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»Jeju Mixed-signal IC Lab. [JMICL] (2023~)
= Qver GS/s ADC&DAC for wired & wireless communication systems

: EEE

AU O 5

v’ Analog & Digital ICs

v'Giga S/s 1-Ch. ADC using flash, SAR, pipeline
v'Tens of Giga S/s Time-interleaved ADC

v Digital calibration for channel mismatches

N 4
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MAraPd (8%8)

" *: My Chip £H0{

e 5
™

[
O|X{ ZH(*) ™)
AckA() HeH

FOM,, ¢ [fJ/conv-step]

JSSC 2015 JSSC 2019 JSSC 2021 + VLSI 2020 (Invited) TCAS-I1 2020 Electronics 2022
7-bit 2GS/s 6-bit 2.5GS/s 8-hit 1GS/s 12-bit 250MS/s 6-bit 700MS/s
flash ADC flash ADC SAR-flash ADC Pipelined ADC LU-SARADC

JSSC 2022

ESSCIRC 2015 Electronics 2022 VLSI 2022
6-bit 10GS/s 7-bit 3GS/s 6-bit 20GS/s 12-bit 10GS/s
Tl flash ADC Tl subranging ADC Tl subranging ADC Tl Pipelined SAR ADC

| B My Works(single) [l My Works(Tl) o ISSCC 19972024 x VLSI1997-2024---Envelop%
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/\) ADC/DAC 2R

Analog A/D Digital D/A Analog
Input Transducer Converter Processor Converter Transducer Output
Physical Electrical Electrical Physical
>€ >€

gE f 3

AT ¢

DSP

T

I (@) | A/D T D/A

A ==

Memory

Digital
Analog >-€ g > Analog
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/)y ADC/DAC E R4

e 3 cameras

 LIDAR scanner

(LiDAR:
light detection and ranging)

compass
3-axis accelerometer
3-axis gyroscope
GPS

Jeju Mixed-signal IC

infrared camera
proximity sensor
ambient light sensor
front camera
speaker
microphone

touch screen

speaker
microphone



/) Ell0|E{ ZHHE{(ADC/DAC) 7|2 74

»Analog Circuits »Digital Circuits
= Comparator = En/Decoder
= Amplifier » Clock generator
» Sampler (T/H & S/H) = Digital calibration engine
= Bootstrapped switch = Decimator
» Voltage & Current bias = Qutput multiplexer
Yad Tetas '.—|
1 I<:g> »—B B s—\\;
T<10>._BS:><:BS éCSo—.B<>
Egi'.:écf’ﬁ_é% _
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>Flash ADC (D.-R. Oh, JSSC19’)

L EXT.M

Dexrp = LVDS & CLK Driver I l I Replica Data Capture CLK Generator
Dyrc

VREeF_ToP
AT2_72 |

AT2 7 ||: AT3_71

= 0——
AT2_68| | o BT-E) A

=5 ) S—
AT2 65 r AT3_67

| E AT3_65

S
o
m
m

Switch Arrays for VTC Offset Calibration

Analog Circuits O Ve

Vine B— Bootstr.
Vim—__TH Vim

——35:  Digital Circuits

X67

DFF Arrays
Thermometer-Gray-Binary Encoder

ATz 8 '

ATs oLl BT |

AT2_4] | cDo——

SRL Array (x73)
Decimation Circuit
o

&

Bubble Error Corrector

AT2_2| ==po—=—

I aTs 0| [oe BTt |
- VTCi_o %
L — Offset Information
VRer_BTM j, To VTC X19 |||

X19

s b
il

I+ 1+

Offset Calibration Engine _‘
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»>SAR ADC (D.-R. Oh, EL25’)

mE)m,_l PW GEN | Capacitive DAC (64fF)
s Le<b6> Lp<5> Lp<4> Lp<3> Lp<2> Le<1>
BTS i i i i i i Le<6:1>,
Lm<6:1>
- - W -|_16Cu -I_SCU -|_4Cu -|_2Cu -I-Cu -I-Cu o
Analog Circuits b T 1 T I 11
Lm<e> Lm<5> Lm<4> Lm<3> Lm<2> Lm<1>
>| CK1 |<
| e
CDEXTW‘DS H NAND SRL NP<1> NM<1> N
g L L L) Ll
oo rse]| | | Digital Circuits
J [ N I
vo [ L[ L - ; NOR SRL |0P<2>,0M<2> N E
@ _J1___ 1 g CVT':‘z AND SRL [NP<2>.NM<2> J&
=
[ck3]
oP<3> | [ @y, 3, NOR SRL |QP<3>,0M<3> o
0M<3> JE\ITC<3> Vom<3> :NAND -~ NP<3>,NV<3>

[ 1

o [ ]

oP<1> (0] u | |
OoM<1

NP: 1>> @2 v L]
NM<1> D3 | I |
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Feasibility 235
[MATLAB & Python]

¥

Schematic 24| Layout & 4|
[Virtuoso&Spectre] [Virtuoso&PnR&Calibre]

L 2

mpw & H| =
[Foundry service]

4

54 8 pcB NI &} ds 87
[OrCAD] [NI LabView]
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SRS

2023.03~ |

35t 48t
Mxps| 2 EEE
1&2 A4S

5

[ﬁ%ams]» [ BMMZC
3|2A7 |
HAEMZ

sl

E{0| 23| 24 A|: Analog circuits design (OrCAD+Bread board)

v A
v HHI|2HAH U A S: Analog&Digital circuits design (Virtuoso, Spectre)
v 2A

M ICEA U A S: ADC design (Virtuoso, Spectre, Digital back-end)
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/) MFCHEtm MRS Stat g A 3|2 0 | AP

28} 38HA  azta |
2|20|2 Hx3| 2 o HHgR )
. 1&2 1&2 | HARYE
HAEE 0|8 I [ EMMBC )|
cmwaw [ RO | BAGEE )
2023.03~ 8 x| HAEHLA
1&2

; IDEC SoC & A|15 0| 4=H| X|H m a5 i
! (EDA tool 2f0| M A X[ J) |
i v Analog design: Cadence Virtuoso&Spectre (Schematic&Layout) i
i v Digital design: Synopsys Digital Front&Back-end (Verilog&Auto PnR)
i v’ Layout design: Siemens Calibre (RC extraction) i
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3|20/ 8 EShy I SEEER
1&2 I 182 I _FAXEE
— Commea ~
C|X| = 2 &t dRE0|E 2ddl=ic
e | 2A _2ANAS

2023.03~ 3 X} HAEMA "
-’[ s [ = MyChip

pcB M| %}

My Chip MPW Service &}
v' Schematic 2 = Layout DA = chip M& > ZHE pcB M| %}
v 159 & 18 (1= 1HE 308, My chip 128 £ 0)
v 23'~24’: ADC 4= Mpw ! HZH Y =X 2tz
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/) 1.ADC 4 A

»ADC-1: 4-b 40-MS/s 2x IP Flash ADC
= 2023.11 MPW

»ADC-2: 4-b 20-MS/s 4x IP Flash ADC
= 2024.03 MPW

»ADC—-3: 6-b 10-MS/s Sync. SAR ADC
= 2023.11 MPW

»ADC—4: 6-b 10-MS/s Async. SAR ADC
= 2024.03 MPW

Jeju Mixed-signal IC
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( ) ADC-1: 4-b 40-MS/s 2x IP Flash ADC

»Main idea
» Power-efficient dynamic amplifier
= 2-time time-domain interpolation

= Spurious latching prevention technique - |1¢ maocmenerawr ]
REFT VIN TH COMP comp
4 |
i %\—:_: wUx
— >
— = MUX 5
L | © =
1] < 8
I (o0 S T = MUX}— S
/ 1 D_':I o | 4Bit-Binary
_:: % MUX §
g =
X9* X8  °X8 g' w15 | 9
S . . 2 :
T/H == MUX
v ]

REFB

®w " Hold [Track] Hold [Track] Hold[Track] Hotd [rracq

® con | Conv1l Conv2 Conv3 Conv4

Jeju Mixed-signal IC 17




( ) ADC-1: 4-b 40-MS/s 2x IP Flash ADC

»Main idea
» Power-efficient dynamic amplifier

| Clock Generator

VRELFTVIN 1¢TH l‘DCOMP laCOMP
2 cmﬂ_c MUX
/ 1 .
| ® @_ -
1 = )
L | °
\ = o
- [ ] © ©
T/H CDA> — © MUX u:J
/ ] 0‘-:' o [4Bit-Binary
©
—H
5 =
e . a &
X 9 X8 X8 o °X 15 <
— o o . . a °
Dy, I Conv l RST I Conv ! Dcoa ' Conv l‘, Conv 1 Conv ! Conv T/H -» — MUX
I I [ [ I I I -
V

|
| | | | REFB

VOD NV 77 N T
VM 4/ L ﬁ O _| Hold [Track| Hold [Track| Hold[Track| Hold |Track|
vbD Vniy Vor ;\:\ /I/ :'\'\ ® con | Convl Conv2 Conv3 Conv4

VDD

VDD

Jeju Mixed-signal IC 18



( ) ADC-1: 4-b 40-MS/s 2x IP Flash ADC

»Main idea
= 2-time time-domain interpolation

| Clock Generator

I\VDP,s

VREF,Z

< CDA<§
3 VDN,?.

I\VDP,Z

CDA<22

Von 2

VREFT Vin 1¢TH lwcow 1q_)c0MP
2 [OmH cmﬁ_c MUX
Proposed NOR SRL |:: / — 2
_|Proposed NAND SRLE: 5 f % MUX %
g — < 3
_i:' Proposed NOR SRL |:: B 2 [IrH_lcbaAS | £ MUX S
— D A gy
b {Proposed NAND SRL|:: EQT / - a4 % 4Bit-Binary
N e MUX =
Proposed NOR SRL l:: 3 |_: o =
—é L] L] L] L] 8- L] t
t_—Iproposed NAND SRLE) 3 X9t txs  xs S X 15 @
@ a
j Proposed NOR SRL t: Lg —
— < TH = MUX
L_——JProposed NaND SRL|:: 8 [ ]
=2 VRers
[ Proposed NOR SRL [ @
i ProposedNAND SRL|:: O —l Hold |Track| Hold |Track| Hold |Track| Hold |Track|
® con | Convl Conv2 Conv3 Conv4
Jeju Mixed-signal IC 19



( ) ADC-1: 4-b 40-MS/s 2x IP Flash ADC

>»Main idea

= Spurious latching prevention technique

| Clock Generator

VDD VDD
M1 M2 M1 M2
M3 7| — N’M—‘ |—N:3 H —
QBo QBo
Q ==
S(Vor) °J'| |— — Fl"’ R(Von)  S(Vor) - —
M7 M5 M§| M8 M7 M5 Mé
R(Von)o—
M9
[NOR-based SR-Latch]
VDD VDD
M9
R(Vpn)o—
T Y iyl e vy
QB oq ™> QB
- — H —
M5 M6 M5 M6
S(VDF)"'F' 'E'OR(VDN) S(VDP)*W

[NAND-based SR-Latch]

VRELFTVIN 1¢TH l‘DCOMP laCOMP
£ [mH[|cDA MUX
] =
I—l-oo Lo 8 MUX 5
R(Von) L | & °
M8 < 8
< —i [ ©
I;ousww) 2 [mHCcpAS L = MUX 0
v — E:I © |4Bit-Binary
1 » s
—— 3 2|
Z =
L] L] L] . 8- L] i:
*x9*  °xs8 *X8 o °X 15 59
M10 . . . . E .
—©°S(Vpe) —
M4 T/H[ — MUX
Q Vrers
lW-OR(VuN) O —l Hold |Track| Hold |Track| Hollerackl Hold |Track|
® con | Conv1l Conv2 Conv3 Conv4
Jeju Mixed-signal IC 20



/\J ADC-1: 4-b 40-MS/s 2x IP Flash ADC

»Main idea
= Spurious latching prevention technique

[NOR-based SR-Latch] [NAND-based SR-Latch]

VDD VDD

M1 M2 M1 M2
D N
QBo QBo

Q == Q
S(Vor) ‘J-l I— — FL° R(Von)  S(Vor) - — I-l-° R(Von) 1
M7 M5 Mé| 13 M7 M5 Mé M8 VDD

R(Von)o—] F—o S(Voe)
M9 M10

-~

[NOR-based SR-Latch]

VDD r

QB

H Ea—
H 4§ H ° t i ol
O Ui vDD
M5 Meé M5 M6 vbD i 5
S(VDF)o-F' W‘R(Vw) S(VDP)o-W' 'E'OR(VDN) QB : S

[NAND-based SR-Latch]

=
15
T= ‘
N
13
T=
& »
]
‘ 2
) &
[+1] £
=
13 .T. z
=
N
=
L] 1« |
T= T=
T 3
w0
=
A 4
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/J ADC-1: 4-b 40-MS/s 2x IP Flash ADC

»Advantages

» Power-efficient dynamic amplifier
* Low power

* Reduce speed burden | Clock Generator
v' SR-Latches VRELFTVIN 1o, m&: 1(T)COMP
2 [JmH[_|cDA MUX
v’ Comparator clock T
] >
—f & MUX 5
N —lil = 2
» 2-time time-domain interpolation 2 MrleoAs—— € [Jmux &
— = v |4Bit-Bi
» 1ststage blocks: 15 = 8 L R gy ~ | & | 4Bit-Binary
° ©
« Compact area O .- 2 z
* Low power x9T  xs X8 ;Oj' "X 15 2
« Low input capacitance T/H L MUX
VRers o

= Spurious latching prevention technique = ®» ] Hold(rrack| Hold [Track| Hold[Track| Hold [TracK
 Stable latching operation ow  [Comi | conve [Coms | conva

Jeju Mixed-signal IC 22



JEJU

1952

>»Measurement results

Signa
Generator
<19.52MHz

Signal
Generator

80MHz

Power supply
5v

fs = 40MS/s
7

1.6
1.5+

IS

—=—CDA

i

Lo

Power consumption [mW]

2 e o o =
o N @™ b o

TABLEI

Input frequency [MHz]

POWER BREAKDOWN

DA-based Flash

DA-based IP Flash

CDA-based TP Flash

DA or CDA array
CLK driver
Track-and Hold(T/H)
SRLs array
Encoder

R-string
Total

2213 mW
9.2 mW
4.35 mW
1.5 mW
5.02 mW

2.92 mW
43.05 mW

11.16 mW (49.6%)
7.92 mW (13.9%)
2.28 mW (47.6%)
1.39 mW (-0.1%)
5.18 mW (-3.2%)

292 mW
31.05 mW (27.9%)

7.26 mW (67.2%)
5.73 mW (37.7%)
228 mW (47.6%)
656.4 uW (56.2%)
5.99 mW (-19.3%)

2.92 mW
24.84 mW (42.3%)

>/d 1}

. 2Lj sta e 3, 2L £
X

=14

= Sk TS 13 (My chip 3F &)

Jeju Mixed-signal IC

SFDR [dB]

SFDR [dB]

SFDR [dB]

2 ADC-1: 4-b 40-MS/s 2x IP Flash ADC

0 fs =40 MS/s , fin =721 KHz

T
SFDR : 35.02

Number of points

N fs = 40 MS/s , fin = 19.52 MHz

SFDR : 36.83
SNDR: 24.21

ENOB : 3.72

0 fs = 40 MSi/s , fin = 30.42 MHz

Number of points

T
SFDR : 36.31

Number of peints




( ') ADC-2: 4-b 20-MS/s 4x IP Flash ADC

»Main idea (added compared to ADC-1)
= 2-times IP =» 4-times IP using inverter-based phase mterpolator
» 18t stage blocks: 15 = 8(2x) = 5(4x)
» Reduce input capacitance

VDP_1 Q] DI —o TDI_O4 i
VDP_2 ot o TDI_O; !

: : : (-] -
VREF,% \VDP’41 Proposed NOR SRL E“‘T“-é-é-o--r‘;ﬂ:-'i[) TDI OP
CDA<2S :':: ; PANG Pt =4 M=
» i

5
E
—
3 H NOR SRL
Proposed NOR SRL 3 ' E DI 0P3 e —
o Bl it 1 - —
| Pruposed NAND SRL @ Ving ===f==sm-fronenmennas] ooy TDI |[TDI_ON SRL
=1 NOR SRL [—
Vi \VDP3 o —
REF3 l_! Proposed NOR SRL l:: 3 TDI_OP2 NAND —
cDAD - g DL ON,[| sw —
g 1 Proposed NAND SRL| S VINE “::““- _____________________________ ? TDI I [
Vons 2 NORSRL [
@, TDI_OPq ({ waRD }—
Proposed NOR SRL ‘g = 3RL '
—
Proposed [Proposed NAND SRL 8 NORSRL [
2
w

Vbn,2

Vrer 2 \VDPZ X_Se Do _TDI el gl =
CDA<23 NOR = CD£> Sn ; Dn TDL_ON II NDSRR;F{L ::
g | — ProposedNAND SRL / —

Jeju Mixed-signal IC
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2 ADC-2: 4-b 20-MS/s 4x IP Flash ADC

>»Measurement results

c ftance (5-CDA
Architecture CDAbased 4 IPFlash ADC L] ) MAIN CLK GENERATOR EXT_CLK
Sampling Cap. 0.96pF (Fs=80MHz)
Process 500nmCMOS 2 Interpolated FlashADC Parasitic Cap. 1.92pF ——
Ut bi SIGNAL GENERATOR | |§ .
Resolution 4-bit Total 2.88pF (Fin<19.49MHz) N DO<3:0>
Sampling frequency 20-MS/s Sampling Cap. 0.6pF DC POWER SUPPLY
InputRange 1.75Vp-p Differential 4 Interpolated FlashADC Parasitic Cap. 1.23pF 5V
1.83pF
Power Supply 5V Total (35.5;)
<4X IP Flash ADC>
<2X IP Flash ADC>
0 Fs = 20-MS/s, Fin = 9.53-MHz Track-and-Hold
rack-and-Hol
Before Cal.  After Cal. 5.7% 878.9pW CLK driver
ENOB = 2.87-bit ENOB = 3.25-bit SRLs array 16.6% 2.56mW
D'(‘::Qg;gf)" -20 SNDR =-19.04 dB - SNDR =21.30 dB o] CLK driver CDA array 2.5% 397.4uW CDA array
T SFDR =21.70 dE SFDR =32.47 dB 21% 3.45mwW  22.7% 4.06mW 17.9% 2.79mW
CDA ARRAY Track-and-Hold Digital Logic(Enc) TDI arra
= 8.3% 1.38mW 23.6% 3.69mW Y
R-Ladder - - 11.2% 1.75mW
21.3% 3.5mW
SRLs array
20% 301200 CEREEIEE R-Ladder
4096 b baleal 22.5% 3.5mW
Number of Points
Total Breakdown = 16.46mW Total Breakdown = 15.63mW (5.3%)

Jeju Mixed-signal IC 25



() ADC-3: 6-b 10-MS/s Sync. SAR ADC

»Main idea
= Power-efficient dynamic amplifier with adaptive reset phase

» Reduce speed of comparator clock by half

a |u o TLTLTLT LI L)
CLOCK GENERATOR Qs | 1 |
L Qe<6:1> A
Qs Quc-pa y
\l —1 STP |
LATCH |-

A 4
BTS &

<\

REGISTER

Viv — | MC-DA>
CDAC RESET

— Do<6:1>
Qrp U U U
GENERATOR

3 /‘[
Qre, QN [ Qe ﬂ ﬂ ﬂ

SAR LOGIC [«

Jeju Mixed-signal IC
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/) ADC-3: 6-b 10-MS/s Sync. SAR ADC

»Main idea
= Power-efficient dynamic amplifier with adaptive reset phase
=» Conversion speed enhancement —5 E
As
I_QIRP_| A :D)_}_QRP
O o— p—o Op Quc.pa

(Vir > Vim) Qrry Ae Qe
Vor / Vou | i I An

,k k
A2 T A3 L 1
Vi > Vi T | Rfa3
} (|P> |M) Quic-oa A1 ‘R'AZI A3}R
\
\
\

Vor / Vou

\
Qre 1
Queon | A1 | A2 T A3 L * T 1 l_
. Qry

[wlo reset generator] [w/ reset generator]

Jeju Mixed-signal IC
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/.) ADC-3: 6-b 10-MS/s Sync. SAR ADC

>»Measurement results

B SRL0eET =

(i reciSter SEL|

fs =10 MS/s fin =4.899 MHz N = 8196 points

SNDR = 34.52 dB

wrl 16,

SFDR = 43.08 dB
20
ENOB = 5.44 dB

642 pym 3
:
DA MC-DA Power .
based based saving
BTS & CDAC 4.05 mW -
Register & SAR Logic 255 mw - I ,
Pre-amplifier 9.80mMW | 620mW | 36.73% e ™ :':equency [::'] - ™
SR-Latches 0.55mW | 0.66 mW | -16.67 %
Clock generator 6.04mW | 3.77mW | 37.58 %
Total 229 mW [ 17.23 mW | 25.05 %

« L ShEOi3| 3H, T E& 1A
« CfSHR] XISk 18 (My chip 3F £H3)

Jeju Mixed-signal IC

SNDR & SFDR [dB]

SNDR & SFDR [dB]

44

—=s— SFDR
2] —=— SNDR Bl
l\./' VW by

40

T
100k 1M 10M

Input frequency [Hz]

—e— SFDR

T —=— snoRr i
‘
|
‘
|

404+

354 |
|
30

|

25

204

T
100k ™
Sampling frequency [Hz]

10M

28



/\J ADC-4: 6-b 10-MS/s Async. SAR ADC

>»Main idea

= Asynchronous loop-unrolled SAR ADC with power-efficient dynamic amplifiers

* Only 3-DAs for 6bit resolution

* Reduce design burden for Async. Clock gen.

» Retentive SR-Latch technique

A o
vDD

OPO oOoOM L ____ k ______________ % -
[ ' A W
[ [ 1 Time

Vioin _-| M7 ]I— —IE MB I——VHQLD @D, I | : : :: I_I : :

M5 MG [N
Vor —f e 7 e I
Conve :K—I'\

Vo ——] M1 m2_J—— Vor o, OM Reset | VC

Pro sed Hold C

Jeju Mixed-signal IC

msxw—l PW GEN | Capacitive DAC (64fF)
®s Lp<6> Lp<5> Lp<4> Lp<3> Lp<2> Le<1>
BTS i i i i i ? Lp<6:1>,
Vi T16Cu Tscu T4Cu TZCU Tcu Tcu Lm<6:1>
T L b ik i b el
LmM<6> LM<5> LmM<4> Lm<3> Lm<2> Lm<1>
> oK1 |«
58
b+ Vor<1> '. NOR SRL OP<1>0M<1>
CVTC<I>> Vom<1> |
QEHWGS g E HNAND SRL NP<1>,NM<1>
—
mznm CK2
o T s I P N
Os rl |’| 2
o
|,
a
CK1

OP<3> El 2
OoM<3>
s Lo

D3\ 3  NOR srL |2P<32.0M<3>

CVTC<3> Vom<3> |1}
47_ 2 :NAND L [NP<32NM<3>

| CK2 I
OP<1>
oM<1>
NP<1> 2
NM<1>

L |
L1
L

29



/\J ADC-4: 6-b 10-MS/s Async. SAR ADC

>»Measurement results

814um

—=—SNDR
—e—SFDR

>' >
='_'.=
tOk

3y (My chip 3%4 &)

Jeju Mixed-signal IC

J o DNL=-0.61/+0.89L58B %
7 05 &
— — 2 0.0 &
_ DFFarray I\ ~ a:s«,s :'*‘-“‘-’; i z
[ sARIogic | ° YR 5id x 45
< il = : o 16 32 48 64 &
|D Dl : CODE -
|a CVTCs & SRLs| 4 |- : INL = -0.74 / +0.90 LSB = 40
|c 3 ] 1.0 v o
C [ | o
RN ¥ —0.5 =z
A T 3 : H @ S 354 ._—-/"-_.\'—h/\._'
¥ T/H & BTS { - 3 0.0
B EaE ik : ;
t 'y | £.0.5
PW generator < = ] all 1.0 30 - T T . T T T T T T
N e e 7S = 5 = #1 #2 #3 #A #5 #6 #T #8 #9 #10
687um CODE Number of samples
0 fs = 10-MS/s, fin = 4.93-MHz
SFDR = 46.27 dB ADC type VTC-based CVTC-based
20 SNDR = 34.53 dB Bootstrapped CDAC 0.91mW
- ENOB =5.44 -
SAR Logic 1.08mW
g -0 PW GEN 1.62mW
g - CK 1-3 1.97TmW 1.04mW
& VTCs 4.51mW 2.75mW
-80 t SRLs 0.52mW 0.70mW
‘ ‘ il L ! Total 10.61mW 8. 1mW
| i
2048 4096 6144 8192 Power saving - 23.66%
Number of Points
- .-
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