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oA
2023 - ¥XYf . ===, SHALH ERICA HXI-SSHE
2022 — 2023 : 2=, 7HHELC| MBS
2018 — 2022 : MAAT R SK Hynix Flash A &
2012 — 2019 : AL, SHFC] MXHE FE S 4 S<tat
(&t9]-=&: High-Reliability Gate Driver and Small-Area High-

> Resolution Data Driver for Flexible Active-Matrix Displays)

434 E ks
jskim383@hanyang.ac.kr

« [Display Circuit] IEEE ISSCC 2025 (Bt=H| & ), IEEE JSSC 2025 (under review)
www.SIDLAB.net *MIAl %|z= 6285 PPI2 OLED-on-silicon display& source driver IC 72
« [Display Circuit] VLSI Symp 2026 (MA| =1 H| 3|2 &t3))
MA EAHE, A 0SE &0 FYE source driver IC 7HE
« [Memory circuit] IEEE ISSCC 2022 (2t=X| 22 =)
*MA =2 &8 XX HA flash memory H&lE2|3| 2 74
» [Biomedical Circuit] IEEE ESSERC 2025, IEEE TBioCAS 2025 (under review)
NA ZZ= HEEH AZHAE 2HY XS 2 (Temporal Interference Stimulation) 2|2 7g
» [Biomedical Circuit] Nat. Electron. 2021 (IF=33.25)
MA E[ZE, 17kel H2EQIA nPH S E[CHoE EALSH Q1552 A[AH T
(&2 MM, MM readout 3|2, MAXZ 3| 2)
* [Sensor Circuit] SID 2025
*N| Al %=, Bottom-Emission OLED C|AZ2{| 0|8 Touch Sensor 7 &t
* [Sensor Circuit] IEEE Sensors Journal 2023 (IF=4.3)
*M| Al %2, active-matrix sensor 2| TFT on-resistance &2 M At 3|2 78
« [PMIC] IEEE Trans. On Power Electronics 2022 (IF=5.97)
“MA ==, MES 128 EES SA0 <= PFM buck converter 71 &
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Research Area

World Best Next-Generation System IC Design

MIA =22 X

FAICH A& BN 2|2 2 A

Display

Circuit

AR/VR OLEDoS
driving & pixel
circuit
Micro-LED display
Pixel & driving
circuit

NAND flash memory

Memory
Circuit

Driving & readout
circuit for

Built-in-self-test
(BIST) circuit for
memory system

Al
Circuit

Compute-in-memory

circuit using TFT

Calibration circuits
for Al system

Sensor

Circuit

Sensor circuit
for Physical Al

Touch & Stylus
sensor readout
circuit
Sensor uniformity
enhancement circuit

Power

Circuit

loT PMIC

GaN Driver

Automotive PMIC

Flash Memory

Biomedical

Circuit

Neural tactile
sensing system

Non-invasive brain
stimulation circuit

Neural stimulator

IEEE ISSCC 2025

IEEE TED 2018,

Nature Elec. 2021

. Co_:np;en%aljigg & High-efficiency Analog & Digital
,‘\’/'ITCU' SLEO[; disol charge pump & TFT circuits PMIC
ero ISPIAYS | | regulator for NAND for TFT CIM Readout circuits for| | Ultra-low-voltage Tumor treatment
flash memory R/L/C sensors LDO circuit
SID 2025 IEEE TPE 2022 | | IEEE ASSCC 2025

AICSP 2016

Nature Elec. 2021

Eep Tamp- 2928 || IEEE 1sSCC 2022 2017
IEEE JSSC 2021 JJAP 2013, 2012 | |IEEE Sensors 2025
Pinsuncg W ETRI SONY .Jp’ DB HiTek

SAMSUNG DISPLAY SK hynix HIUNEHAR D @ LG § KERI

S Japan Lab Inc. w A ot A=TIAT

LA LXAoj2 Coiserity SAMSUNG DISPLAY 1'2'[' o
@ Pittsburgh
3 =) e
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Research Area - System IC Design -

CDispIay C_ircuict: Display circuit (gate driver)
( ozlgmmn driver IC) —— o .

Power Management IC (LDO)

‘Memory Circuit (Flash memory) Power Management IC
(SMPS)

UL

256Gb Array
Plane 0 3 Plane 2

IEEE
ISSCC

-

256Gb Array 256Gh Array a

Plane 1

B D e
r

r

>

Power Management IC (SMPS)

S

)
)
)
)
)
3
]

-

r

“Far

-y

IEEE TPE
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Nature Electronics
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ClAEL o] 2|2
AR/VR OLED-on-Silicon (OLEDoS) LED-on-
silicon (LEDoS) 2| 2

H 22| 32
DRAM / Flash memory £ Analog S| 24 7|

| OLEDos 3 7s32 | : , i
[ 2oestaihiem @ LIS =

= OLEDoS 2t43|2 = P et pe ikt i | [0 = "=
M= (4k X 4k, 6300 ppi, 3000 nit) ®E @
o § 1.33um uo 2
o & =1 s g
T H o
Bl 2

- EA R o PTG s OSREn. g Bmi

*Sutstrate: Silicon =

A ) oz BRE ok i
.6;' E'l 7I-T'|:I' SAMSUNG DISPLAY }"

I SAMSUNG
SK"ﬁynix HETT

fa) 21Ot

¥ HANYANG UHIVERSITY
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Al 2|2
Compute-in-Memory (CIM) 2| £

MAM2| 2
OLED in-cell touch & stylus sensor ROIC

Yot D
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. [ Vo Ve Ve ¥

AN b hergen i by, ot ien Wt b berw s 3 |, oecwer e

T A o0 12 17T wariason
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£3
g

Compensation Data
/T WWLIRWL

230 cameeranie
. 3y Wb ceoras
=4 mu | O oo compermas e T
[ Sanse Amplifiee | 5= ‘-3
Compansation Loop lr—.u " ‘L-..u o
(S .G r
catrol Logie (12 ' B
108 U Do Lo N o X5,
s Caruptn o Maviwy a Compurriition Lo . Matn te) Operats ' y
{GE! pwsoms vac copmasan | Z]] oo verca wed T3] swens mat mad [T —
TE i weeory sy e YT wnd wgh preriaien Viaed Yo &l apchewrom

HRUXNEUAT

Capacitive touch system . - fsia, fo, fe
(C TS) ¢ I '11éU fr sALLAR
3 i : W e ||
A \ ™ ezt i B2
2 -_\- <Y FFT data
& Vuu.x (te) FFY pfocessor
/ e ADC d.:t.:
~ 2 2 £ q,
= N 8 Loy 104—channel
e/ Veawedlr) ./ z | readout circuits |
§ y (B —— | gal
§z U | 8 64-channel |
- I g 2% excitation [, |
* | ™| circuits |
= [ L AFEIC |
TX<1> TX<2> e TX2111> TX<112> :
odcd 7| nl Japan Lab Inc
[ — B | [
s A M s u N G : i_)mvcrsiu of ]
ARALX: @ SD
A JII 1tt urgn

Y 2ot

HANYANG UHIVERSITY

System IC Design
SIDLAB Lgboratory 0 6



= e
Power 3| 2 Hio|HC|E 2|2
| A o g}
X122 PMIC, Mobile€ PMIC, LDO, Charge pump HIESH A= 2[=2 7HY
X (TR0 Vour Low | —HY7|®2. TIS 8 IC Chip ¥ 71& —
1w, L Chip Ul 812 1% 5 AlAS 298
b Res .n hoao I 8% > ANEE B3
Vin —“Iu.. o 08 Fa4 #9 5 O1E 1S
V, V C"”’ HAUE Y4 YUY S 2R R
P N
N
L
Zero Peak ~ ARSI IS A|2¢ 2 4 7% -
?:g?\gg:?;? —] curront | curront go?\l:c.':or Small voltage
detector || detector difference | anys 29U s usy v |
i PEAK | Viu
L{ Control logic Vs
""'“Dynnmk: s . referen
Neghigible shoot-through current  comparator Soft start

sz PHDBHITek CERE ﬁ KER/

= 7 — SAMSUNG DISPLAY
Mesta S M)A

KATECH #3x4sXazy

) 2o

¥ HANYANG UNIVERSITY
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SALRRY &
Nursatary

MAFRF

UL R

20261 5

Oscilloscope
Power supply
Function generator
Digital /O

Digital multimeter
Workstation

EDA tool

2.5GHz, 4CH
3CH, 0.1mV/0.1mA Res.
100 MHz
32 Ch, 200 MHz

6.5 digit

Synopsys, Cadence, Siemens &
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IEEE ISSCC 2025 &= IEEE VLSI. Symp 2026 &=
(MA =3¢ 2= =$3) (MIA =23 2|2 §.* )
OiME, MHY, 17 Y OiME, MEHY, 17 Y
OLED-on-Silicon (OLEDoS) #& IC chip 7H% OLED-on-Silicon (OLEDoS) *& IC chip 7H%&

| OLED-cnakien KLEDOS) Sapis | 1anm 27w
D T GRS AR TR e
.‘ T X -,
| g ( — g [ . ' cumcmms -
. d - | | . A .
e . s AR e N XX bt e e e ‘l
p __l:_:_,' ‘.2,/’ 1 PQA%W‘S’\&I{%WLJN ¥ Es { Source driver_ 1 = ] Ls‘, ;'-,
| & =gy s MB3gm 1tyen ad ¥ 304 prm o
2 ”*; B4 < ] ';,_z § ‘E’ 7 -
f l o ‘”‘ { 3 O'.EDoS display panel c | e
i’ DKERE ke el ; [ ey g e I e 1 .
T — E a| —i t— M
B R ﬁi” !‘ﬂﬁ Ul o Bl e 3
| Kot 3 =8 il g ’“ 9 T Sowrce driver | — ]
s i *;, *IE Top view of OLEDSS display * o=
. - m. | ovanaiaw | e :
o e !‘ e &°d: TSMC 65nm
1: TSMC 65nm
o Z<Q} Ol 3 51Ol
R ] =t

o) YTY 29, AR-VRE
UfolRRCIA ROl FE TI@ MY

oen aen
A s C ATl el

System IC Design
SlDLA L;boratory v 9




IEEE TCAS-I 2026
(Major 2|2 X'd

IEEE ASSCC 2025 &H
(Major 2|2 5t2)

Propose Atho
Ghrwae
&Bﬂ mm '
Ve 1 II
LR LS

S\onu g L
LRLEY nmw

© High slew rate
© No additional static current
© Small additional area

HME IJALR HEAlO|

okl 'l = Amplifier 2|2 712

pam——

Schamatic of the proposed slewscute-enhanced class-AB buflar
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MA £ = HESH k| X=
multi-TIS driver IC chip 7H'&
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z[Z A Gt

IEEE SID 2025 & &
(MA =23 E|ASe 0] e=))

MlA| %= Bottom-Emission Display&
Inductor 7|8F E{X[IA S 2|2 7T

ration of the proposed LLEC touch senser

System IC Design
SIDLAB Lgboratory 9 11




AZA @4, M| 213 A9 YHER) SHECHS] ISSCCTPC P90 M
e
000

- EHAlRA
) > )
L) - L} .
~ - " _ z e
i == \x = 3 i~ |
. ‘ BERA
u
bl-‘ —
& a
= -~ > - = - -
= Et J EEE
- B =
A7 AT E €17l ToP10

1 BME WHYRUN =sa
AFN NN RS 0} i:.'...

SN

s 00 TPC 74 o we & By, K MTE LMD
N o) =zf niE 9% of§ 2 VN, 2026 AN2A “'
_ Rl

System IC Design
SIDLAB Lgboratory 0 12




[ 20} C|AZY| 0] 3| 2]

AR/VR 7|7| & Micro Display 3| £
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Publication: ISSCC 2025

Publication:
ISSCC 2025(Et =X 22/ Z) San Francisco, California, USA, Feb. 2025

Title:
A 10b Source-Driver IC with All-Channel Automatic Offset Calibration and Slew-

Rate-Enhanced Amplifier Achieving 2273um?2/Channel and 1.9mV DVO for 6285-
PPI OLED-on-Silicon Displays

System IC Design
SlDLAB Laboratory v 14




Background

Image: Apple, Vision Pro
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Bac kg round -resolution-

Field of view (FoV) Pixel per degree (PPD)

Required specification
Field of view (FoV) Horizontal: 120°*, Vertical: 120°*
Pixel per degree (PPD) 60PPD*
- 7.2K x 7.2K
Resolution (120x60):<((120x60)

*120° FoV and 60PPD are required for realistic vision.

System IC Design
SIDLAB Lgboratory 0 16




BaCkg round -rFrame Rate-

Low frame rate High frame rate

e . —
_ e e

Dizziness, blurred vision No dizziness, clear vision

m  Frame rate of at least 120Hz is required.

System IC Design
SIDLAB Lgboratory 9 17




BaCkg round -vicro Display for AR/VR Device-

Large TV

<

170cm

> <

440cm

AR/VR display

-

'\

100cm

75", 4K x 2K
(Display panel)

A

FoV=6(°

System IC Design
SlDLAB Laboratory v

260cm

200", 4K x 2K
(Virtual screen)

2.3cm

e
; < >

1l 1", 4K x 2K
™ || (Display panel)




Background -riei size-

Large TV

s 170cm > Micro display
< 2.3cm >
g Glass substrate = Si substrate
S 75", 4K x 2K c‘{.’ 1", 4K x 2K
N (Display panel) |l (Display panel)
I 18
v il
Transistor type m Transistor type
a-Si TFT e fl g E|[+F L | | Single crystalline
Oxide TFT _LII% 3 3 L§g silicon
S £
LTPS TFT L || © —
1.9um
—PD
142um 5 5
Pixel area: 71000pum Pixel area: 11ym

m  Small pixel area is required - silicon substrate & CMOS process

System IC Design
SIDLAB L;boratory 9 19




BaCKg round -ARNVR Device Application-

Glass

Color
filter

Color
filter

Liquid crystal

Glass
Thin-film encapsulation Glass
OLED || OLED LED -

Silicon substrate

Silicon substrate

Silicon substrate

[otes] [ o0

Liquid Crystal-on-Silicon OLED-on-Silicon LED-on-Silicon
LCoS OLEDoS LEDoS
Application AR glass VR headset This work
Manufacturer Rokid Xreal Apple Meta Pico -
Product name Joy 2 One Pro Vision Pro Quest 3 Pico 4 ultra -
Release year 2024 2025 2024 2023 2024 2025
Technology OLEDoS OLEDoS OLEDoS LCOS LCOS OLEDoS
Resolution(per eye) 1920x 1080 1920x 1080 3660x3200 2064 x2208 2160x2160 4000x4000
Diagonal size(inch) - 0.55 1.41 2.48 2.56 0.9
Pixel per inch(PPI) - - 3386 1218 1200 6285
Frame rate(Hz) 120 120 100 120 90 120
! (8 _— 4 e m—
image (\ N | & | v o= :
, — - A<, e

System IC Design
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Backg round -Architecture of OLED0S Display-

OLEDoS display panel

OLEDoOS source driver

OLEDoOS gate driver
—
w
w
\ Ay
3
OLEDoOS emission driver

Source driver
Silicon substrate

*1 pixel = 3 sub pixels (R,G,B)

Design specifications for OLEDoS display panel
Diagonal size (A) 0.9” PPI=(Cx+v2)/A 6285PPI
Resolution (C) 4K x 4K Pixel pitch=1inch/PPI 4.0um

System IC Design
SlDLAB Laboratory 9 21



BaCkg round -oLepos Challenge 1: Narrow Channel Width-

® Narrow channel width

OLEDoS display panel

(HOL) 21-as

(HOL)oIFas p| ©

(HOL)OI-Fas p|

(HOL) OI-as

m (HOL)oIFas p| ©
@ll (HOL OIS p| kx
- “wdoy
H yid
\ ”~
v el
m |
' I
1
! &
| = |
I g A g + o
1= l : H—1
“M H x |H x m_. 04
i| O I I ] H—
IIWI llllllllllllllllllllll
Ole . H H
n|e ™ ™ °
(7))
o
S| | /=D
u
(@) -H © I O - O
\ \ \
- - -
1 \ 1
000

laAaup ajeb sog310

Requirement: Small-area source driver IC (SD-IC)

N
N

System IC Design
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Background -oLebos challenge 2: Short 1-H Time-

LED ispl nel A :
OLEDoS display pane 'FHD,60Hz (OLED)
Short OLEDoOS source driver < 1-H time |
1-H time 'Y Y ) A
J FHD,120Hz (OLED)
? ? ? ? . x1/2
W ] 1-H time
S| Row HR|IHG] eee +RIHGI. h P >t
=] # 4K x 4K,120Hz (OLED0S)~>2.08ps
o ——1 ——1
o |l x1/8
3 #2 HRIHG] 00 | RI+HGI:
[ ]
B ¢
== r——1 _
= | Row @ Short 1'H tlme
O #4000 | T RlI+HG]: eee HRI|HG
1

1-H =
Number of row line x frame rate

m Requirement: Fast SD-IC

System IC Design
SIDLAB Lgboratow v 23




BaCkg round -oLepos Challenge 3: Voltage Deviation-

OLEDoS display panel

I r 3
_ OLEDoSdisplaypanel [ s

3nAf{
OLEDoS source driver o — TFT (for OLED)
oo + AV

. 1 _' 1
o
2 HR|IHG eee +HR|HG
| .
© e} 9 4 S i T
9 VEQATA VIXEI>ATA —
S _L ooo _L 24V Ay 34V Voam
Q| 3 al al

¢ I DRV
Q V o ViARGET Al
E TARGET +AV

® Voltage variation of SD-IC
O M oee > pixel current variation
| | | | | |

m  Requirement: Small deviation of voltage output (DVO) SD-IC

System IC Design
SlDLAB Laboratory v
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PrOPOSed OLEDOS SD-IC -Architecture of SD-IC-

VREFH_cAL
E-‘R 5b E Vr<31:0> .
: -String I | SYNC i —————————— mmmmmmmm=a 1 VvV <0>:- ---------------- |
T o Shift register || —~ " T POL
VREFL_CAL T 3 " | VeaLn! Calibration ] CAL_EX
Sampling latch | '
| Dy.r<9:0> ; 7
LOAD ! Y I <9:8>
{  Holding latch | Dn<9:8
Dn<%:7>} Dy<6:4>f Dy<3:2>} | E DN<;1'0>
1 A\ 4 \ 4 \ 4 1 :-
i3 to 2°[3 to 2°[2 to 27: :
:| Dec. | Dec. | Dec. |i !
VREFH_DAC —F ¥ ! W
S <2 Vi< (7
RstringPX¥——1  8bLVDAC 7H 2 e
1 I 1 IVIN I
g gl o
VREFL_DAC ENC I_E:_ A0

System IC Design
SIDLAB Lgboratory ¢ 25




Small-Area SD-IC -methods to Achieve Small Area-

Large size .
HV MOSFET Small size

LV MOSFET
Type4 Proposed 10b SD-IC L, ©

~ 16 “m - . m g i #L%
q. | E— — Lt L Al
2 [—spicacn oS o e olteaseiny  ELE
T SD-IC (1CH) LOAD—> | °f;° IZI < Win=0.124m
v mn=0.0oum
| 1 3 DEMUX | 1: 3 DEMUX | Veern Logic DEC | , 3 T TOSET 1.2V LV MOSFET
3 X [ ¥ ¥ <
8b LVDAC |:
g_ rlclelrlclBlRrlGlBIR]G "‘2 o §§ LVMOSFET || HYMOSFET
qv v 2b EMB-B‘XC : 0 LV MOSFET (DNW) and HV MOSFET structure
7y REFL AMP - g
{I - DEMUX i3 DEMUX | - LV Mo§|1=5T (DNW) o 8 HV M%.S?)F\}ET
3 - Sbac e | | 1:3 DEMUX | ] -
I4N 1 q, N+ Q
SD-IC (1CH) I Veix1 Veixz Vpixs Z$ P-well N-well Z$
Deep N-well .
Silicon substrate
m 1.3 DEMUX - small area
m LV MOSFET - small area
m  Deep N-well=> small area
m  2b EMB-DAC AMP & logic decoder - # of DAC switches |- small area
SIDLAB System IC Design

Laboratory 26




Small-Area SD-IC -ares Comparison-

Conventional 8-bit source driver (2 channels)

[LvmMOSFET [[HvMOSFET| ®  Large area
467.0pym .
s > ->conventional 8b HVDAC
8b Level
:E;_ logic | shifter 8b(2¥'13f‘c %
& [l (CH1) [ (CH1) (’é“.ﬁ'ﬁ’) (é”f) 2lle
8b Level xlle
logic | shifter 8b g\l_"gAc g
(CH2) | (CH2) (CH2) w |
8b HVDAC
467.0pm

Proposed 10-bit source driver (2 channels)

[CvmosFeT |[hvmosFer| ®  Small area proposed 10b DAC

e 284 Tum — >8b LVDAC + 2b EMB-DAC AMP
10b Logi
E1| rogic 8 &H'C (DDCSTACAOC) 5 |3
© 4| (CH1) (et EMB-DAC | EMB-DAC | o || €
10b Logic e on [B]]2
logic Sb('(-;‘{l'gf‘c (o°cs+AcAoc)|  (CHD) (CH2) 1= 11—
(CH2) (CH2) o lv
= i m T
gﬂﬁ Q 8bLVDAC & | :E‘ 2b EMB-DAC AMP Ei
= le—— ———— » LVDAC - small TR area
284.1um

Two-stage DAC - small # of TR

System IC Design
SIDLAB Laboratory 9 27
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FaSt SD'IC -Short Settling Time-

Operation of 1:3 DEMUX

244 *Torv= 069|.|S
20 SD-IC (1 CH) A :‘_ﬂ 1
—_ lvo Vo : R G“ l
(2] ] )
21 1:3 DEMUX S S —
(%) - i : :.:
£12 VRl VGl Ve EEVR R : s
+ 3 E t : " E
. v d e
4 R|G =i g
2.08us for 4K x 4K dlsplay/v o “Vs
HD FHD QHD UHD 4Kx4K >

1-H tlme—2.08us

1
4K x 120 Hz x 3

Display resolution

*Driving time(Tpry)= = 0.69us

m For 4K x 4K resolution, 120 Hz frame rate, and 1:3 DEMUX
—> setting time < 0.69us

System IC Design
SIDLAB Lgboratory 0 28




FaSt SD'IC -Limitations of Prior Works-

Current boosting

Current boosting

Dead zone
[Vin Vol < [VTH]

® Deadzone

v

Current
boosting

G.-G. Kang SOVC 2021

laop

Additional
current source

2.1V

A
IADD

Kimm

>t
’

Additional static current
Y.Park ISSCC 2024

® Additional static current

m  To turn on boosting circuit, the IN/OUT m To compare the IN/OUT difference,

difference should be larger than V;,

e Small difference

—> Current boosting is not activated.

a comparator is used.

e Additional static current

- Increased static power

System IC Design
SIDLAB Laboratory 9
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Fast SD-IC -achitecture of Proposed D3DCS-

D’DCS configuration VDD A e WS
A SR | 5 Tfah 8 0° 2 520,
A @ Vae J 9 = Vo \O 0% W, Ose
® & BF: =11 €3 gllo L A AN
oV SF<1:0> i P S,  — L >t
= vz 2 * :)H—-ldsl i §~§ Dy.1<9:8>"00, X 11, _X__00, X 10, X 00,
o~ Q00O TA<O>YA<ISY L T 5 ¢ Tt
.E‘d:';:---t---i -------------- - Eoee I S ool X w0, Y T, X o6 X i
B L Dn+1<Dp k o ,1 c 'L SRet:0>[ 00, ) %, X o0, X on, X om
o1 1 - — |_‘\ A d
§35M2b -diff%?cta?lce: 3;5_ 8 Vo sFet:o>[ 00, X' 00, X T, X 00, X 0T
1 1 o 1
okl em.I"detector L > v’"’ = !— DUTY| [] [] [] [] .
mﬂ: -l c ’ A
3o Dn+1>Dn bl | I - A<t:0> i i Gy
— () PeeeeEeeenEEoeenes] poeoes A o
_..gﬁ DUTYD— U T og B<1:0>[ 00, Ya1.X 00, Yo1.X 00, e
(@) - 1 2
E SR<1:0> i Euo) Laoor 2x IADD . 1x IADD .
a ' E‘E Zero static current I_l Zero static current .
' P A0 g
© No deadzone ; R | - ,I 2x laop 1x lapp
. o — poooms y-F O Zero static current Zero static current R
© No static current vss -t

m Data-difference-dependent dynamic current source (D3DCS)
e System operates when MSB 2b’s difference is 2 or 3 code (AV, 2 0.5V).
e No additional static current, as digital logic is implemented.

System IC Design
SlDLAB Lz);boratory 9 30




Small-DVO SD-IC -Voltage Variation-

SD-IC SD-IC
b- -ty ﬁ'Efgjé"V'SIt'ég‘é'&é‘r'.é‘u'aﬁ‘"‘“J--- Vith small voltage varafion = =
[7q--- 1large voltage ve —e1-"" small volta e_\_/_arla ion___...-=3
Py vy { lt S SRR 7T

) ©
= c
(3] (3]
o o
> >
° )
Q [}
2 0
o (=)
Vor Vos
4 —_— V V.
Viarcet Vi Va Large DVO' V3999 V4°°° Varget ViV V1999 Vzi)(:q ________ 3999 Y4000
arget == e mm e CHRSU Lt Ll oereer s pabcmspapessosstvte) S
Visge— V2000 § ‘ Small DVO ‘
Channel ] Channel

® Large DVO - non-uniform © Small DVO - uniform

m  Output voltage variation of SD-IC degrades the image quality of the display panel.
m Large deviation of voltage output (DVO) - non-uniform image

) 2o

& RANYANG UHIVERSITY
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Small-DVO SD-IC -Proposed Offset Calibration-

Before Calibration

Calibration Operation #1.

Vos Polarity Unification

Calibration Operation #2.
Vos Magnitude Minimization

CAL_EX7y cAL_Ex oooYooiXoToXotiXTooyiod
CAL[CAL] Vos 4 @ : i
v Vos,NT cP |%Si|?: <«POL ﬁﬁi%‘ n_ |logic OSO N '|*=,V°S’CA"
S W v e N S 5 o B
L] Vel e O > Yol v e /T
F| CAL 000X001X010X011X_100
F Vos,cai=VcaL-Vos,nt .
0 Vos 0 Vos 0 Vos
® Dual polarity © Single polarity © Single polarity
® Large Vos ® Large Vos © Small Vps

m The proposed calibration technique can reduce the random offset voltage.

System IC Design
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Small-DVO SD-IC -Implementation of ACAOC-

All-channel automatic offset calibration (ACAOC) Proposed core amplifier

VDD 5 t
g : T CAL |, Calibration unit M
8 { logic | [——1cpPB |
i p A i ] -
: R CAL" o NCAL,H \ lCP V1 V2 cPo Vi1 | VN2 I_ Ves 1|:
g : d CAIJ E i CP™ D<1:0>D- Vas
ol ecoder|: : Vv
S e v <oel—— || VearDIDDA|  Vieuo{Tae] | |_—| ) Yo
§ i J Veau DT Vip,.DA ! ' Vae 1|:
V-
%E CMUX VTAIL2 JVTAIU - I_ VB3 1
5 ) Vez, Vezy (= [-cp
Le) | D<1:0> _7 I_‘_l
O VSS .

All channel's Vs are calibrated at the same tlme

m All-channel automatic offset calibration (ACAQOC)

© Single Vg polarity
' nput stage of EVMB-DAC
© Small V, magnitude D<1 0> Input stage of EMB-DAC

\/p HD Voltage selector
VeaLn Input stage of DDA PLST S Vs 1

CPBD—?% icp CPB ,{:‘.“‘ E?%_]:l cP

VCALPD_\T Vraiz '~ CPB DA‘T_ ATVTAIUTF ‘—y CPB

System IC Design
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Small-DVO SD-IC -Acaoc Operation(1/6)-

ENC T
h ; ‘t
Phase#1: before calibration CAL_EX 00000; -t
CALt——
00000
Veal g 5 t
POL t
Vr<0>] L t
Vr<0>— F < o Vo ¢
55 Vo t
\"/ = éﬁ oV _f%|nltla| Pos. Vos "t
Vos 0 Vos £i.CP ﬂ;.
© - Vol 't
\"4 ! R,
€ 8! Vosr : t
& L
=3 i - -t
= ¥ Initial Neg. Vos
El-cpt—
: >t

® Dual polarity
® Large Vs

System IC Design
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Small-DVO SD-IC -Acaoc Operation(6/6)-

ENC T | |
CAL_EX } = "t
Phase#4: display panel driving - 00000  X00001}00010{00011}00100) o o & X11111 ot
POL CAL? =
% CAL 00000  X00001)00010)00011)00100 :
CAL_EX| logic Stored Vea, Veavn - Vear s 7 5 t
_ —Vea j
CAL{ 5 Vead F4 POL CAL t
CAL Vr<0> — - ‘ [l ¢
DEC : Vo A - Vo _—'—l. .................................................. L
o c a4 i
So 55 Vost Small Vos within 1LSB | *
— Iy g E — :VQAL t
0 Vos E+-CPL__ 5
© - Vo ! | -t
V E ------------------------------------------------------------ Jlm
S 8 E VOS 3 — t
£>1 oy Small Vos within 1LSB |
;E — ¥Vea i
=" CP}
: >t

© Single polarity
© Small Vg

System IC Design
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Die Micrograph

m TSMC 65nm CMOS process

3.0mm

—

S AR B BREBERRAEDS
- — ————— > -
- _ “uh‘...

-.—‘-h
c“
G e
. i ) -
< < bt | ‘-_—-4::——. -
BN o i o :
AU AR EEREEEEEE R NENERSESRHRE-HN}N.
(AR RREER AR ERRRERERERRRERE

=

£ HANYANG UNIVERSITY
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Layout of Proposed SD-IC

Proposed 10b source driver (2 channels) R LS N R A U

10b logic 8b LVDAC Logic(D’DCS+ACAOC)  2b EMB-DAC AMP DEMUX
36.4um 85.6ym 66.8um 89.5um 5. 8|.|m
i - R _ i
:% ol E E 'r$‘1‘ E ) ‘EE o
= " E i - ©
Total height: 284.1uym
' Block diagram 284.1um
7 10b =<t
i )
. E|l 1ogic 8b LVDAC (D3DCS %CAOC) =
L 3 (CH1) CH1 2b 2b o | &
. g (CHY) (CH1) EMB-DAC | EMB-DAC | o || £ :
= T
logic Bb('(-;ﬁg')“c (D3DCS+9\CAOC) (CH1) (CH2) 12
(CH2) (CH2) i

m  Achieved 2,273um?/channel = small area SD-IC

System IC Design
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Measured Waveforms

Measured waveform with D°DCS

le—22k )
T e O S
/34V I”W
; >
&
/o D \
Q S8 &
L9 c
QN O .
\ Q®
SN oo
Q@Q \
O Q
\_‘.‘
‘-‘1{ Torv=0.69us Nl 2V N
il |

3.15Vv

3.00v

2.85V

2,70V

2.55V

2.40V

2.25V

12.10V

*Driving time for OLEDdS display (4Kx4K, 120Hz, 1:3 DEMUX) - .
: o Tprv=0.69pus
= 3-code Diff. : e—= B,
P \ S —e———
i / ’;F-r*-:;FFm “-: : / —\
i i SR enhancement I
' i 2-code Diff. l i(3- -code & 2-code lef) o)
VTR L7 1\
L ‘ : 3 1. oo
3 ; 3 R o — i\ ||
~ /r\ u 1FF16\\'\T: i 7 - \1\
\ /4 H 1 ! \
| - , % No SR enhancem nt N\
Y T~ A \(1-code & 0-code Diff;)/ :
g | e OSSTEE § \ o N )
H i AN \, / N\ N
J ] a N\ ’.
| R N N 000, <
0.5us

Measured output waveform

i0.15V

m Achieved a settling time of 0.69us - fast SD-IC

SIDLAB
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Measured DVO

Without the proposed ACAOC With the proposed ACAOC

20 20

| Max. DVO =1.9mV
|

P o AR S U S . e A R 5 86
T

20 _ Measu_red from 13_0 channels ) Measurgd from 13q channels

0 256 512 768 1024 20 256 512 768 1024
10-bit input data 10-bit input data

m Achieved a DVO of 1.9mV - small DVO SD-IC

System IC Design
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Measured Linearity

1.0
0.8f
0.6
0.4}

o
onN

0.2f
0.4}
0.6}
0.8}
1.0

DNL (LSB)

Max. DNL = 0.27LSB

Measured DNL

INL (LSB)

256 512

10-bit input data

768

1024

1.0

0.8f
0.6f
0.41
0.2f

0
-0.2

0.4}
0.6}
-0.8}

-1.0

Measured INL

Max. INL = 0.59LSB

0

256

512
10-bit input data

Achieved DNL/INL of 0.27/0.59 LSB, respectively.

768

1024

System IC Design
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Performance Comparison

*Output range for OLEDoS pixel circuit with PMOS driving TR

J.-S.Kim G.-W.Lim S.Shin Y.Park J.Ahn This Work
JSSC 2021 JSSC 2023 JSSC 2024 ISSCC 2024 ISSCC 2024
Technology 90nm CMOS 130nm CMOS 180nm CMOS 180nm CMOS 65nm CMOS 65nm CMOS
: ~ = OLEDoS
. . o
Application OLED OLED OLED OLED OLED I __(938_5£E|L_JI
Output range 0.2V to 4.8V 0.3V to 4.5V 0.1V to 4.9V 0.25V to 4.5V 0.3V to 4.7V 2.1V to 3.1V*
Gray scale 10-bit 10-bit 10-bit 10-bit 10-bit 10-bit
Gamma curve | Fully nonlinear Linear Piecewise linear | Piecewise linear | Fully nonlinear | Piecewise linear
Frame rate - 60Hz 60Hz 240Hz 60Hz 120Hz
Panel resolution - 2560 X 1600 2520 x1080 3840 x 2160 3840 x 2160 4000 x 4000
DEMUX - - - - - 1:3 DEMUX
DNL / INL 0.20/0.42LSB 0.39/0.90LSB -0.39/1.17LSB 0.21/1.21LSB 0.49/0.85LSB | 0.27/0.59LSB_
Max. DVO 7.9mV 4.8mV 15.5mV 11.5mV 10.0mV 1.9mV
. (4.2x) (2.5x) (8.2x) (6.1x) (5.3x) L (1.0x smallest) |
S 2.2us 5.3us 1.5us 1.5us 5.0us I 0.69us I
Settling time (3.2x) (7.9x) (2.2x) (2.2x) (7.2x) { (1.0x fastest) |
RLoap/CLoap 30kQ/30pF 30kQ/30pF 3kQ/100pF 3kQ/100pF 30kQ/30pF 10kQ/10pF '1
S;gﬁ'gﬁ:;mt 2.8pA 1.8pA 1.7pA 2.4pA 1.5pA 5.4pA _l
5328um’ 2688pum’ 4065pum’ 4815pm? 2411um? ~ T 2273um?
Cha(’}'}?:,f"ea (296.0 x 18.0um?)|(168.0 x 16.0pm?)|(243.4 x 16.7um?)|(321.0 x 15.0um?)|(150.7 x 16.0pm?)}(142.1 x 16. Opmz):
(2.3x) (1.2x) (1.8x) (2.1x) (1.1x) L (1.0x smallest) 1
Channel area 10656um? 5376um? 8130um? 9630um? 4822 pm? r 4546pm?
(2CH) (592.0 x 18.0um?)((336.0 x 16.0um?)|(486.8 x 16.7um?)|(642.0 x 15.0um?)|(301.4 x 16. 0pm2) (284.1 x 16. Opmz)
(2.3x) (1.2x) (1.8x) (2.1x) (1.1x) |_ 1_0_x_sr_ngl|_e§t_)_J

SIDLAB

System IC Design
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Summary

m Small area, fast, and small DVO SD-IC is required for OLEDoS display.

m Small area SD-IC is achieved using LVDAC, DEMUX, and two-stage DAC
architecture, resulting in a channel area of 2273um?.

m Fast SD-IC is implemented by D3DCS, achieving a settling time of less than
0.69ps.

m Small DVO SD-IC is realized by ACAOC, reducing DVO to less than 1.9mV.

m The proposed SD-IC is well-suited for OLEDoS displays.

System IC Design
SlDLAB Laboratory 9 42
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Background




Backg round -Top-Emission OLED Touch Sensor Type-

Top-Emission OLED

Add-on
touch sensor

Light
Touch cover glass
Touch sensor (extra layer)
Air gap
Display cover glass
Encapsulation layer

ED

TFT
Glass

Top-Emission OLED

On-cell
touch sensor

Light

Display cover glass

Top-Emission OLED

In-cell
touch sensor

Light

Touch sensor (extra layer)

Display cover glass

Encapsulation layer

Encapsulation layer

ED

TFT

Touch sensor (internal layer)

ED

Glass

TFT

Glass

Add-on touch sensor

On-cell touch sensor

© SNR 1
(near finger)

® SNR |

(far from finger & near DDI)

® Luminance |
(air gap - visual issue)

© Luminance 1
(no air gap)

In-cell touch sensor

® SNR |

(far from finger & near DDI)

© Luminance 1

(no external sensor layer)

® Manufacturing cost 1
(additional sensor layer)

® Manufacturing cost 1

(no air gap)

© Society for Information Display’s Display Week 2025

Advantages of in-cell touch sensor

© Manufacturing cost |
no external sensor layer




Top-Emission OLED

Light

Glass

Encapsulation layer

Cathode

Anode

TFT

Glass

Backg round -Top-Emission OLED vs Bottom-Emission OLED-

Bottom-Emission OLED

Glass

Encapsulation layer

Increased
thickness

Cathode I

Anode
TFT
Glass

Light

Top-emission OLED

® Manufacturing cost 1

(transparent cathode - costly material)

Bottom-emission OLED

© Manufacturing cost |
(opaque cathode - cheaper material)

® Luminance |

(thin cathode - high sheet R = current injection

1)

© Society for Information Display’s Display Week 2025

© Luminance 1
(thick cathode - low sheet R = current injection




BaC kg rou nd -Challenges of In-Cell Touch Sensor for Bottom-Emission OLED-

Primitive Bottom-Emission Primitive Bottom-Emission
& In-Cell Type 1 & In-Cell Type 2
Glass
Encapsulation layer Glass
~ Touch sensor Encapsulation layer
i 4 5
E-field 4 Cathode , Cathode
shielding | |
_ Anode ; Anode
TFT | | e | | feT | | TFT e | ;rgn“scgr ! TET | ;rgn“scg‘r
\ Glass / Light Glass Light
— > — O
Type 1 Type 2

® Luminance|
E-field is shielded by cathode layer aperture ratio|

A new in-cell touch sensor suitable for bottom-emission OLED is needed.

© Society for Information Display’s Display Week 2025



BaCkg rou nd -Summary of OLED Displays and Touch Sensor Type-

Top-emission OLED Bottom-emission OLED

® MFG. cost 1
® Luminance |

© MFG. cost |
© Luminance 1

Add-on touch On-cell touch In-cell touch In-cell tou_ch sensor In-cell tou_ch sensor
sensor sensor sensor (E-field) (H-field)
Type1 Type2 This work
® MFG. cost 1 @ MFG.costt | © MFG. cost | © MFG. cost |
® SNR | |®Luminance| © Luminance 1
® Luminance | | © Luminance 1 |© Luminance 1 © SNR 1

© Manufacturing cost

}

© Luminance 1t

© Society for Information Display’s Display Week 2025

This work combines
bottom-emission OLED & in-cell touch sensor

© Manufacturing cost

!

© Luminance 1t



Background -efield vs Hfield -

Metal
E-field

Charge

E-field is shielded by metal

Principle of H-field Penetration Application #1: Wireless
Through Metal Charging System

Coil

H-field is not shielded by metal

Metal
not ferronjagnetic|

/ \ Image: How2Electronics

Application #2: EMR Stylus Pen

/ EMR™ pen and finger

Image : Wacom, EMR stylus pen

© Society for Information Display’s Display Week 2025




Architecture of Proposed LLC Touch Sensor

Bottom-Emission OLED with
In-Cell Touch Sensor (E-Field)
Type 1 Type 2
Glass
Encapsulation layer Glass
_ Touch sensor Encapsulation layer
sﬁi'iilzl;:]g 4 ; Cgthoge \\ » Cathode
-l T
Anode ' Anode
TFT | | s | | teT | | TFT TFT I | plouch] ! TFT ! ouchl
Glass / Light Glass Light
—— -
® SNR| ® Luminance |

Bottom-Emission OLED with
In-Cell Touch Sensor (H-Field)

__ Encapsulation (partterned)

Cathode H-field

Anode

—_o

\ / Drain / Source \ /
»7/ Gate insulator »7
Gate
Glass
Light

© Manufacturing

cost |
© Luminance t

= Readout coil
= GND plate

) LC sensor

© Society for Information Display’s Display Week 2025

|||||




Principle of Operation

Readout

Encapsulation 2 ocoil IS
Cathode
™ GNp  Driving Sensing
ED plate  *Signal_ . Signal
Anode B Y B
Drain / Source Lc
Gate insulator I c
Gate sensor
Glass N Touch —
area
Light

= =

= Driving / sensing signal via inductive coupling (LC sensor 2 readout coil)
= Resonance by L and C in the LC sensor

© Society for Information Display’s Display Week 2025



Analysis of CharacteristiCs -inductance-

Magnetic Field Without Touch Magnetic Field With Touch

Primary Secc.)ndary‘\ /' Primary

Magnetic flux 1 Magnetic flux |
(Ls 1) (Ls )
Eddy current

field field fleld
\ . /
& J
Inductance formed by primary magnetic Eddy current reduces inductance (L, |)

field

© Society for Information Display’s Display Week 2025



Self Capacitance Without Touch

Total
capacitance
T Cs=C.

-

Analysis of Characteristics -capacitance-

Self-capacitance With Touch

Total
capacitance
Cs= Cc"'cf

Cs

-

Baseline self-capacitance Finger-induced C; is added 2> C,

T

© Society for Information Display’s Display Week 2025



DriVing & SenSing Method -Driving Phase-

Driving Phase Driving Signal Path in PCB

Readout
coil ©

LCI

= ' signal = Oscillation

= Vprv 2 L,, vVia MUX
* Inductive coupling : L, 2> L,

© Society for Information Display’s Display Week 2025



DriVing & SenSing Method -Sensing Phase-

Sensing Phase

= MUX links sensing signal to oscilloscope
= Touch: L, decrease, C, increase - sensing signal change

© Society for Information Display’s Display Week 2025

Sensing Signal Path in PCB

Readout

coil '\@
) ~Sensing
_.-signal

LC I
sensor




Proposed LLC TOUCh SenSOI‘ -Simulation Condition-

Oscilloscope MUX model

probe model
3.9pF 10MQ

Readout caoll LC sensor

6pH
@Non-touch
3uH

@Touch

100pF
@Non-touch
205pF

Sine wave @Touch

(10V,,, 5MHz)

VAVAVAV

(100kHz)

1]

© Society for Information Display’s Display Week 2025



Proposed LLC Touch Sensor -simulation Result-
6V

700mV
5V s Untouched 630mV I16°mV s Untouched
4V s Touched 560mV == Touched
3V 490mV
av || | Q 420mV
v \ 350mV
ov 1 \)/WWWW 280mV |
-1V 210mV )
-2V 140mV
-3V 70mV _,/ UL
-4V OmV
Ous  0.6ps  1.2pus  1.8us  2.4ps  3.0ps 1MHz 10MHz 100MHz 1GHz 10GHz

© Society for Information Display’s Display Week 2025



Measurement Result -measurement Setup-

Measurement Setup Test Board for Proposed LLC Touch Sensor

Oscllloscope (MSO46) ST e—"— Colurrmtse'lectlo;n MUXes r Column seletlon MUXes

(DG2102)

.
L C W)

Driving & sensmg
row selection MUXes

00 el

|

Power supply
(DP2031)

- o

5X5 LLC touch
sensor array

.“..‘:._‘;i-- -ae contcoeew
Test board FPGA board
~  (DE1-SoC)

.........
- -

-

© Society for Information Display’s Display Week 2025



Measurement Result -singe-sensor-

Measured FFT Result

| I T 0.8 | |
I l ! I I
4+ ' : Untouched | Untouched
: 0.64 Touched
' >
=~ o
> g 0.4-
O
= >
o
>
0.2
0.0

Frequency (Hz)

© Society for Information Display’s Display Week 2025



Measurement Result - veasured Profile Image-

Touched cell ,
(3 row, 4" column)\ Amplitude (mV)

¢ 3.680
13.0 Touch
(3 row, 2"
5

A
w
(3]

- 3.312
-12.944
2.576
2.208
- 1.840
1.472
1.104
0.736
- 0.368
0.000

A
N

Untouched - Touched (mV)
o
o

-

This measurement result was obtained using the revised PCB.
© Society for Information Display’s Display Week 2025



Touch Sensor
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Power Circuit Researches

[ Switched-Inductor Power Supply Circuit]

1. Automotive € PMIC
« 40V Buck-boost converter 5! & gate driver IC Chip 72 (BCD Process)
« 40V Buck converter %! X-& gate driver IC Chip 7H'2 (BCD Process)

2. ™= |1oT € PFM buck converter
- XNEZ|E 1as E42 A0 4= PFM buck converter 71
« Ripple < 2mV, Efficiency >82%, Maximum Efficiency > 93%, IOUT=100mA)

3. Mobile® 1128 = buck-boost converter (AICSP 2016)
- U MY H3}0| 2 Mode-selection 7| & > battery AH&A|ZH B 7}

4. (ongoing) ME2|E&, =2 F82 S0 Z+= OLED ELVSS& PFM buck-boost converter
+  Output voltage ripple : 1 mV, Max. efficiency 95%, PFM control

[ Switched-Capacitor Power Supply Circuit ]
5. 4D 320F NAND Flash Memory 4HH|E& 112 8/11=% charge pump (@SK Hynix)

«  MA %11 22 variable-stage charge pump 7H'2 (30V charge pump, 8V charge pump)

6. 4D 128%TF NAND Flash Memory &4t H| & & 113 = negative charge pump (@SK Hynix)
«  Charge pump stage 7i{41 2 charge pump controller 7§

[ Linear regulator ]
7. Volage Droop 7|8t Capacitorless LDO

System IC Design
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1. XT3 loT

PFM buck converter

e A High-Light-Load-Efficiency, Low-Ripple-Voltage PFM Buck Converter for loT Applications

 IEEE Transactions on Power Electronics (IF: 5.967) 2022

1esE YU X2 E& EH= SA0 2= PFM buck converter 7H&

Conventional PFM buck converter
Tradeoff between Efficiency and Ripple

PFM buck converter using a static comparator
Vou! Low rpf 1A
l_—_'l' Mp L
Rrsn lLoao
Vin My
Vp Vi CC""
L < ‘
u'}' n.l" 1-' - ’)J Voiage
Dead-time | ZC Zero Peak theough c niffarmnpa
controller [ current current ~l=
detector || detector | CMP i Vg !
| | | Bandgap
D PEAX l Statie Ve | reference
i —‘I Control logic comparator Soft start

- . 4 -
40m i COLFFSYM,F 3 40m - l Cu..«.=100 UF ‘

I "wih g #ge Cou

1, T magndude and rason
| ofthedp

\mga canbe recuced

Ve = 24 my
2zl Vaun * 13 mV

01T 10 2 » & = Yo w0 2 ¥ & %
Load current (mA) Lo&d current (mA)

Proposed PFM buck converter
breaks the tradeoff (Efficiency and Ripple)

Pr PFM buck converter
, LX {m . VL_.JV Low ripple voltage
-l—l- Mg
Resn lcan Ry
Vi '—i Mu
Cour Rz
v T 2
< N
y =
Zero Peak 5
Dead-time Ciock
._. current current Small voltage
controller detector detedtor generator e
PEAK § Ves
4| Control logic ) Vaesi | Bandgap
e L ™ reference
. " Dynamic b ———
® Negligible shoot-through current  comparator Soft start

System IC Design
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1. X{ ™A 1oT € PFM buck converter

* A High-Light-Load-Efficiency, Low-Ripple-Voltage PFM Buck Converter for loT Applications
« IEEE Transactions on Power Electronics (IF: 5.967) 2022

19 9 Ha|E EHS 5A0] 2= PFM buck converter 7%

Dynamic comparator = No shoot-through current High efficiency & low ripple
Steady-state waveforms (.
VDD LX (2V/da Laso*1mA
%E#whk4mné$% o s
; Mz X Mz : l | | o -
CLK driver CMP ‘
CK8 -o< Do— HUVIC I
a ) ' S0ps/div
CK_IN CK ) LR S A A I, (100mA/a) —
|
CKD —_— —_— — S — _— :
Ripple<2mV
Vour (10mV/idiv) * Low npple
G | S
V=3 6V, Vour=1.8V, L=15uH, Co = 100uF

Efficiency (Vin=3.6V)

High efficency
YT e XK e e e
SO O=O-OO0TH =0

BOF > -0 Proposed
7 —0— Caonvent onal

-
o
T

N

Viu*3.6V, Vo r*1.8V, L*15pH, Cpyr* 100pF

3 =z
%. 1 1 10 100
Load current (mA)

System IC Design
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1. X{ ™A 1oT € PFM buck converter

TABLE I
PERFORMANCE COMPARISON
This work
[17] 33] [22] (5] [34] 35] withstatic | withstatic | (Proposed) | (proposed)
LTC 3620 | JSSC2011 | TPE2016 | TPE2017 |TCAS-12020 | TCAS-12021 | comparator” | comparator? | !\ CYRAMIC | WIth cynamic
comparator | comparator
small Cour large Cour large Cour
Technology - 45 nm 90 nm 0.13 um 0.13 pm 0.18 pm 0.35 um (.35 um
Light-load PFM PFM PFM RM2+PEM | MSPWMY+PFM | DGM¥+PFM PFM PFM
control method
Input voltage (V) 2.9-5.5 2.8-4.2 1.8-4.2 2.2-33 2.0-3.3 2.7-4.7 2.7-4.2 2.7-4.2
Output voltaEe (V) 1.1-2.5 0.4-1.2 0.9-1.4 1.7 1.2 1.6 1.2-1.8 1.2-1.8
: o e 15 10 15 20
LS lod(/l\i.urrent 15 (with only light- 40 (with only light- | (with only light- | (with only light- 50 50 100
(mA) load controller) load controller) | load controller) | load controller)
Inductor (uH) 22 10 10 3 1 4.7 15 15 10
Output capacitor (uF) 1 2 10 3 2.2 4.7 5 100 100 250
Max. ripple voltage 19 24 20 >50 15 40 36 3 3 3
(mV)
Ripple voltage variation 5 i 5 i i i 13 5 ’ )
(mV)
Efficiency Vi=3.0V Vin=2.8V V=33V Vin=N/A V=20V Vin=3.6V Vin=3.6 V Vin=3.6V Vin=3.6V Vi=3.6 V
measurement point Vour=1.8V Vour=1.0V Vour=1.2V Vour=1.7V Vour=1.2V Vour=1.6 V Vour=1.8V Vour=1.8V Vour=1.8 V Vour=1.8V
[Loan=0.1 mA 59% - T8% 71.5% 48% T8Y% 75.3% 45.3% 81.1% 80.6%
lLoap=1 mA 90% 83% 83.5% 82.7% T7% 79% 90.4% 83.8% 91.9% 91.5%
Efficiency ILoap=10 mA 93% 87% 87% 90.4% 85% B6% 92.4% 91.8% 93.0% 92.8%
0,
Loap=50 mA - - 85.6% - - - 92.8% 92.5% 93.4% 93.1%
((@lLoap=40 mA)
T oap=100 mA - - = = = = - = = 92.8%

1) PEM buck converter using a static comparator is fabricated with the same technology used for this article.

2) Retention mode (RM).

3) Multiple-sawtooth PWM (MSPWM).
4) Deep-green mode (DGM).
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2. Automotive & Buck-Boost Converter

e Purpose of the circuit
= To find the effect of parasitic devices between HV & LV devices

High-Voltage Device Off-chip components *180nm 60V BCD Process
I_K}_] LX (00 AV Vour 6V :
-LIIMHS f L Rsen
HSN DMOS
\" = =
ol ¢ ZRiom
LS NLDM
High- slde Low- snde Controller B
Driver Driver Eragaancy
Zoro
[ J é::r.r;r;t' %::::rt Compensator ||
Deadtime
Control 1 1
I Control Vs +
Logic
Soft-
Low-Voltage Device start
(6V CMOS) Generator Circuit

Block diagram

) 2o

¥ HANYANG UNIVERSITY
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2. Automotive € Buck-Boost Converter

TP1

PULULVIULE RUIEL 0L

3 : ‘3
X : ;
| High-side s E

N7 nLomos : &

v | owes [

» | | nLDMOS "

.l 2 |- &

| P : Sn —-; ¢

; LV Device ice |-

\ (Buck Controller) >

: [

TP4
Guard-Ring (Width) Placement of Switches
O (15 pm) Lateral
X Vertical
O (200 pm) Vertical
O (200 pm) Lateral

=) U

X &F  RANYANG DNIVERSITY
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2. Automotive € Buck-Boost Converter

e Operation

= Dead-time — body diode ON — .
V| x <-0.7V — parasitic NPN on — LX; ) Vour
substrate noise in LV device region — Vi
mal-function of DCDC ] - I ¢
agn ~ —— Ruoap
e To reduce the effect of parasitic /o= 0.7V
device *

i

= [ of NPN should be reduced
» Large distance between HV and LV

= LX = -0.7V = Vin =
GATE GATE |
111
@ ]
I
DEEP-P P-WELL - =t M-WELL PAWELL
N{emitter P(base) Mttt 'V Davi
. evice
HV Device DEEP-M DEEP-P e
P.EPI We P-EP|
HV Device (N-LDMOS) Guardring LV Device
System IC Design
SIDLAB Laboratory 68




2. Automotive € Buck-Boost Converter

) P2l

X &F  RANYANG DNIVERSITY
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2. Automotive € Buck-Boost Converter

Pre T e st a0 b
I (500mA/div 5 f I Iididy e
“LJ( FESY ) 1 ’ 1“ LI : L LL ' I oc=1A
y .u_‘\,‘r ‘\‘w“‘v/ ,‘{‘u»"-y{‘/ S ‘.f_.l“ '.m‘.."lf!'_"."‘ X Low-side
l: nLDMOS
= s | High-side Low-side -
Vour (6V/div) 1049»"5' L} nLDMOS || nLDMOS Vour (6V/div) 100y
» |
3
(8V/div) { Vix (8V/div)
‘,l TP TP2
‘ ; {Buck Controller)

= Malfunction
I (SOOMAldIV) - IL DC =0.5A

LV Device LVDevice I (500mA/div)

La
I, oc=1A . (BuckControlIct) (Buck Coolier) -1 P4 A MR
v — : & / /r' BRIATY,
O { | ! [ |}
s | |
: 100 ps High-side ™ :
VOUT (GVIdIV) <> nl_go;os Ef VOUT (GVldIV) 10&“5
! Low-side (L
it : nLDMOS - a
Vi x (8V/div) flo . Vix (oV;cifv) ‘
TP3 nLDMOS : TP4

. ‘
919 p1P 218121 21
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3. Mobile® 11 2= buck-boost converter

® v

»
1.8 Tauck-soosT
8. ,BUCKBOOST . . . J
AL
s : — Vgar
S 14 ===-Vour
o
S
o 1.2
S Reassage PSS SRR PRy &
. N
0.8 >
0 50 100 150 200 250
Time (min)

S2 /(1-p)t S3| DT

| Buck Mode |
Al ON
ot (W)L, 525 Vour
st ] s4
Vin S2 /(1-D)T pm—
& . 4
| Buck-Boost Mode | DT
0T, o @, SO Vo
1 I S4

.
| Boost Mode | )
Always ON . (000 (1 'D): ‘Vour
S1 S4
<:> Vin S3| ot ==
* . 4

Mode Selection Operation

s

A\

AVin(v)

14}

Vour+0.15V

Buck Mode

F

Vour

A

' Buck-Boost
L Mode

)Y

Vour-0.15V 1

W

Boost Mode

0.9
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3. Mobile2 112 = buck-boost converter

Current
Sensor L ZCD2 |-
| X1 ([0 _LX2 T I ) ~ Vour
S1 S4
Vi S2 - S3 Rc
O R,
(w )
- H ‘ ’
— - jr: — §R1
V1 V2 — V3 V4 ZC2 | IC2
BCK— ADU1 je— BST—+| ADU2 |+ 11 c
Y " T R ]
Viiici Delay BOOST ¢
Vrs
VErRR /
CO"trOl D Q R VCONT _I-- ’
i - +
e S Veik + Vi \ Vrer
‘_‘
BCK4 4 BST Soft Start
Vin,, Clock & | & s
oc
Voul’ Mode Sel. Ramp Gen. 2 BGR
> e
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3. Mobile&

1L (200mA/div)

LX2 (1V/div)

BN B U o

iinbulatnlals - inininink:

R R L = R

Vour (1V/div) 0.9v
Vin (1V/div) 1.0V
| 1us
(T8 . RIS . arer AP .
chi 10v B ¥ 1 Bw M 1.0ps 125654 800ps it
Ch3 0 B A Cn3 7 SS0mY

buck-boost converter

I}

Vi

Efficiency (%)

S

o
Error Amplifier N1

-
>

!
o
ﬁ%l
J=lF
- O

90
—O— Buck | Lo
85 || —A— Boost %
—{O— Buck-Boost M
80
~

75

70

65

10 100
Load Current (mA)
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3.

Mobile2 11

= buck-boost converter

b Buck Mode

Boost Mode

Buck-Boost Mode

3 . faw=19.8kHz faw=11.9kHz fow=10.5kHz
c
‘©
o
-100 Vm =22V V|N =0.9V V|N =1.5V
VOUT =1.5V VOUT =1.5V VOUT =1.5V
-90 — ;
- PM=67.5° PM=70.9° PM=68.6"
o -180 '
E
o : \
@ -270 \/— \ \
L \
o
-360 \/—
1 10 100 1k 10k100k 1M 10M 1 10 100 1k 10k100k 1M 10M 1 10 100 1k 10k 100k 1M 10M
Frequency (Hz) Frequency (Hz) Frequency (Hz)
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3. Mobile2 118 = buck-boost converter

2] [18] This work
Process 0.35 pm 0.35 pm 0.18 pm
Supply voltage 2550V 23-50V 0922V
Inductor 18 pH 4.7 pnH 4.7 pH
Capacitor 47 uF 22 uF 10 pF
Switching frequency 0.5 MHz 0.5 MHz | MHz
Iour (Max) 330 mA 200 mA 200 mA
Output voltage 3.3 V (fixed) 3.3 V (fixed) 0.9-2.2 V (variable)
Max. efficiency (buck mode) 91.6 % 92.0 % 88.0 %
Max. efficiency (boost mode) <80 % N/A 84.5 %
Max. efficiency (buck-boost mode) <65 % N/A 75.6 %
Line regulation N/A 0.05 VIV 0.05 V/V

System IC Design
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4. Buck-Boost Converter for ELVSS

ELVDD
- -
]

OLED SZ

VDD | gyck-Boost ELVSS .3V
converter s [/l/[/ Ripple
-l-cour
5 AT T F
Conventional Typical PFM Proposed
Control method PWM PFM Advanced PFM
(FCCM)
Cout Large Large Large
Ribble Small Small Very small
PP (5 mV) (5 mV) (<2mV)
. . i Very bad
Efficiency at light load (<10mA) Very bad ’
*at low gray level (reverce current) (shoot-through Good
current)
Low ripple, high efficiency SAl 24 > OLED 21H &4 & Power A SA| 2d
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5. 4D NAND Flash Memory &

(320CH

122/ HH/ D% Charge Pump (@SK Hynix)

Double- Double- Double-
V\y | Boosted Boosted Boosted Boosted |y,
——p| Stage || Stage || Stage || Stage °"",
1 2 3 4
(LV Cap+ (LV Cap+ (LV Cap+ (LV Cap+ :
HV Cap) HV Cap) HV Cap) HV Cap) (
¥ ¥ ¥ ¥ '
Advanced Dynamic Stage Controller (DSC) [¢—
*
Advanced Clock Controller e w

Proposed Charge Pump

olage

Double-

L

) LV-HV Hybrid
Double-Boosted Stage (DBS)

« B = stage0f| LV Cap + HV cap H &
= unit stage P15 Zt4

« 2} stageOf|A & $ voltage boosting
- stage 7l Bt E 4

(% Advanced
ynamic Stage Controller (ADSC)

* Vour A2Al (@WL rising),
stage i+ =& 7| M
> 88 :’57}&‘?'73 37t

(3 Advanced Clock Controller

* 4-Phase clock control
- Non-overlap time M#A 7}s
- Max. frequency 57t > S5 ZH4

54

Advantages

@ LV-HV Hybrid Double-Boosted Stage - Stage ™% Z 4 & Stage =+ &2
@ Advanced Dynamic Stage Control (ADSC) > & F7/ & &% 7|
3) Advanced Clock Control > HE Z4 & 58 7}
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[ €= 0F: Biomedical Circuit ]

H| XIS E X2 3|2 3 A|AE

System IC Design
SIDLAB Jfeti e 8




o LTS L MZFEHH HE
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9
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& Xt} 7| £0| B
l =(DBS): =|0f 2 =5 ¢
9

Tﬂ%xr E(VNS): 7 Aot FE{S
=2 0|2 9| £=0| _Q__T.I.EI

® I:]H_CI)_ T
« 717//Z2A7F 24 X}O| 2 Qo EFE HHS: YA ALE Kot
« EIHTI0 o=X| %2 2AES R
o 7|=E H|HSH HXICF 7|=2| sHA|
= F5 AFHI|XSE (tDCS), B0 AH7| Xp=HE (TMS), 22 IF M B X=E (Ultrasonic
oot HAtg 712 20| YKot MA X2l o{HZ

—

Modulation)
2 SUH WL JSHK| = &9 A=0] 2

7|& H&SH XY 7=
LT LENERTE
(Vagus Nerve Stimulation)

(Deep Brain Stimulation)

5, COIR

80
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AlZHH 7Hd K== (Temporal Interference Stimulation, TIS)

o TIS
« M7|A 7to| ZHM o 2 QI Bz 0
= AMZAMIIF DFOH0|AM = BHS K|
- F OO A7|E ZHE 0| A
- H|ESH gl z 2715t i

Stimulation by

Af envelope == Envelope(Af)

o TIS 7|E2| ®iXj THAH
- HET YYO| HSAE O
« 2EYY XIS LB B39

= SAO| CHXE A= 27t

I
cte Me 0|8

| HAE|0f Xt30| 0] 20f %
b B

BUH SN E B
URFLE Mo 02

Planez =0 Plane y = 0

D0

Amplinade

........

Planex =0
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MR Multi-TIS 584
d8 RSP AM2Y 1S
CHie S5 8Y th.‘)_ 23 H8

_ H7|®2. Multi-TIS
IC Chip &4 7|&
Chip W 212 IH > AlAH 423
cHi 88 > THY A3

CHE Fo4 8™ > CHXH X3
ERUS HARR YR 5> 12Y X3

— #A7|®3. Multi-TIS ——
Al2® B2E dA 7|8

23
EEmnn
(N
(N
(]

™| AFEe pcac) Al2E P

7181 Multi-TIS S8 Y HE X S ALAH 5
Chxf e &8 (LE E X=3), CHE Fh (CHXFE A=) 20 25 2L 58 A28 5
Al 7| &2. Multi-TIS IC Chip A4l 7|&
Chri g (18 ®), CHE FOk (CHX ), v 24 (A7 YY) 7158 Z= S 28 W] ICchipl 2 ¥
A 7|83, Multi-TIS A|AH B E A 7|&
FHOOH Ts X xE ST B4 MO 75Tt A|AH EE 7Y
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Multi-TIS 2|2 5! A|AE! 75

T Power |1V Multi-TIS | .  Multi-TIS AIA® (on PCB) Electrodes
-» Battery [-»|management| ;- A El 3 -
power Y | A= > » | T
i > c % Multi-TIS
7 T 2l 2llsE2ll® IC , IHRRNREN
[ [T 0 Chi ®
Wireless Micro Signal Signal MUllEAS § % g gg 3 N 2 EEREREER
B s =9 -+ generator f-» driving circuit H» o Il @ Ocofl @
data controller| | |controller (32¢h) (32¢h) = g §
= AENREEREN
Multi-TIS IC chip EEERIRELNEET e Y65 -
*MH (mouse, rat) 0] A|AE £A}

HA THE 7=

- ™Y Ot WH 22 (01% tHe| Foe =8 7ts)
e MR (£15V) L7 Y (mismatch < 0.1%) &2 £

« C}XHYE IC chip (ZICH 32 ch)

- F4 OOolH /MY & 3=

At Tl 4= O A=
« 2023: & IC chip 732 44 2=

« 2023: 1X} AH|Z (IC chip) X% =: TSMC 180nm BCD 578
« 2024: 2Kt A|H| = (IC chip) Mt
« 2025: 22X A|MIE (IC chip) O] &%t A|AE /g Sl X (rat, mouse) CHA A&
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oo

TIS IC Chip 7H& LH

Previous TIS driver IC (current mirror) [14]

@ Low linearity «— Vuinerable to APVT < Separated source circuit «.
N Swiching nose  APVT induced dstotion  O@parated sink circuit «—_ \

‘ loac YV ||lsqc A

’ lsee || + &apvt
Switching I i
noise | 'ShK \/ 'V "

T o ¥\ 'Jf\i/ -

/
lo summing 7 : s
with switch. —os? :
operation

@ Low linearity (seperated source&sink circuit—vulnerable to PVT variation)

@ Low linearity (switching noise)
@ Low spatial selectivity (Max. active electrode: 4)

/| Non-active © Achve @

* Total electrode: 16
* Max. active electrode: 4

@ Low spatial
selectivity

Proposed multi-TIS driver IC
3 O s ; : .
Swnchln‘g noise X © ngh linearity ‘K\ InSansitive 1o PVT v Electrode A Non-actve © Actve @
| , Amplifier based architecture ° gy ey 1 |+ Total electrode: 12
|C generated _Vflmout uniﬁed source c"-cu't & s|nk CIFCUﬂ ‘\ H , . i » Max. active electrode: 12
switch operation r g | : W i
¢ Vousss H stimulator [} | lg e\ Brain
: |
Voac AN | 1.3 2 41 >
Vo /\/\/ Data) Channel|Ps] 9bit \Vou: . DS
4 d —> 5 % . 2
| o 0> (i © High spatial
0 T st Y selectivity

© High linearity (unified source&sink circuit—insensitive to PVT variation)
© High linearity (amplifier-based architecture—no switching noise)
© High spatial selectivity (Max. active electrode: 12)
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TIS IC Chip 7H'E LHE

Controller

Proposed multi-TIS driver IC

(FPGA) 12 CHs !
Or Vourer Single channel
Dre ioEaL Data DATA<0> | Jr: S -
Dowipea Jpreioy DATA<11>| |i|  Serialtoparellel  fif).. ____L_\_/_p_qf_fge_r HV stimulator
RSB ¥ DP<0:8> > i Ry Rz
ggg;l Clks [l Holdinglatch _Ji||: +’V\Qr\7~—4\l/\f/\r—
; : 7 il : amplifier
generator CLKL >l $DHL<03> § DHL<4 7> : i P '
|| 4-to-16 | 4-to-16
MUX | 2o || decoder | decoder |:
controller i yDHL<8> § DH<0.15> § DL<0 15> Vo<11>
Dep caL T VH Level shiter  |: -
coger ||| | (e g
Dewca | Storage R-string—7—% 9-bit low-voltage
| memory T RDAC (LVDAC)
VL
Calibration module
corart] g Ji- et fFaance
dYaI{Ileeer AVo, o calculator|vo.u Sgl;u\batg\r‘) Vianavs (VMAX Vin I
9 R \VOPRTOCI® average)
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TIS IC Chip 7 L&

... LV buffer

R:

HV amplifier

Vo
o I i
Feature of HV amplifier

1. Push-pull output stage
2. Max. output current: 2mA
3. BV protection for high voltage (+20V)

Proposed HV amplifier

| HV-LDMOS  LV-CMOS |

K-

I ]

HVDD (20V)

Ms

LVSS (0V)

——{| . Mis %D
D

HVSS (-20V)

J SiDLAs 4
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TIS IC Chip 7 L&

Phase 1: before calibration

_ﬁF_

e
N

“;-ib W igue variadan) o, % >
Offant volage’ 044 -uirthut vortige swmabast

D]

— s —
whdraton code
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driver é
Controlisr 3
D R7‘-:1 {FPGA) A .zgclﬁ_.“ - 3

Data generaior :l;f.\:u el ‘ur’ ?',, ;

WX | ) Ds
sy . "

Phase 2: calibration

L T ——m Vi, [calbraticn phase|
o
o | T
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.__l >4
o S et { °
Galie 5 AGowia sueitio) A )
Offaet woltape: D+Vimtve waliage Vit

e mosie W || oo
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Phase 3: driving
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T
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=
0f0

TIS IC Chip 7H

1.7mm
R-string & Bias
933.1";—

| g

2: TSMC 180nm BCD

Measuremnien
unit‘QAQ) i
1 s r ‘.., )

Rl e
“Power
\sypplies

=) 2y
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SIDLAB fteitieiety 88



TISIC Chip 7 L&

Before calibration (1 kHz)

12 channels (1 kHz)

=7.88% AVoun
=507V
Vo po=peak-to-peak outp voltage
0 05 1 15 2
Time (ms)
Before calibration (10 kHz
12 channels (10 kHz)

After calibration (1 kHz)

AVomx=015yv 12 channels (1 kHz)

AVoun=0.25V
Vo pe=peak-to-peak output voltage

0 05 1 15 2
Time (ms)

After calibration (10 kHz
AVouax=0.14V 12 channels (10 kHz)

=015V

Vors=peak-to-peak output voltage Vo sp=peak-to-peak output voltage
0 005 01 015 02 025 03 0 005 01 015 02 025 03
Time (ms) Time (ms)
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TIS IC Chip 7 L&

JX3RM11 1
3X3 R madrx 2

P,

I-r Tasope waeho f A c— r»q-v-:u-ﬂ-r'-

Conmdlondlagram
- V<1> »/p
V<2> | >l
Vo3> |’
Proposed » Py Deep
mUs-TIS —plp, bean
driver IC | Floaling [p, model
chip Floating |p, (30
Floating |p,
Floating |P;
06| —
= osn
g o
s
% 03|
06 |
E a1

P

s} 3X3 R matrox 1
: i P o ——W—o P2
| 1kHz 1.01 kHz
P P
| Py oL AN —o Py
b v 1khz 3 101 4Hz
! uaﬂt -DP\MI GND {anb-phase)

Wlth the 4-channe| the envelope peak ratio (AIB) >270

06 07 08 09
Teme n‘:]

Measured TIS envelope usmg 4 channels with a 3D model

an brain 30 model

3X3 R matnx 2

| Py ot —N— Py |
Floang = 'y I Floating |

'L“"’.

.—J\- _J\
| Flosing = j £ Floating |

< ¥

Pr o—p— N —p—< Py

Malrx 2 wond signal
'P> P ] nonng nedes

Connection diagram

PN::E:TIS

driver IC
chip

Veels

Vo>

V<3

Veds |

VoS>

Vi

Vi

Ve8>

>,

»/P.
P,
P

>y

Py

Amphtude (V)

IER rnml
3X%3 R matria 2

| -Hm(« S S ———. l(

3IXIR mamx 1

Pl e A1V —e L —Y
Tz = 101 k2
B,
Pro—am-dAWsAN 4w o Pa
| 1kHz 3 101kkz !
-am»phasel ,.,r, xamrphaeel i

Wth the ‘8-channel, the envelope peak ratio (A/B) - 3.38

3X3 R matnx 2

Measured multi- TIS envelope usmg 8 channels wnth a 3D model

[T e
1kl2 = T = 101kHz

Pr o—yn—Ln——ry—Lp—o Py
Matrix 2 input BW
(Ps-Ps} roﬂoalm; nodes

[X

02

0.3

04

06 07 08 08
Tme (s)

JSiDLAs 4
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TIS IC Chip 7 L&

[16]CICC24 | [17] TBioCAS 25 | [14] JSSC 24 This work
Technology 180nmCMOS | 180nmCMOS | 130nmBCD | 180nmBCD
Application PNS PNS VNS VNS, Brain stim.
Stimulation method Bipolar Tripolar Single-TIS Multi-TIS
TIS compatibility No No Yes Yes
Multi-TIS compatibility No No No Yes
Stimulation waveform Bi-phasic Bi-phasic Sinusoidal Sinusoidal
Stimulation curent generationscheme | GRS | SROEEL | SN | solrciink
. Maximum simultaneously driven electrodes 8 6 4 12
Maximum stimulation current (mA) 3.5 0.124 10.22 2
Stimulation current resolution (WA) N/A 2 208 7.8
Stlmulatnon current maximum frequency (Hz) | N/A 20k 42k 10k
Stlmulatlon current frequency resolution (Hz) N/A N/A 10 10
Compliance voltage (V) 20 45 10 + 20V
Maximum load (Q) N/A 100k 1.8k® 15k
0.13 0.13
Channel area (mmz) 0.06 0.64 (Wlthout DAC) (Wlth DAC)
DAC resolution 12b 5b 9b 9b
With calibration No Yes Yes Yes
%V'a“m(g;gfg'ﬁgpa&ﬁe voltage N/A N/A N/A AV < 98mV
e o eiieg NIA N/A NIA AVzp < 0.77%
Maximum SFDR (dB) N/A N/A <60 65
Maximum SNDR (dB) N/A N/A <52¢ 61
Minimum THD (%) N/A N/A N/A 0.084% ¢

*The output current resolution is calculated based on output current 10.22mA
¢ The SFDR and SNDR were estimated from the accompanying graph.

b Stimulation current amplitude of 2.56mA
4THD was caiculated considering up to the Sth harmonic compenent.
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[Biomedical Circuit]
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Reference

This presentation is based on the following paper.

“An artificial neural tactile sensing system,” Nature Electronics, Vol. 4, No.6, June, 2021

nawmre ART'CLES

& IL’C (ronics https://doi.org/10.1038/541928-021-00585-x

M) Check for updates

An artificial neural tactile sensing system

Co-first author
Sungwoo Chun '3 Jong-Seok Kim ©**, Yongsang Yoo "%, Youngin Choi "%, Sung Jun Jung?®,
Dongpyo Jang®, Gwangyeob Lee’, Kang-ll Song®, Kum Seok Nam ©°, Inchan Youn®, Donghee Son %,
Changhyun Pang ©'?, Yong Jeong = *", Hachul Jung ©' ", Young-Jin Kim', Byong-Deok Choi*,
Jaehun Kim®, Sung-Phil Kim", Wanjun Park* and Seongjun Park ©%"&

Humans detect tactile stimuli through a combination of pressure and vibration signals using different types of cutaneous recep-
tor. The development of artificial tactile perception systems is of interest in the development of robotics and prosthetics, and
artificial receptors, nerves and skin have been created. However, constructing systems with human-like capabilities remains
challenging. Here, we report an artificial neural tactile skin system that mimics the human tactile recognition process using
particle-based polymer composite sensors and a signal-converting system. The sensors respond to pressure and vibration
selectively, similarly to slow adaptive and fast adaptive mechanoreceptors in human skin, and can generate sensory neuron-like
output signal patterns. We show in an ex vivo test that undistorted transmission of the output signals through an afferent tac-
tile mouse nerve fibre is possible, and in an in vivo test that the signals can stimulate a rat motor nerve to induce the contraction
of a hindlimb muscle. We use our tactile sensing system to develop an artificial finger that can learn to classify fine and complex
textures by integrating the sensor signals with a deep learning technique. The approach can also be used to predict unknown
textures on the basis of the trained model.

*SSHT(EFEXXL:
N M/HL W (sensor), SHAC] Z

o

M W 2= (circuit & system), A 2L 2H’dE = (biology)
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Future Applications of Artificial Skin

Prosthetics Remote Robot

Image courtesy: KIST

oo ot ul

HANYANG URIVERSITY
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Artificial Skin

Compared to other senses,
tactile requires more research and development.

Sense of Hearing Sense of Tactile

Commercial Product Commercial Product Commercial Product
“Artificial Retina” “Artificial Cochlear” “Artificial Skin”

Image courtesy: Second Sight Image courtesy: Medical Device Network
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Human Skin VS. Artificial Skin

Human skin

Re?eg%lr . Brain
(FL=8H) ﬁll
E‘—-\S n j Nerve
otzd g K| =
=5 &S 4--""‘) neural signal
- neural signal i v
o Tactile
‘ == perception
Artificial skin Brain
Sensor Sianal
igna
b converting ——_ Nerve
gH& s system neural signal
- electrical signal¥
Electrical signal Tactile
-> neural signal perception
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Research Iltems

Human skin

Receptor ot
@ — 15} Nerve
Pressure & Vibration :
- neural signal @ neural signal
~ Tactile perception
@ 5242 H|(receptor)2| Z 77
@ 2L (receptor)d| A 44 | = neural signal 2| HEH?
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Research Iltems

Artificial skin

< @ Brain

Sensor ,('
@ A y 3 » Signal @
ol ] ol converting —=__ Nerve y
Pressure & Vibration system neural signal .(
—> electrical signal § o @
’ Electrical signal Tactile

-> neural signal perception

® MAM: 217 218 H|(receptor) & O E A 2 = RULL?

@ MM readout: ‘dIM T7| M= E ofj 5 10| 8j= &'EH?

® Signal converting: A 0f| 17tz E2(& HEE HESED, neural signalE ‘47
©® Neural stimulator: 21 30| QlAlgh = Q= HEE 4l HE B AMF L5

@ A" M0 Mot & THES 20l5H= B2
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Research Iltems

Human skin

Receptor Brain

Nerve 5,

neural signal | : @ neural signal '(
| Tactile perception

1

1

i @ FAEH|(receptor)?| TF?

I e

L @ H2Z58H|(receptor)0ll A 44 E| = neural signal 2| FEH?
1
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Biological Tactile Sensory System

e Human Tactile Perception
» Human perceives tactile stimuli through the mechanoreceptors.
= Slow adaptive (SA) receptors respond to the static pressure
= Fast adaptive (FA) receptors respond to the vibration (high-frequency dynamic pressure)

SA receptors:

Biological tactil m .
aogiea Iactiesandory sysia respond to static pressure

Merkel Ruffini

e

@0

Meissner Pacinian

Skin dermis

FA receptors:

respond to vibration
*vibration: high-frequency dynamic pressure

=) B

b &F  RANYANG DNIVERSITY
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Biological Tactile Sensory System

e Neural Signals

= SAreceptors generate different patterns depending on the static pressure
= FA receptors generate spike at initial contact and final release of the stimuli (vibration)

Applied pressure
P2
PT P1
[ | .
SA receptors: ' _ .. Different
pressure sensing SAneural signals - patterns
= Va &« "/
o LI
;S P
~ Fing
rF r Jg SA Pressure
receptors sensitive
FA Vibration
receptors sensitive _.--Z Voltage

-
- ”
- e
-

PR

A | . spike
@ V A" "’ _L
Skin dermis T ” | " I
Meissner Pacinian !
) FA r_eceptors.. FA neural signals
vibration sensing
T 101 =) P
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Biological Tactile Sensory System

e Tactile Perception of Brain
= SA & FA signals are delivered separately, and then integrated in the human brain.
» The brain perceived tactile with a combination of the pressure and vibration signals.

P2
PT P1
SA t '
receptors: (o] J S O
; SA neural signals = E'J_‘Il- 'I—I% A'—l —l
pressure sensing XSO = ZE7HO| Al
Vv 4 = — = 1=
Merkel Ruffini I| | E '"”IE
ﬂ [—I Brain
SA Pressure SA signal
receptors sensitive
: (Pressure)
. e T EE TP PP >
=1 = L e S e >
Qs Q ‘ FA Vibration FA signal
T a0 - €& receptors sensitive . .
: » @ @ (Vibration)
v .
Skin dermis T ” | ” | TaCtII.e
Meissner Pacinian | perceptlon
FA receptors: FA neural signals

vibration sensing
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Research Iltems

Artificial skin

< . ® Brain

Sensor @
, Signal
® 2| converting —_  Nerve -
Pressure & Vibration system neural signal (
- electrical signal §
Electrical signal @ Tactile
- neural signal perception
:
1 -
L3 MA: 217 H2t=8X|(receptor) 2 OE A &S == QUL}? i
1
i @ M A readout: A H7| MSE o= g0 ol &2 i
1 1
i (© Signal converting: A0 QI7tEl Z2|H FEE EHEHSED, neural signalE &g !
1 1
i © Neural stimulator: /80| ¢l&2 = = FE|=2 = HE H UE 7= i
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Artificial Tactile Sensory System

Biological tactile sensory system ;
SA receptors SASSU Sgnas

SA Pressure
receptors sensitive

: oo A | 1Y )
2y |© @ L

FA Vibration

receptors sensitive
a g Human
Skindermis === | @ S (1 01! o nr 1| eemmmmmmmmmmmmy o

v
Neineé. Pasiilan L_ll LI L[ saFa ii sAFa

FA receptors FA mura‘ svja}s L U e o o o o o o e e e e e )

< Mimicking

‘ Mimicking
Artificial tactile sensory sysiem
Piezoresistive Piezoslectrc _

This work
R v [ | e mmm—————————— 1
*Foroo transfor 1 I l I | | i SA. FA i i SA, FA i
H .. 1
L I I i Sen’sors i 1 neuron mimic |
SA SA R?alnf uided EA H i i Signals i
device r\efvol e -n l nerve e ; e

+  FA-type neuron
mimic-signals

SA-type nouron
mimic-signals

T |]V1_n L

) 2o

& RANYANG UHIVERSITY
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Proposed Artificial Tactile Sensory System

Block Diagram of the Proposed Tactile Sensory System

AMN circuit & board

@ SA sensor SA sensor @

AMN board

5 SA neura i
O SACPU g stimulator©

SA read-out
output 7| circult | SAADC T/
FA sensor @ FA read-out 5 FA neural
output " circuit *| FAADC - S D FACPU sumulaior© 1
\
SA mechanoreceptors -y
AP patterns £
o— {
FA mechanoreceptors EYC S ooor g e~
AP pattems “aim | %L

Biological tactile sensory system for real AP patterns

*AMN (Artificial Mechanoreceptor Neural)

“ ¥
‘.

Artificial skin

Sensor

® | =t
Tactile = g
electrical signal

®

system

Electrical signal
-> neural signal

Brain

Signal @
Nerve 5,

converting —_

neural signal (

@ Tactile
perception

System IC Design
SIDLAB Laboratory 9

105




Proposed Artificial Tactile Sensory System

a |Pressure R '} an| V' boarg Vv
(analog) (analog) | (digital) | | (digital)
ok SA sensor : SA read-out SA neural
output T circuit SA ADC X *| SACPU stimulator
FA sensor : FA read-out FA neural
T g i > FA ADC > FACPU | ‘
FA sensor output : circuit . stimulator
SA mechanoreceptors = ¢
AP patterns = X
Biomimetic |sa s V
FA mechanoreceptors AP patiom AR sper | .
Al peane Tm faolff Z a2
AMN board TS OO U DU uOTU LSOO SRR SR BSU OIS, oo isemmesmemmeen | S SUBNOCIEL ]
Biological tactile sensory system for real AP patterns
106 = R
& HANYANG UNIVERSITY
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Novelties of The Proposed System

@ SA & FA Sensors

= New tactile sensors with particle-based polymer composites

@ SA & FA Mechanoreceptor’s Action Potential (AP) Pattern
= SA & FA mechanoreceptor’s AP patterns are obtained from real nerve of mouse

@3 Artificial Mechanoreceptor Neural (AMN) Circuit & Board
= SA & FA sensor outputs are translated to the SA & FA mimicked neural signals

@ Surface Texture Recognition

= Texture recognition accuracy is verified using deep learning.
® In vivo & Ex vivo Animal Experiments

= Neural signals generated by the proposed system are verified with in vivo & ex vivo experiments

Block Diagram of the Proposed Tactile Sensory System

@ AMN circuit & board

FA sensor

SA sensor
output

FA sensor
output

AMN board

SA read-out
circuit

SA ADC

FA read-out
circuit

v

FA ADC

(B Animal Experiments
(using SA & FA output signal)

SACPU [—*

SA neural ii
stimulator

v

N

SA mechanoreceptors
AP patterns

FACPU [—

FA neural $ ‘
stimulator :

FA mechanoreceptors

AP pattems

‘—
Biomimetic

@ Biological tactile sensory system for real AP patterns

\
A 4 Q
SA tm\”(m ol -
AP patiemn AP patfern |: i
s | T ‘I
’ I — -— 8
: saeey :

@ Surface Texture Recognition
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@ T-Skin Sensor

e T-Skin Film
= Combination of rGO (reduced graphene oxide) & BaTiO4 (Barium Titanate)

= rGO: changes conductivity according to the magnitude of pressure
> SA receptor mimicking

= BaTiO; : generates piezoelectric potential according to the changes of pressure
- FA receptor mimicking

e T-Skin Sensor
= rGO enriched film - SA sensor
= BaTiO; enriched film - FA sensor
» Vertically stacked - SA and FA signals are generated simultaneously

Cross-section of T-Skin Film Characteristics of T-Skin Film Configuration of T-Skin Sensor

Ultrathin Deformable Skin adhesive Passive body skin system
g Stimuli

IH ‘ ’ b . ;
<7 BaTi@, particles

Second layer o PDMS

Large-area production Flexible and rollable
FA-mimicking sensor SA-mimicking sensor
0 pares — o
Isti
SPRrOjeRuive) First layer Second layer
BaTiOs-enriched rGO-enriched
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@ T-Skin Sensor

e SA sensor (similar to SA mechanoreceptor)
» Pressure sensitive
e FA sensor (similar to FA mechanoreceptor)
» Pressure insensitive
» Detects high-frequency vibration (1,000Hz) *Human vibration detection: Max. 500 Hz

Responses under static pressure (10,000 repeated measurement)

SA sennor FA sensor
08 1.50
|~ 1t ~ 1l
Ga - 10,0000 /_._‘_.—-. 1.25 & - 10,000th
' )/. 00 &—-gp—t—t—a—0—8
SAsensor Y, ! r* : FA sensor
g (q 04} Prusaure sonsitive > y FIOSSIN Mmeenetiva : . g
(pressure sensitive) = | T > 075 [ = 2 sow (pressure insensitive)
] 25 kP
02| Lol | 050 S | TJNJN.
. % 026/ Y U f
0| 0.25
o 0 2 4 6 0 1012 14 AR T 0 12 e
0 ks : -
0 20 40 () 80 100 0 20 40 60 850 100
Prossure (kPn) Prossure (kPa)

1 Hz 2 Mz 50 Hz 500 Hz 1,000 Hz
0.9 T : - ; : : : : : - : 1
06 t
}
0.3 f [ |
- )
=09 ?
-0.3 o E )
| { \
oe L IWWMAAA
0.0 q 3 | ; g ] A N [ 27.000 7'/.005;‘ 27010
=0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
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(@ Mechanoreceptor Action Potential (AP) Pattern

e Obtaining AP Pattern from Real Nerve
= AP patterns against mechanical stimuli were obtained from real nerve of mouse.
» AP patterns were collected for SA and FA mechanoreceptors independently.

< Slowly Adapting>

T

< Fast Adapting >

Saphenous

—— )

[ T b";g__ Saphenous
f § !’K nerve
Single fiber J Single fiber

System IC Design
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® Artificial Mechanoreceptor Neural (AMN) Circuit

e Configuration of AMN Circuit
= Sensor readout circuit + ADC + CPU + neural stimulator
» Mechanoreceptor AP patterns are stored in nonvolatile memory.

Block Diagram of AMN Circuit

Artificial mechanoreceptor neural (AMN) circuit @ Sensor Readout circuit
SA i . SA sensor - ] i .
con b oAsensor L, N sAstmulator |+»  Converts the sensor response to voltage domain
: ADC cPU i @ADC
sensor -3 rerdom oo | FAstimulator | i5  Converts voltage to digital domain
_T 1 i  (® CPU (in Raspberry Pi)
S e ttooptors Digital processing & selects AP pattern
— - @ Neural stimulator
mechanoreceptors 1 .
AP patterns ; Converts AP pattern to current domain
Fabricated AMN Circuit Board
D - B — =

+¥v | | | ’ |
' " YRORT
ﬂ : ‘ “Voltage

;
' ‘ !(Raspberry Pi) .rfagula(or?

Y e
Ry NS N Resistors
' for Qal

=) P

X b & HANYANG UNIVERSITY
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® Artificial Mechanoreceptor Neural (AMN) Circuit

e Electrical Model of Sensor
= SA sensor: pressure dependent resistor
FA sensor: vibration dependent current source (AC current)
e Sensor Readout Circuit
= SAreadout circuit: resistance is converted to voltage level
FA readout circuit: AC current is converted to voltage spike

SA sensor readout circuit
_SA sensor Re P
(piezoresistive) AAA t
! Rg !
: : RHR
e >_L oL,
__________ +
Rp Vrsa V" AMP1 V4 vsa
Voe Wy VRsa t
R, FA sensor readout circuit
FA sensor P
(piezoelectric) c|:|F L:I_D_L
------------------- |
AMP3 ) Is t
_M_ym
-R v VT \Vea
"""""""""" RFA
W— t

Pressure on SA sensor
- resistance (conductivity) variation

-> output voltage level change

Vibration on FA sensor
- AC current generation

-> output voltage spike
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® Artificial Mechanoreceptor Neural (AMN) Circuit

e Neural Stimulating

= “Charge balanced biphasic current pulse” method
—> maintaining charge balance in the biological environment to prevent tissue damage

e Proposed Neural Stimulator
= Current mirror based current stimulator - biphasic current pulse
= Charge balance between I, & |5y = prevents tissue damage during stimulation

Neural stimulator VDD Charge-ba|anced
D | S S | : biphasic current pulse
} o] )
DAC Vbac1 AMP1 L]' --------------------- I “voltage
1 CA
I: Ir1 EAN
M4 ECA
SW1 0\—
? A Vvoltage
R1 IQUT ECA
VSS = out
VDD - ,
Df CMZE “\E«N Acurrent
: i lepl=====meeemcaaa
DAC | Voacz AMP2 SW2 CA
2 E IAN IOUT
M, Qg = —
CM;
R2] TR — ‘
VSS
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® Artificial Mechanoreceptor Neural (AMN) Circuit

e Neural Stimulator (Calibration Method)

= Current mismatch by process variation - unbalanced charge - tissue damage
» Current mismatch calibration (by adjusting the DAC voltage) - balanced charge

Architecture of the mismatch calibration

Stimulator

Measurement Result

Before calibration

120.98pA

130

DAC
1

After calibration

100.01pA 100.04pA

Current (pA)

Waveforms of the mismatch calibration

D, oooXoo1Xo1oXo11X1oo 100 01
b Fal

E

| (U SOOI SN T, U\ ................. 80

The entbr i Mismatch Mismatch
reduced under V sg 1 6% 0%

0 ;

“This example uses a 3-bit DAC resolution for a simplicity
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3 AMN Circuit - Experiments -

e Pressure Magnitude Sweep
= SA stimulator output: different pattern according to the pressure magnitude

= FA stimulator output: voltage spike at initial contact and final release (vibration)

Pressure magnitude sweep
T AMN circust & board
[
vv!“ sensor SA sensor SAreadout | SAADG SAGHY: R—» SA “‘T‘“’a‘
output circuit . » stimulator
Asiv} / IIII
‘ F
o S T M ey | —_
Ay ‘
IIII " I :
Fi ! SA mechanoreceptors \\;_. ‘
ll g AP patterns lr
5 7 R e——
| IIII H FA mechanoreceptors Blomimetic {sA recicr ¥ panem |
= K 4 AP pattemns 'G;“ = . L3
AMN board ! H
7 H Biological tactile sensory system for roal AP patterns
' !
. . 1
. SA readout circuit ourput : SA receptor AP Pattern
" I 9
- i 50 kPa ! ;
g'i?: 4 30 kPa ,," g? 2
n g . w / g &
£
SA 1§ i B8t |l
w B =z 2z oz =y d |0kl'nl’l(l‘(l‘ua(‘u 0] ee—————————
0 10 20 30 40 50 !fﬂ 0 R0, '4() 0 10 20 30 40\ 6O 60
Timo (s) H Blomimotic Time (N) " Time (s) ‘\
1
L \
, 5
. . 1
FA readout circuit outpuy FA receptor AP Pattern _ FA stimulator output
1= 6 1 1 ‘ 3
B = .
ES af %': B < 2
igo || Ty
FA 3 . <8 &8
8 T l T i ‘
s 2 10 kPa 30 kPa 50 kPa 0 T0KPa 50 kPa 60 kPa of e M Y LN
1 b . L - T R b TR 7. TR | FART '+ 0 10 20 30 40 KO 60
0 10 20 i %0 40 50 éo Blomimetic l Time (s) Time (s)
Time (s) - -
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3 AMN Circuit - Experiments -

e Pressure Frequency Sweep
= FA circuits can cover 100Hz and 500Hz (Max 1kHz) of vibrations

Pressure frequency sweep Measure | Measure
=TT 1 AMN circust & board 1
SA sensor | sa sonsor SA read-out _I‘l_’ SA neural .‘.

/v ouput [ circuit ! SAADC 17 J SsacPu stimulator T i )

et Il o el e I ool I i
AP patterns \ ‘

FA mechanoreceptors Blomimeio S ocepior r,&{m % :

AP patiems ‘;l',lL, “'x I} - "

Biological tactile sonsory system for roal AP patterns

Frequency = 100Hz FA receptor AP Pattern Frequency = 500Hz
5 ‘I'FA readout CII’CUI’[ e | 160 5 4 ?A Fa{do;t c/;ircwt/‘
82 3 ' 6= 3 \
- 200 | -3 |
ag 2 k)lj ‘ k/ H o ) 2 ?P0000000RRRRRRGRRRRRRRRRGGS| 100 4 8% QL M \ \' \ | ( ‘ V ‘
§e ° & - 3
FA ¢ | 200 LN
A FAshmuIitor = : g \ {”HHH”HHHH M r” - FAstlmuIator
< 3
i WA il é% . J J
Bl U] L v | i I LR (7] b H
0 001 002 003 004 005 0 0.1 02 0}3 0.01 0.02
Time (s) Time (s) Time (s)
vl 116 =) Tt
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3 AMN Circuit - for Sensor Array -

SA sensor array

AMN Circuit for 2X2 Sensor Array

Artificial mechanoreceptor neural (AMN) circuit for sensor array

-------------------------

Daa

sa. lsa o) SA stimulator 1
1T L] SA sensor array SA 09"’ SA stimulator 2
sa, |san|] 31| readout circuit multiplexer A D’*' ol SA simutator 3
ADC cPU 22 o SA stmulator 4
- > .

g 2 o] FA stimulator 1

" o TAZ r
FAu ) FAq | FA sensor array FA I O FA stimulator 2
Fay |Faxn ||~ readout circuit multiplexer i B, FA stimulator 3
- 2~ o FA stimuiator 4

FA sensor array

-

SA mechanoreceptors _I
AP patterns

FA mechanoreceptors
AP patterns

“+ Muitiple

ADC + Stimuiator + Voltage regulator

JSiDLAs 4
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3 AMN Circuit - for Sensor Array -

e Readout Circuits (for 2X2 Sensor Array)

SA sensor array readout circuit

Phase 2: SAy; Is selected

SA sensor array

1 SA sensor array 1
1] l"_o_o-l—ll‘
SA44 SAq; SAq4 SAs
Viea @1 Viesa @1 g
SAz¢ SA2 SAz SAxn
VD VD VD VD
[ Vksa Vrsa Vrsa
1 1 1 1
/3 + 1 + 1 + 1 R:
=Re Re Re
Voi Voz
) )
o:t. MUX @4/ MUX
H Vosa (to ADC) Vosa (to ADC)

VRYA

FA sensor array readout circuit

Phase 2: FAy; is selected FA sensor array

—

AAA
Yyy

i

i

G e )

» Viaea ﬂ

FA“ FA[! FA" FA12
FA;,
FAZZ FAN FAH
L L
> Vrea EE Viea EE
L
=

il
I

-
>
=

AAA
yyy

i

1 1 L 1
VOI Vo:
o Ev , MUX MUX ,3!’
# Vora (to ADC) # Vora (to ADC)

=) P
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System IC Design
SIDLAB Laboratory 9

118



3 AMN Circuit - for Sensor Array -

Artificial mechanoreceptor neural (AMN) circuit for sensor array
SA sensor array | " D- """
SA( | SA Dls“ SA stimulator 1 s
o Rt SA sensor array SA 2210 SA stimulator 2 >
s | 84, ™T* readout circuitt [™*| multiplexer i “fp{ SASIMUEION 3 s
H o cPu Cf»| SA sUmuiator 4 f+»
_,7‘. 7 g “\o[ FA stimulator 1}
Fan |FAG o\ ‘ “b FA stimulator 2
FA sensor arra FA \ / -
FAy | FAL T readout circuity ] multiplexer ," v/ 5 FA stimulator 3 |H—
x o / / “Jol FA stimuialor 4 |+
FA sensor array K 1 \
pr—— SA mechanopéceptors \
ADC + Stimuiator + Voltage regulator AP paﬂefns II “ \‘
. / \
FA mec! 'noreoeptot,s' \ \
AJ patterns K 1 \
— 7 i \
e - - ———p .
)
\
/ \
A
/ v
/5
,/l -— FA”
/! 4 — A)\
S —Y
Z 3 — A F A
g2 ADC
>
1
0 0
T
[cru = ["cru =
output mirtl output vixls)
Aoa e D pnt Aoa — Dh\'ﬂ
s Dgatz 2 e Drara
SA w— Dya22 e Dy 22 FA
§‘ 0.6
CPU g4 - CPU
‘ >
0.2 0.2
0 - 0
0 1 2 3 4 5 0 1 2 3
Time (s)
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3 AMN Circuit - for Sensor Array -

Artificial mechanoreceptor neural (AMN) circuit for sensor array

SA sensor array

Pressure is
selectively applied
to the array

Daay SA sl lator 1
SA( | SA = T SN
|l i,| SAsensoraray | | SA 0“‘ SA stimulator 2 |H—»
St | 5Ax readout circuit multiplexer D’*‘ SA SUMUIAIOr 3 fies
H % ASE cPu =2 o SAsUmuiator4 f+—»
7 _— Ky
> g 2 o[ FA sUmulator 1 s
Aun |FAG rAz
Pap | i,| FAsensorarray | | FA O |_FAstmulator 2 s
[ 2o cFtreey oo i FAn | FAz readout circuit mufitiplexer O LA simulaior S H»
“Multiplexgn ’/ ’,¢ FA stimuialor 4 |+
FA sensor array P
Lower PCB 4 SA mechanoreceptors
+ Stimulator + Voltage reguiator ’ e AP patterns
MeaSU red FA mechanoreceptors
AP patterns
6
sshﬁ‘\ ‘rlnumplexef output CPU output
5 "
5.0
s 40
&4l SARY) '~
] 4 Z30
9 &
2 820
>
1 ’ b g . ’ 1 @
Wia  SW22 7 %v‘
% m 2m Im am 5m » 1 3 .
Time (s) Columns of anay
FA multiplexer output CPU output
5.0
s a8
E 40
? 235
| § 3.0 /
25 /o\d‘“
2
] " i " " " " M
0 ftm 2m M d4m Bm 6m Tm 8m 20 1 2 @cp
Time (s) Columns of wrray
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@ Surface Texture Recognition

e Proposed T-skin System

= Higher texture classification accuracy (99.1%) after combining SA and FA signals
using deep learning

] ] ] Texture Classification (Human) Texture Classification (T-Skin)
Active Finger Skin System

Classification accuracy: 59.1% Classification accuracy: 99.1%

TIJASETRINMRUUNNTEND

0% 0
129 125 _
®
o) : 250 2
= v = 1 75 o
g Lt H %00 3
O et -3 625
7 500 ' 750 3
i ; 4
‘ L) o 875 £
; oo P 100.0
2 -
1 2
3

Fabrics (%)
< Tactiie prediction
Polynstor S4% +
Unleamed tabnc polyurethane 7%

Wavalangth: 710 ym

/ \
/ \

.
F-skin parcopmon

Wavalangth: 630 pm
Artificial fingerprint

structure pattem
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Research Iltems

Artificial skin
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& Animal Experiment

e #1. Ex vivo Experiment (5%&: ddst M7} MBS S5 WHE S =Ql)
= To check the transmission of the generated signals in the explanted afferent nerve.
e #2. In vivo Experiment (5%&: ddst tlz 2 25 X}30| 7Is&d2 =2+4)
» To confirm that efferent nerve stimulation would generate the response of the hindlimb
muscle.

=

Transmission

check /
A Afferent
. T-skin system /

Response
test

In vivo experiment

Output (torque by
muscle actuation)
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& Animal Experiment

e #1. Ex vivo Experiment
= To check the transmission of the SA & FA signals in the explanted afferent nerve.
= SA & FA signals are applied to a single fiber in skin from hindlimb of mouse

Experiment Setup

Experiment Setup

. -

v > 'v
W Ty I_II L

SA-type neuron |
mimic-signals™. ri.

FA -type neuron
» L mimic-signals
SK la

tion
SA-type - FA-type
nerve nerve

Rec ‘;gmg
Real SA-type signals f " Real FA-type signals

[_unumm_J’, UL

CYERET

W HANVANG DRIVERSITY

SIDLAB feteitiity 124




& Animal Experiment

e #2. In vivo Experiment

* To confirm that efferent nerve stimulation would generate the response
of the hindlimb muscle.

Experiment Setup

SA sensor output

FA sensor output , Waveform

. -~ generator
FA stimulator output -

SA stimulator output

-sse . -
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Human Skin Vs. Proposed T-Skin

Main skin functions Real human skin Proposed tactile skin
Pressure Sensitive to pressure 0.01/kPa (0.1-50 kPa)
sensitivity P 0.002/kPa (50-100 kPa)

Slow S
adaptive ressure 0.1~ 100 kPa 0.1~ 100 kPa
detection range
Stretchability < 40-50% < 100%
Response time >2ms > 1 ms
Fast P for Pacinian Corpuscle for FA sensors
adaptive EreaUeny radne < Max. 500 Hz < 1,000 Hz
g yrag for Pacinian Corpuscle for FA sensors
Skin Durability Infinite without pain < 10,000 cycles
Main SA and FA receptors are SA and FA sensors are
ropert Stimuli selectivity selectively sensitive to selectively sensitive to
property pressure and vibration pressure and vibrations
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