC networkOA EHA3SHE passive
voltage gain2 O|&35}0| cross-coupled inverter®| gate®l & 2 signal swing2 = dtH,
BZX QEH Lg= C,2F 0 28] LlSt= capacitive reactanceE 2 2fBtCt. O|E Sol
gate®@t drain 2= AO|Q| 24 X}O|E EO0|1 rising ! falling transition?| CHEHE &
A7 transistorQ| flicker noise?t ¥4 ©22=2 BLE[= flicker-noise upconversion=
AHSHACE. FF A0 22 nm FDSOI CMOS 3E22 KM E VCO= 0.14mm22| core area
Ol A 5.7-6.8 GHz2| It tuning range?t 10.1-11.8mw<e| AH|HHZ ZHYSIGICE Lt
T0MHz offsetOf| A Z|CH -148.8dBc/Hz2| ?|& &St 193.5dBS| FoM=E Z[ZoIRALtL ¢,
ZHS Ed|| o 33dBO| A FS A HQE HHSHME FoM HISl= 1dB O|LfZ



FAISHA, AH|FHHA 2|y S MO|e] oYt =7 JIsds 5EE o oo
o

AN¥oz 2 ¢3= capacitive couplingg Ol

gain, waveform shaping2 3tLtQ| ST HESQINM AN Z2 2 H3 =
2 8 8 HY 288 A0 2ESIQAC Ol &3 MAIH PLLY 1ds 25 4
=0M Qs AHFEN o B2S FAUSHA HEtE = U= MER vCo 4
A g HAISHACE
Ve, Port P2 Vpa. Mag. and Phase of Osc. Frequency and
Vp2/1p1 (Ztrans) min. Gy, for oscillation
N o IR T VA ey
Q | o
Cs |C||: Cox = Rol 225%’_ Wosc=Wo/V1+(Cs||Co)/Cr
- F180
i I iﬁ R,/8 135 % Iztrans|@wusc:RPf{{1+CD/CS)
- N
Ls Co Ls . - 90 & L Zians@Wes=180°
Port P1 Ro/16 15
0.9%Wosc 1.0
'|9 Frequency (w/wo) | GuRp | >1+Co/Cs
5
Mag. and Phase of Design Examples
[ Vei1/lp1 (Zp1)
Le . 270 Cs/Cp CofCs|Ls/Lp|  Zpy
CS CP C ; -2255‘1 1 . 1 0.5 U.ZSRP
= Rp/20 fiso, 05 2 10.67|0.11R,
L (IZD PAE 1352 05 4 |032]0.04R,
Rp/40
Vore A~ Ve | 90 025 8 | 0.3 |0.01R,
A2 0.9 Wosc 1.0 ,
L°< Frequency (w/wo) Ls=1/(wssc(Cs+Cp))

|Zpy | @wosc=Rp/(1+Cp/Cs)?

g

[ 1] MetEl CSA-PRVCOS| T HEHI & 3% 2
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Session 17: High Speed ADCs

26}l 2026 IEEE VLSI Symposium on Technology and Circuits@| Session C172 High-Speed
ADCseEl= FHZE & 5HO| =20 ZHEJACE 2 MY M=  time-interleaved
pipelined ADC, noise-shaping pipelined ADC, TI-SAR ADC, pipelined-SAR ADC & C}st
D& ADC X7t CHEROFCH £ GS/s T2 &2 sampling rateS SESIHA L of
grot M8 s85 w5 flet 22 7|#MS0| ME[RUCE OlF &3l ZZ high-
speed ADC 97t Et#=3| sampling rateE =0l 0| JX[X] ©1, time-domain
processingd} parallelizationg H= Z-&73}0] conversion A residue-processing latencyE
Z0|= SA|0| background calibration2t PVT-robust 2|2 7|#HES & 1% SE0|A Q|
£ Z|A35H1, residue amplification S reference 2|=2| M REHIIK| 0|
.

o™=
— S < o P - AL
L Yo UMD USS ol & Yk

mjo

#17.1 University of Macau2} UM Hetao IC Research InstituteOf| A| ZEDH =F2Z PLL-
based sub-ranging RO-TDCE backendZ AFE3l= 12-bit 4-GS/s time-interleaved
pipelined ADCE H|2tSHRALCE 7|F RO-based TDC= &2 hardware efficiencyES 7HA| X| Bt
oscillator frequencyZt PVT variationO] && FakZ 2O} time resolutionO| #Ha}st
resolutiond} dynamic range AFO|O]| trade-off7} -.'_-XH5._ Ct. & AFO0M= 2-GHz coarse
RO2t 12-GHz fine ROE Z& %t sub-ranging *+Z2E AMH23}0] coarse ROE 2 input
rangeE ZE5t3 fine ROE &3l 4.63-ps2| =2 time resolutiong TRSIACt ETH F
ROE reference-sampling PLL LHF0|M SZHA|A oscillator frequencyE ADC reference
clockOll X|EH2Z |ocking22EM PVT H30f| 2 TDC resolution HEHE AKX SHIALCE.
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Proposed Backend Sub-ranging TOC 1
1

Bootstrapped Sampling &
SAR Quantizer

70 L
|- SFDR1 & SFDR2 | ]
} < SNDR1 = SNDR2 | |
| I ]
.

P
b=

SNDR/SFDR [dB]
SNDR/SFDR [dB]

-y
=1

e —
I
S
1
I
-
|
b

* | = ‘\+
|
701 | @ SFORt @ SFDR2 |-
< SNDR1 <= SNDR2 ||
I
]
I
I
| \ I I
|

| I
i l
50l
200 600 1000 1400 1800 3 32 34 36 38 4 42
Input Frequency [MHz] Sampling Frequency [GHz]

’ 80, T
1 . I N I I I
Muxs |1 O — ———a .L/J".- e —
Decimation :

o
=1

o
<

-
=
)
=)

Y oy

' g @ SFDR1 @ SFDR2  SFDR3 |' g @ SFDR1 @ SFDR2 ~ SFDR3

@m L"L’ --SNDR1 -#= SNDR2 SNDR3 5 «@-SNDR1 «@=SNDR2 ~ SNDR3
———————————————— A o [~ BT | o) AT Y| S G — -
BT e | B T Y

W | | 1 I | Lo [
2R S e e BT A 504020 0 25 45 65 8
_________ fovee T2 1 VDD Variation [%] Temperature [°C]
[C121] System architecture of proposed ADC (top) and measured SNDR and SFDR

performance

MA| ADCE= 4-channel time-interleaved pipelined-SAR T+2Z2 T EICH 1st-stagel| 5-
bit ping-pong SAR quantizer’t 232 2XM %*”2}3._ S| CDACH|A voltage residueE 44
‘d5t1, O|Z floating-inverter amplifier2 %%t £ VICE &3l time-domain signal£
H2ISH0] 8-bit sub-ranging TDCO|A| LIHX| LXi2tE =Bt} HEBH coarse/fine RO At
0|2| phase offset X cross-boundary error= background digital calibrationg &3 27
S5t0 #HIO| calibration cycle 10| 1% ZXE RFXA|otCt. 20¥e=z # A= PLL
locking®t sub-ranging time-domain quantizationg A& 1% ADCe| PVT

robustness®@} resolutiong A0 &E?H X210 & 5= QULCH

#17.4 University of MacauOlA| ZHE? =F22Z |oop-unrolled correlated level shifting
(LU-CLS)2t rapid sequential sampling (RSS)2 & &%t 14-bit 500-MS/s pipelined-SAR ADC
£ HIQtSHRULE Pipelined-SAR ADCE= =2 energy efficiencyE ZX|Tt high-speed &20]|
ME 1st-stage SAR conversion0f B2 A[ZtO] 2R 5|0 residue amplifier2| amplification
2 settling timeO| 3| XMBHEICH £3] 7|F correlated level shifting (CLS)2 residueS
HX estimationSh= EST phaselt A X level shifting2 T%5t= LS phase’l =Xt =2
S&57| E0| amplification timeO| F7t2 ERSICE & AT M= coarse SAR2
residueS DO|2| &3l B EZ9| estimation pathS TF43t0] ESTE 7|& amplification
intervali| A Z2|gt LU-CLS #+Z& H2HSIRALt O|F S8 CDACF settling2t ESTE EHE
2 Y = Aon, ZET EST timeg HESUME LS timeS AAA|7|X| 40t 7|E
CLS CHH| 8 dB O[22 SDR €&t FH/IPICE EDH detect-and-cut loopE &3t

estimation gain errorE EHE2EMN HEO| background gain calibration 80| =2

—_

residue amplification accuracyE 2tEHC



Vrer st i -
— 1 stage ®ss [ Detect-and-cut R nlCoan “[65536 bts FFT (chipf) | e9536 ptd FET (Ghip1)
bt Al ; r Unrolled CLS 2 dec. by 135 2 iz d d by 135
| EST . |
| E . |Fin=13.53MHz . Fin=247.99MHz
! % 1 Logic |! ¢ssrs w‘ (Lu-cLs) @ .40/ SFDR86.484 & .40/ | SFDR=84.43dB
" cufl Bice d [ SNDR=71.21dB [ SNDR=70.12dB
| Coarse SAR . ‘L i 2n Stage - -
""""""""""" © ¢LS"', 9b SAR E'“ ‘D’"’
v bsm bssl= _ ! P 8o e P 8 T s
iy Vo [y ¢LS‘|:]"" S dawe Csz HDO | [HD8' | Hpo HDGHP7
Y N -10 hoe HD4 HO7 U 9 A PP
Rapid|Sequential 2> C - ‘ M —-
N T X LS 12 12
Sampling (RSS) due 9b 0 01 02 03 04 05 0 01 02 03 04 05
Normalized Frequency Normalized Frequency
b b - .
(5] 1 J‘ —-L)l Error Correction and Data Alignment|=— & 1 +1[12/-0.79 LSB (Chip1) 95 LFSNDR 4 Nyq. SNDR| |
= I DAS & - 0 o LF SFDR _ Nyq. SFDR
® © REF Sel bsm | 480ps | :_:, 0! & 90 . .
s.T : - .
e [C o T B
Vier 508 s 0 409 sis2 12288 1e384Q | ° T, |
|Bootstrapped 5 CLKsars M — Code & g e
|___Switch 2 +1]90/-2.12 L SB (Chip1) ™
breur @Vrerur @Vrer % ‘ Q 75
Offchip ---| Vrer est Peste-{J—)] 200ps 40 b
REF = ! i A
I Decap Pus msoops E‘ 2 ‘ ! 70 = =
Reference RBU\FIREF,EUF Pawe _ 0 4096 8192 12288 16384 °° 4, 5 3 4 5 g 7 8 9 10

CLKsare_ [N nr Code Chip ID
[C122] Proposed Pipelined-SAR ADC architecture and LU-CLS/RSS operation [£}]

Measured dynamic performance at 500 MS/s [?]

SHH coarse SARS| CDACCRt fine CDACF ARO|Of& sampling timingZt bandwidth
mismatchOll 2|5l sampling error?t #4350, O|= high-frequency input®A residue
swingg S7A|7{ EST accuracyE XStA|Z 4= QUL O|F sfZSH?| ?IS§ RSSE X &dt
O sampling &= 5 CDAC AFO|0|A| rapid charge sharing2 T2 EM coarse/fine
sampling mismatchE 10H| O|& ZIAA[ZICE ESE ring amplifierOfl = interstage negative
capacitor (I-NC)E X83l0| non-dominant poleg® &2 FLt+ZE O|SA|Z|1 settling
speed?t phase marging 7HMSIF 204, worst PVT cornerO| A settling time= 300 ps O|
A CE=SLQCEH Reference Z|20= dynamic-buffer-assisted reference (DBAR)S X £3}0]
quantizationit CDACF settling &2t0JEt reference bufferE SZEAIZ2ZM reference
accuracyE FXISIHA buffer power@t decap sizeE HAAIZICH A2 B2 e
LU-CLSE &3l residue amplification2| time overheadE &0|1, RSS:I-NC:DBARE &7}
K 87310 sampling mismatch, amplifier settling & reference £&2 7 2EM high-
resolutiond} high-speed &S SA[0] 7% pipelined-SAR ADC2tD Fe|gh &= QULCL

#17.5 University of Macau?t UM Hetao IC Research InstituteOf| A| HEHSH =F2 £ dual-
zero-compensation ring amplifierg &%t 12-bit 2.5-GS/s pipelined-SAR ADCZ |5}
ULt High-speed pipelined ADC2| residue amplifier0l A= =2 gaindt large output
swing2 FAISHHA bandwidth& S7tAI7|= 0| OJEL 7|E deadzone 7[El ring
amplifiere && gainit 0”8’82 stEgt &= QUX|PH bandwidthZ} HBHE|H, critically
damped #Z+= bandwidthE =0|= Ci4l gaindt linearity?t X3tE|= trade-off7t ZEXY
ottt 2 Ao M= ozt Xﬂ% siZ5t7] /sl 5 712l feedforward pathE O| &30

left-half-plane zero& ¥4 Sl= dual-zero-compensation +ZX& X QtSHRALCE.



FS=2.5GS/s decimated by 25
Fin=199MHz SNDR=61.00dB
SFDR=76.25dB THD=-72.44dB

Magnitude[dB]

02 03
Ving 1} Normalized Frequency(Hz)

——————— L Buffer Ts=400ps —; -
[} 0.5xTp Shift ;
‘(ilc | Trp 1 ¥x8 QR—'_ _I_RST -L 120 0.1 ; Y 04 05
77 B

Vi L Tse : -
I VvTC "_,, To=5ps o H Fs=2.5GS/s decimated by 25
T05Ts| " ~0.5%Taumer : = Fin=1159MHz SNDR=60.80dB
mA_J % SFDR=78.68dB  THD=-72.61dB
i 3
Trr| @, 2
T H To i ()
o
Ts. h}"’ E’ ’ !’ ’ E} b =
TaitoH] To-sps| || Pe
3b Flash TDC o 0.1 0.2 03 0.4 05
2x Flash TDC Ty=0.5xTp~2.5ps Normalized Frequency(Hz)

[C1213] Two-stage Pipelined ADC architecture and time domain sub-ADC [£}]

Measured dynamic performance at 2.5GS/s [?]

HOtEl A2 pole |IX| XAIME A HEBSH|ELt zeroE 0|83l phase marging 24
St0d ring amplifier?| =& gaindt output swing2 FX|SIHA] bandwidthE ZF&fA|ZICE
EESH poledt zeroZt PVT M0 M2t @A O|SSt=E HASHH compensation
robustnessE =ESIFOM, A= amplifier= 2 120 ps@| settling timeO|Al 8x
amplification, 40 dB DC gain % 55 GHz UGBE HdsIRICt A ADCE two-stage
pipelined-SAR TtZ=2 FdEICt ZNNo=Z 2 ATE zero compensationg &9l ring
amplifier@| gain-bandwidth trade-off& &2t5t1 O|F 1% pipelined ADCO| H&got A

-2t galg & ACH

MAPE R

o =

o ALFEOF : HAMC|XIQ, =2d2 24

® 0|02 : slsnsep357@unist.ac.kr

® S O|X| : https://sites.google.com/view/bias-

sogang/home
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Session 28 High-Resolution Data Converters

Session 282 AT Data Converter® d& oHAE FE5H7| et 22 7|==0| A
AlE|QUCH 2 20|Me HMoistnoA ZESH CT Zoom ADC (C28.2)0 FS38t0, 7|&
Mismatch Error Shaping(MES) 7| 82| StAE 353t OF7|HIXE CHREIEIX} BHCf,

> |

#28-2 =22 A% A|ZHContinuous-Time, CT) Zoom ADCOIA| DAC mismatch 24 &
5

8o Z HOSHME 3 AMSO| Full-Scale HRE KX|St= Mismatch  Error

4t

=5t7] 28 ADC Y=o X|AE LSB d&22 7t
o Z|Cf &8 HR(Maximum Stable Amplitude, MSA)
= XFHel FxF CHEOl EXUCE Ketet ==0|A= Partial-Feedback
Coarse AZM TZ&EF ER%I0, Coarse FZ 0= LSB dETHS O|EHMSII Fine THA
2 Residue Voltage(V,.s)& HHAEZ2EM MSA &4 10| 0 dBFS2| Full-Scale 23 <
£ EZESIUCL
Lot 7 HA Ol QHIEE Z0|7| 2[sl Bitwise Subtraction 7| 7|8t2| Tri-level
RDACE HMAISHRALE. Bit-Subtractions &3 7|E HIEY 2712| Bi-level DAC £%(X|E 1
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2026 IEEE VLSI2| Session 25& Energy Efficient Wireline Transceivers and Clocking
Circuits2t= FHZ & 4H2| =20| ZEEALE. Al S&5/F72 SH2HOM GPU
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Of F+2eh 2-TL NRZ SST CHH| of ob HRQUCt H|W Ci&tQl =2 die-to-die/HBM=E PHY
=0| 0.30~3.20 pJ/bit HL[Ql At H|WStH oF Xp3l4= 0|4e| X}0|0|H, equalization
Ol 2 UI9| latency2 &&= B L short-reach QIEIO|AOA 907} ULt =22
lane MYS D™st= +& HO| OHX|] 20| load capacitancel| =&otd, £ ot
7} laneQ| RCZt Ot ccel ©& mEW ZEO| A2B= J7d O/M=tof mat HAt o
OlHE 2% RelsiE Az MASH=MH, o MY F 14 nme &F0|1 180~28 nme=
PDK AlZ&0[M, 7 nm 0|5
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= It2tolg 7|8t FFEZL0ICH SATHK] MR AYES [X|
Sl YAS permutation QIR L AT, RC7t X|H{SHH= wide-parallel X{'20jA 0f L
X|2t SSN 2HE SAl0| CHE S
chiplet QEHAYEXNY lane 7t B H2|7t H2 S80IM MY EY SSTO| Ojete =z
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HAED U YHS HAIP =S0[2t YL
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4-TL PAM-4 Group Symbol Selection Constraints
3— -PAMLevel Example | TLLA B C D
[ —— - Symbol (A0)!PAMLV:-3 -1 1 3
TLO 4 2 (A9),
TmmmrayETT77| i1. DC-balanced (£ =0)
3m--f B AL+ BHA) + G(1) + D) = 0
T—e Bl
TLZ—:L{— 2. Adjacent-TL contrast
TLa—+ D31 A(-3) % B(-1) / B(-1) # C(1) / C(1) # D(3)
o Symbol (AD) 3. Differentially distinguishable
4%= 258 Combirla_t_ifrlf“ [A>B, B>C, C>D, D>A, A>C, B>D]
symbol =[0,0,0,1,0,0]
Selection #[0,0,1, 1,0, 0] from (-3, -1, 3, 1)

24 Symbols A|B|C|D A|IB|C|D A|B|C|D A|B|C|D
(Transitions)[ A0 [-3]-1] 1] 3[ A6 [-1]-3] 1] 3[ B0 | 3] 1[-1]-3| B6 | 1] 3[-1]-3]
1 for IDLE [AT|BFT 3 1[AT [F1-3[ 3 1[B1 [ 3[1|-3-1[B7 [ 1] 3|-3]-1
E 1 for END A2 (-3 1}-1]-3[ A8 |-1] 1]-3] 3| B2 | 3|-1| 1|-3| B8 | 1]-1[ 3|-3]
A3 [-3[ 1] 3] A9 [-1[ 1] 3[-3[B3 | 3-1[-3 1] B9 1[-1[-3] 3

22 for Data [AZ 3] 31| 1JA10[-1] 31-3| 1| B4 | 33| 1-1|BA0] 11-3] 3}-1
(0~20)[ A5 | -3[ 3] T-1|A11[-1] 3] 11-3]B5 | 3F3[-1] 1[B11] 11-31-1] 3

Fig. 4. Symbol selection process. Selected symbols satisfy design
constraints for SSN suppression and decoding. The illustrated set
corresponds to the 4-TL PAM-4 group used in this work.

[ 1] =2 25-20| A H|QtSH= 4-TL PAM-4 1E0| A2 MEf It (2567f ZTHO|A M 7HX]|
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#25-3 Al Q1ZEtO| multi-lane YIHHYE = clocking ™M M 7HX| 275 SA|
Z=0h AW, o2 Z2EEES 8511 ML UIF 882 2[HSH7| {8 lanelt
CH ME2 COHE Ho|HEgE s&g £ A0OF 3ttt EM, EMI ME Satst7| {8 &4
= 30| spread-spectrum clocking (SSC)& M &5t=0, &40 SHE 7|& SEHE 2=
SRIS (separate reference clock with independent SSC) EtZ0|AM &= =AIEHO| MO & SSC
o| Mzt Fhbs HAPClel AL A0 —0.5%, 30~33 kHz)E ME Fht QEMO=
A E=Ch AW, 7|FE 2 Fhtset lane =7t £HA 28 22U MHZ Z0[7] I

global LC PLLO| XMZFI} 7|&S =2HISIL 2t laneQ| ring oscillator (RO) PLLO| 1Z=m} Cf
A 282 UEE cascaded clocking0] MZEICEH 2 =22 O] A @78 UESHE lane
Cte| CIX|® CDRE H|Qtsict.

J|E RROIME RO PLLE 4 NoE 7|Z 220 21D, Hlojgelo] o4 omAl



fos= PLL E/HY A=Z0| =92 phase interpolator (P)7t YIAS AL 3|HAIAHA S3Hot

of 7t It FHOl= F THL X7t =Lt Stib= Pi7t o4t HHAZ AAlEl1D

M motct XpAo| HIMYEMEE EfLf7| W20 o0l HIHS HXl= FI71H & 2
_|

Xt(cyclic error)Z, PI 7|8t CDRS| YAtz X|E{QF FIbs= 3{& He| AO|Q] 22X trade-
off2 &e{XN ULt 3], [4]. CtE StLl= SSC7t ot rampO|EE2 f 2= ZEFMO|
0, HZI] F 49| type-ll FEZt O|E 2%t g0 mMatd £ g0 "= TF 4 2%
(residual error)O|Ct. SSC Z 0|7t 2 SRISHIME fosQl w=7t4L0] =8 ppm0f| 0|28 & 2
X7 25 AHX|ZD, 3 Z1} jitter tolerance (JTOL)Zt M3SHEICE 0f7|0f PIZt CDR 28 F
o0 SE5ts OtZ22 2|2ehs HEY 2E0| HajTICt

=29 Not2 & £ EO0|Ct KM, direct frequency tracking (DFT)O|CL PIE K73t RO
PLLE| E|HQ EF7|E AS modulator?t X|0{St= multi-modulus dividerZ HHE T, CDR
Yo £8Z2 2FH|e E+7E Y E=Ch HOH7t f7dts Fhty =M
PLLO| AAR fr2 &7|EE Pl 20| 28R 1 laneltCt 8 Dyt 25 2
DiorE CHEH A7ESIH 22 1.05 GHz 7|& 2HO0|M laneE2 29| HIOIHES
7 UCE AXMO| TEE= EXtet A 0|5 7hsstE=z DIC/t 7|1& 28 Z20(A
StCt &M, SSC profile replicator (SSC-PR)O|CE £0{2&= SSCo| & mE LCIX|EHE
dsto] 2FH| HO{0f feed-forward2 HELEM, FZIt rampE 2t7h= CHA O
2| Wi =0 type-ll FE2| FHF QXE MATCH of Il Fhb=ot {42 frequency-
phase adaptor?t CDR H|2| A2 =3u 4 a2 me| 20| 00 == G2, 70|

S

=
of X=ECE +

|02 Hu
E un sx o |H

0x

>
=
0z

= depth adaptor’} &ALt HAFOM HE 42 =52 Hu HE71 2
T BZOt oo #4 A= Moz ssco| mpti|EE FYoHH, fld 20| BN =+
ot & HHYFo| KXol FRALE

(38 2] 7|& Pl 7|8t £ =9t NQt DFT +&E H|mst ZO|C} 21F2| 7|&E XM
= PI7t E|HY FR0M &S L1 O AET 00|M 2rtX| EL ZYLE BtEL|H,
ofzf mAO| cyclic 2XtRt residual @At7F AX LEHACH QEZO| Xt FXROM=
ASMIF MMDZF 1 At2|2 CjAISED SSC-PRO| £3 D7t £FH| MO CsiX|H, T
QX7 BE ARERE o0l EQICH A[Z20] M0 A 30 kHz, 5000 ppm SSC =2 -
=9 2 2XtE= Pl 7|8 0.544 UlppWlA DFT M8 Al 0.450 UlppZE, SSC-PRIHX| M&
™ 0322 UlppE EEC}

=2 K¢t CDR2 28 nm CMOSE &5t 0.029 mm?2e| HEO|M 0.7 V
1, 32 Gb/sOIAM 29.7 mW, & 093 pJ/bite] OHX| 288 UL
|&= 230f|A 32.0, 29.33, 18.24 Gb/s S A2|9| lane HIO|EH&
g3, 3000, 5000, 7000 ppm Z0|9| SSCE FHstE HUS
£ 7{® 5000 ppm SSCOIAM H-ZH & A7 0.5090A 0379 UlppZE =1, 100
MHz JTOL 3000 ppmOlAl 0.1800A 0.260 UlppZ, 5000 ppmOAl 0.1280{A] 0.252
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Ulpp2 ZHME|RALCE PI 7|8te| %2 CDRE lane® CIO|H& 7tH, SRIS &4
o 4 X} HH, SSC =X HHF M dx32 ZF AFACk= FHOAM Xrta”’é.*OI ALt cr
OF O] =22 CDRO| 2T 2 & A2E xHd =4 101

olE2, Z2 MAMo| ADC-DSP #=A17|E1}t &3

810 0.7 VOI|M =2ist= CIX|E CDRE SRISS| #
Z=EZ EMI 278 SA|0 2= multi-lane 2!
Mol ghakg MAIMCtD = 5+ UCH

= I:Il_

imi=l,
SSCE *E'égi FHe g2 OF
HAYUES| lane TH| clockingdf H&

o e
CDR Nested with an RO PLL
SN@fn=fct+fssc(l) AP\ O
RXPD MV
Srer @frer RO, == Poor -
. Phase/Frequency ___[ ~>PLL  CDR¢.|
-Allgn Mechanism |~ "7~ Scor @fcor Duv

Dror
Conv Pl-based Indirect Freq -Trackmg- | Freens Proposed Direct Freq. Trackmg
fos #0jy, fin #feor E«h.\ >>>>> o= 4=37.5ns, : fos=0 fin=fopr
f £ === fe
P e B fssc(h) 12508 | | €14y
g Nnus B ot | |pu 23330
Z;wf’ Ty M ifsso(t) = (foor/M); | 0 e > fogp
0 AAAAA oI NN AN /- sl Da’/Dsscé s e fssc(h)—fREF
ﬁN_%DRRe&dualo-error Cyclic @-error | | >Norwdu ¢-enor Nocycllc O—error
o Wd : :idum@ I o O Peor=0 ) to @i

@Pl-based fos com ne @Type-ll loop®Analog PI|(DDirect-freq.-lracking(DFT) @SSC-PR @Digital
@ Unsuitable for per-lane data rate var.(®)  |© Full supportfor flexible per-lane data-rate var. (D)
@® Degraded JTOL under SSC (D&®@) |® Improved JTOL under $SC with large foer (D& @)
@ Large power cons. with high Vop (®) !@Low power cons. with low Voo (®)
Fig. 2. CDR nested with an RO PLL: conventional PI-based indirect
frequency tracking (left); and proposed direct frequency-tracking
(DFT) (right).

(A8 2] =& 25-30| A XIQtstE direct frequency-tracking CDR (22%)1F 7|& Pl 7|8t CDR (&
Z)9| #+& 8 SSC ZAMA Q| f|4 X H[
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Session 8 Compute-in-Memory

O 2026 VLSI Symposium Session C82 Compute-in-Memory(CIM)E FH £, 2nm HEt

389 CXE aM AL YHEE BEs2H CM Uf2E, ROM 7|8t EXTH 7|9E

14l SoC, 2HTEZYA X} V|8 m22E {320 O|=Z7[7X| HZ2] Lf AHite| &

Ed TUtg COECt ZdrE 752 ChYet HIojH =BT GEMM ddof| Ciet &

24289 outlier2 Qlot EE &4, 7Hit7| EZlol A 2E, X&

of 715 ot¥ 27 & CIMO| A 380 HiX|E If Ol 2MES 2 2-
OF7|HM-Z12|E 38 EAZ SfZ5taA ALt & 2[RoM= 21 & SEHQ

| = < e

50| =y OFo[C|o{et §1tE

#C8-1 TSMCO|A| HESH 2 =22 2nm LI-AIE SHOAM £ E SRAM 7|8 CIX|E
CIM(DCIM) A=, Chfst Fa= Oo[F ZBint 7tE5X|E 542 MAC X2 XI¥
5t HAE ZE(TOPS/mm2)lt GEMM Z&EE &Al0| =0l= AZ SHE 3iCf 7|
DCIM D2 ZS0| th =oint IHE MAC 7120 F0f XA MAYol =5 YU Q&
Xtztet CHYSE GEMM "ol Ci83t7| ol E SHAE IF=517| o, & A+e Stht
o ItZXE F 712l MAC FR0O| 3]5t= Compiler-B |Ed oy

= TZE N eHSHRICEH H

OlofM 8= 7ISXE & MAC RX0| SRste 212 X 3 U (XINA/XINB)
2 2ot Hxo| E3g MdaezM 715X AL S IS, ¥ TEHrow switch)
Al 22 SRAM &17| O|HX|[Z7} & MACO| =24H[0f Of AfO] Meh =AM T
MAC #Zx CHH| 2% =2 OHX] 882 EQICt MAC 942 4bx4b HH7] 4l 7Y
(MULO-MUL3)Qt & 7Ho| 717 EZ2|Z2 FEE|0| INT8/INT42| signed-unsignedE ZF
X|5HH, INT4xINT4 ZEO|A= MULT-MUL2E AHO|EHstD A|ZE Q0] &= EZ|o B&
FH5i0] E M2 5 F HIZ =ESD, NOUTA/NOUTBE 8HIE A|ZE = 4
M INT16 YL XM2|PICE 0.0437um22| 2iX| 7|8t 12T HIEMO| QIHZ|E wL +
510 4742 FIEX[E oF AIO|Z0| At =2 M7 EFE =SHSIQUCL
B FY A1 -40°COAM 95% F==2E VMIN 038V O[5}, 1.2VOHA FMAX
2.0GHz(Compiler-A)E EM3IY 2O, 05VHA INT8 88.8 TOPS/W, INT4 234.4 TOPS/W,
1.2VOlA INT4 511.9 TOPS/mm22| &8 7|23810] 3nm M3 Oz CHH| HEY &
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= 3A id5tet

L: # of input channels, M: # of output channels, N: # of rows

g % Compiler-A
3 2 Input INTS INT4
g 3 5 Format -
=l 2] = g“ = Weight INT8 INT4
<2 87 g E .
= 2 2 » < Z »5 # of MAC units 1 1
x A Zc Q | #orinput |Range | 16-64 32~ 128
© channels(L) Step 16 32
1 #of output | Range 2~8 2~8
)(||\‘|[H - channels (M) Step 1 1
—> —>
Nrows x L/4banks 8bxL #ofrows |Range 2-18 2-18
Compiler-A _ ™ Step 2 2
= 5 = Compiler-B
g 3 <
I & = Input | INTS INT4 INT16
5 - [e) Format -
=| & = g:l_ ‘ = Weight INT8 INT4 INT8
I c'» 87 = Q7 5 | #of MAC units 2 2 1
x 5w = mp > | #ofinput [Range [ 16~64 | 32-128 | 16~64
® £ | channels(l) | ‘step | 16 32 16
‘t " 2 #of output | Range | 2-~8 2~8 2~8
channels (M) | ste 1 1 1
XINBp; 1.7 XINAy . P
> #ofrows |Range| 2~18 2~18 2~18
Nrows x L/4banks 8bxL (N) Step 2 2 2

Compiler-B

[ZZ 1] “"A 2nm 234.4 TOPS/W and 511.9 TOPS/mm2 Digital Computing-in-Memory Compiler
with Multiple MAC Units per Weight and Multiple Data Format Support” 2nm CIM Z 1t 2 2
(Compiler-A/B)2| #t&= 8 X|¥ 4 &

#C8-2 07t CfstuQl EPFLO| 3& HED £ =22 28nm 3F0AM FHE
0.0257mm2, 1.16pW2| &4 7% (always-on) 7| o =7t 50
=5 DEW 022 Q70| 2550 M| = yw =F2Z Xx= ZHE siZ

=
Ste A SHE o 7|& 1070 O|d 7|} EE X|25h= SoCE0| 820-949uWE 42
St 2%

tn 28 SRAM 2Fc =2 2=y EA| E2 AUHX|7t =2 o|HX[2] 208IE HAH
SHAO CH3l, & A= Cap-ROM Z[tt QI 2] Hib(Cap-ROM-IMC)Lt 5T-SRAM 7|l
ZHM 22 AMGSRAM-NMCO S ZAget SI0[EZ2|E FXE HOHSHCE 2E 7S X[Q
927%= a5 HiMe| 7| HifjAEHAZ 0E NYE= EWX|AH Zl= Cap-ROM A

Ot

of 7 ™3t 38 €Al HIE XEH MACS M, LIHX| 7.3%2H 1.16KB2| AfA|
S| 5T-SRAMO| XMEEICE VirtuosoZ HIHA|HA-7IEX| OjEHS FESID M1-M6 =5
a2 Xtes ddste dA SES Sofl MEUM =2 OEo|Z2o 2F Qs OIES

TSI D, XA 2% OIAZAO 2T VIA-ROM CiH| 548, MHZE 3758 =2 O
De] YE@3726KB/mm2)E FHESIHAM HE MHZ Hol 022 {FX|SIH AlAE HE
= 44% HLSIALCE EBS A1I Wel 37 2ds A 7|9ledE 2F7[2 8 E ©™O|
S

=5
ot& 7|4 1D-CNN2 =5t 2070 7|¥E =57

7€ 25 28 M5t Mets 8l
of elel 571 7 J':E SAlof Zdste & A otglen, A L2tHE



145KB2 ERCt =X Z1F GSCD-v20|A 92.1%°] M} 2ms X|HE SX[SIHA 10
70 O|& 7| E SoC CHH| 700H] Ol W2 MHZ 7|E3}IQULCH

: AdRAARRR RLIRIAE \ 2 D
I — G 2] X g g
i ==sH H Classifier Classifier
slils| S0 + ... ST-SRAM |
% . % - Array {""T'"",:""J“":
E_Lﬂ;+ SAR \ Layery I! Layery |
=& EfsAR e HRske ) ||| g =
€ S 2 [{ADC[E RN S
e |2 /M k= 1 5 e s
e i > =|(| CAP-ROM-IMC ||: t 1 t
| o = 1 e Wy | Layer: ii Layery |
R e ] ! | :
-CEI-: — T gz - == -% *-"T““"“‘I""
Q! SAR 1] old New
S| Mapc[e Vini Y Inputs Inputs
Bl = (D Hybrid Cap-ROM/SRAM Memory
% 2 © Low retention pwr&pre-load energy
o 37.5x% © High memory density
=1 © Minimum masks cost
é 0 m = _ (@ Transfer Learning

This 5T-SRAM DRAM VIA-ROM © Small model size
Work ISSCC'24JSSC'24 ISSCC'25 ~ © Scalable multi-keyword

[Z3 2] "A 0.0257 mm2, 1.16 uW, Mask-Efficient KWS SoC with Hybrid Cap-ROM-IMC/SRAM-
NMC and Transfer Learning for Flexible Multi-Keyword Recognition” X2 KWS SoC2| =& =2}
T 7HX| 4l SR (SHO|EE|E Cap-ROM/SRAM T2 2|, FHO|stE)

rm

#C8-3 Foiofetuet s30H7|etu 7t 35 HHD & =22 28nm SEM 7H
FiE HEASFE CMFP-CM) IA2E, Mz M5 AM2NH @77 25 o
g2 380 FP-CIME X85t A2 IHE L 7|& FP-CIMO| X|==TF H
(exponent-only alignment)et % BEh QAE F0|7| fI8l 7t+= HIEZS =5t H
A E QA X|Q0| 22-44% =0{Lt, JHit7| ER[7F |32 HEO| 34-71%E X X|5tHH,
HEZ2|QF ¢t 2ES ECCF TMRE 2 HS stz ntEdt H0| E= M 7HX| 3HA
XMLt O|E s{ZSt7| 2ls AWM, S| HEQL 7t Ml 1 AO|o| 2EEC R
ol HE Z7t2 78 HEZ NW&83t= X[F=-7tF joint-alignment XS H| Q5+,
210 1.62%2| =7 HEDIcZ Fe &=4HZ 397Hf E0|11 31.24%2| H
2 2|LStRACE =W, Sumt Coutd] S&E XOR &2 O|2| Abtsl THALE
SIO|E2|E XNOR/XOR 7HAt7| EB|HAT)E =S 1TH2 6T XNOR 7|8h 1 2
10T XOR 7|8t HMIM7|2 FEeto 24 28T 7447 EB| OfjH| HAEE 7135% A
FRICE AW, 7tHs5X|E T E(residue code)Z QARG XMEUSIL %xF MAC Zt
S O
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HBOZ 0.50%2] SDC21 I1ISO 26262 ASIL-D Ot S22 ShMdsIQdct =8 At
BF16 7|& 44.15 TFLOPS/W, 1.57 TFLOPS/mm2E& M¥ Fp-CIM CHH| Z+Z} 1.51-1.62HY,

137812 Jid S ERACE

- CIM Macro
| Top Controller | l BIST Unit | e .
t I Input Joint-Alignment Unit (IJAU)
HEEEE 3
CIM Macro Array ¥ . l Leading-one Exponent q ;
© | X3 position Detector [*| Normalizer [*| Mantissa Shifter
cim ciM i ] 1280} ]
Macro0 Macro1 32x203 i $32x1b
B et — CIM Subarray #0
o | . —— 128b ——» i«— 9b — E
a S .
$|x cm cm x| T
— H D
5 (G2 Macra3 i} = Wdight Data Residue x4 | £
£ pra— a— H A
& i Nl 3
1 cim cm | ) =
g Macrod Macro5 2 -| Bit-wise XNOR Multipliers | S
i — 3 1 137h §
g | Hidden-bit Compensator (HC) =
cim ciM = T
Macro6 Macro7 F o 2
£ S
i — ] | CIM Subarray #31
22217 MAC Resuls ————J
| s | | il o | | | Unified Allinclusive SDC Decoder (UASD)
X H MAG Result | [ SDC Detector |,
Joint-alignment CIM Structure Concatenator | | & Corrector
i S G TR
6T/10T Hybrid XNOR/XOR Adder Tree', 1
Uniied Allinclusive SOC Decoder  § | ik |

[12 3] "A 28nm 44.15TFLOPS/W and 1.57TFLOPS/mm?2 Joint-Alignment Floating-point CIM
Macro with 1ISO26262 ASIL-D Safety Level for Autonomous Driving” X9t FP-CIM2| T K| Of7| &K
et Ml 7HX| oY YIS

rot

#C8-5 2tEZ17|tistnet 23 at7|CHetu 7t S5 YHSH & =22 40nm SEOAM F
= FP8 CIX|E M DIAE2E, EHARD 2P 7H5 X[ outlier 222 QIS INT
YAttt Aot SEEE2E XE A= oKX EH t
FP-CIMZ2 &7 XAl+=2 AH FdE(pre-alignment)dt
(post-alignment)2 Cit2E A|ZE{Q} 19H|E =9| 77| E2[2 HA.O|HX| £EO
4T BAO ZH UAJLCEL & AFE OlE M 7HX] 7|2 = s{ASICE HW, A
0|5 Xl+= HEEHDEAR S| 5t outliere EmaxOl, ™AZt
Emid=Emax-AE0| HETS ZEZZ NSt 7Hit7| E2| £E 8HIER
OlH, B4 37t B2 S AE Hee ot HAO| HFHoE EE5IY
=-37| ¥ AH mo|zZztel |(SMSPA)= OrA= 7|8k & Emax EA
A2 2283 A\ZEE AO|E5l= X2 +4t7], DFF XQlE 0|83t AlZt FY
2 HE JE HE % S
ZkZE 20%, 41.1%, 34.1% B
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AQHE NAHSHY WA 259%, OLHX| 182%E=
326MHzO| A 24.85-80.59 TFLOPS/W

Hf =2 oA

2ES 7|SotUCL

= M
= =2 O

Y
Nex-E

Al =

—

SIS

st¥Cct 2 Z3F 0.8-1.1V. 100-
FP-CIM CHH| 2.81-6.66

Exp. Input Buffer | |

Top Controller

| |_AE Reg. (AE=2) |

4o Feature 2: SM-IN Serial Feature 1: Hierarchical
J|iPipelined Aligner (SMSPA) Dual-Exp. Alignment (HDEA)
Serial Emax Finder CIM SubArray X 16
[ Masked | [ 64-IN | *Eamal |Ewmd| InputDriver |
Unit OR Tree
O, BF i
Fall] || [Fult] || Bitcens _|
y 64 X 4b
|| Difference Group | | [0] I
Accumulator Unit i
Man. Tompora Adder TreeX16 ¥
Shifter [Man. DEF Sign Handling Unit |
Chain ——Y
7 | 15t Shift-Concat Adder |
. v
1 Saturation | | Sign-Inv Adder Tree |
Hid “1” Unit v
Sign Input ' | Shift & Accumulator |
" o T Feature 3: Shift-Concat based
L@j _Sign Reg. | Sign-Inv Adder Tree(SSAT)
164b v

Man. Input Buffer | | Output Buffer |<—|

INT to FP

[12! 4] "A 40nm 24.85-t0-80.59 TFLOPS/W FP8 Computing-in-Memory Macro with Outlier-Aware
Hierarchical-Alignment for Edge Transformers” X2t CIM O3 22| FH| OF7| & X (SMSPA, HDEA,
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Session 29 Advanced Memory Design

O 2026 VLSIC| Session 290 A= Advanced Memory Designg FHZ & 5HO| =

20| HEE|ACH 2 MM A= SRAM, DRAM, Mask ROM, Anti-Fuse OTP 5! STT-MRAM
& CiYet HEE2E oz, M SFMe nEHHet HUH MY %, 52 ¢
8 R AR g2 Tt 2l % Ot7[EKN 7|=0| AVHE[RCE £3] S O[M2tet
S5 M 440 meh Yilsts S5 O XMtet M™ AR ZHE HE5tHME 22
deit HHEE =ESHY| Qo Chket A4 7|#0| HMIQHe| QUL

= 2lF0AME= 2 nm Nanosheet SRAM2| OHX| 2& ¢ 7=, 075V KT Y DRAM
9| sensing A=2[’d JHM Z|&, D2l PVT variation0 ZQIst STT-MRAMS| dual-

reference sensing 7|&=& CIE 3HQ =S SH2E HI{EIX}; oLt

#29-1 2 == 2 TSMCO|M ZHED =22=, 2 nm Nanosheet 3 7|8te| T-E 6T
SRAMOHA‘I read/write |HX| 285 S&A7]7] {8t Row-Access Aware Read Tracking
X Write Assist(WA) 2|2E H[QtStCH 7|E dual-rail SRAMOIA|= array2} peripheral2]
B8 L Veen Venp) XHOI2 QI8H read trackingdt M| bit-line(BL) & A|ZH AtO]Of] 2
b 2dstol 220 5 MHO| 422 4= QUCE ESH 7|E Negative Bit-Line(NBL)
Write Assist= worst-case bitcellg 7|FE22 L3t boost capacitanceE AHESH?| IE
of, 257 &2 near-array0 A= =% NBL boostZ2 28 write power?t S7tst= &
X7t ZXHSHR
Ol dZ3t7| I8 near/far-arrayl| H& {IXIE 123t read tracking 2|2E X &3}
11, tracking BLZ} inverterE memory array2l &8t Ve domainOiAM SEA|7{ & BL
O 5% Sense Amplifier Enable(SAE)2t WL H|Z-d3t A|EES =H-SIQACE I Z1t worst-
caseO| Al 2 E Q3 BL differential swing= 45% Z2A|7|1, read dynamic powerE Z[CH
8.7%, MH| row access BT 85% HASIIULE
Write S&0ME 2 @Ko 2t NBL boost capacitanceE ZEHESH= Row-Access
Aware Write Assist® M-&3}0| near-array®| NBL over-boostE <AX|SIRUCt O|E Sl
near-array2| write powerE 26~30%, ™A row access o E|Cf 15% HASIALCL XT

MOZ 2 nm &2™0M HZEHEl 539-kbit dual-rail SRAM macro= 37.42 Mbit/mm22| bit



density@t 125 °CO|A 0.35~1.10 V| &% 2|, 2.28 pJ/access2| read/write O|HX| 2&
= 453

a) —V,,domain —V,,, domain b} ) \
Rinl 0.0 @I Vey=065V,85°C —
. o @TT Ve =065V,85°C ]
g : ; @80 m Far-BL read (4.3%) Q%—W
o = 0
& & g -0 Near-BL read -9% Bitcelll oy gmp m
2. - onv.
?6'0 :; -+ -1 Exceed required NBL level
@ (&)
ol 250 H1 Ea )J—l.} o .
= = _§4.0 2 Bitcell| N 12.0 lFar-B_L write
= §3.0 5?122
gk :?2_0 NVSS 2%
TINV o 860
g 1.0 FBLSEL sy,
RCK ——H+ ;1| 0.0 040 065 095 NBLKICK T
FBLEN ’ m:E: Kl . ch'u (V) . 0.0
RG> 8 Mimic WL

(33 1] M2HEl Row-Access Aware Read Tracking S Write Assist 2|22t H

#29-2 & =22 TR0 HYHD =222, Y DRAMOA sensing 22|41}
M 282 S4AI7]7] /% Fully Single-Ended Core Data-Line ArchitectureE A|QHSHCE.

7Z DRAMZ &8 7TY0| HOIEF=F bit-line?| charge-sharing voltage2t sense
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