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Outline

Introduction to LIDAR Sensors

« On-Chip Histogramming TDC Architecture

Proposed In-pixel Histogramming TDCs w/ Measurement
Results

— Zoom hTDC Architecture

— Quaternary Searching hTDC Architecture

— Analog-Assisted SAhTDC

Conclusions
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Cameras in Our Life
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CIS Market
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6.1B units in 2019 = 11B units in 2024
A. Theuwissen, ISSCC 2021
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Emerging Application: Ranging

Ambient light sensor Speaker
Proximity sensor Microphone

Flood illuminator Front camera
Infrared camera Dot projector

e

Ref: Apple
UNisT




Ranging in Automotives

25 fps, 128-m range 25 fps, 64-m range
20x10 FOV 120x30 FOV

Ref: SolidVue (LIiDAR Sensor)
Solid-State LiDAR SOSLAB (TX + Platform)
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Time-of-Flight for LIDAR

/R Emltter

< R >

\

Object

€

—

//A/a/A
y/A/a/a,

/[

A/A/A/A

/[

/

Q
Detector

Controller

C——

y/a/a

—

Depth map

« To measure the round-trip time of emitted light for acquiring the distance
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Indirect Time-of-Flight (iToF)
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P ¢ Ag (Demodulation pixel)

=S
Detecting phase difference
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Demodulation Concept

s(t) = Asin(wt —Ap) ) = s(OH®g (1)
g(t) = sinwt 5 — cos(Qwt — Ag)]

LPF = DC extract

o

\

Demodulation signal

AVAVEY

Reflected light
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Phase Measurement
Emitted Light /\/\/

Reflected Light TTO_; <_ .
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.NO =ni, J;”(a sin(H—TTOF)+ a)dH = 2niira[cos T, +%j — N, =N, _ sin T, — tanT
N,—N, cosT,, or

.N] =ni, r('a sin(H—TTOF)+ a)d@ = 2niira(— cosT,,, +%) _N

g =T = arctan(ﬁ}
By, = niirJ.Z(a sin(0 — T, )+ a)dd = 2m‘ira(sin Ty +%) o N

2 . c c 2~ V3
BN, = nit.,,f%(a sin(0 — T, )+ a)d0 = 2ni[.,,a(— sinT,,, +%j - R= 4rf Tror = 4rf arCtan( N,—N,
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Direct Time-of-Flight (dToF)

Time-to-Digital converter

@ : -
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IR Emitter
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2 (Sensitive diode)

Detecting direct time difference
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Single Photon Avalanche Diode (SPAD)

Pixel
Reflected IR Output
Rq Vop @ % _D_
) p+ > n+
welll ©— @99989%9 well
Avalanche n-well

« Geiger mode operation (virtually infinite gain)
—> Possible to detect a single photon

« Digital output interface (pulse generation)
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SPAD High Level Behavior

Photons Response
51 P2 53 Deadtime Missed
A A A ,1\ A A
SPAD-
> | based | O
Pixel
> : >
t \  Dcr t
Detected!

Detected photons generate digital pulses.
Not all the photons are detected (PDP).
Pulses can also be generated in the dark (DCR).

Jitter noise should be added.
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Time-Correlated Single Photon Counting
Emitted IR Reflected IR

IR Light /" N >
Measurement #1 __ [7] [] . [l Reflected IR
Measurement #2 [] ; Background Light
Measurement #3 Tl [] . [ Dark Count Rate
Measurement #N [T} [] .
Peak ] ,
Detection * Repeat and histogram

ToF measurements.
* Finally, a peak value is

H [T, detected as the ToF.

Histogram

ToF!
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Block Diagram of SPAD-Based LIDAR
. Histogram

Photon VEPLA‘D _,g/\ ToF = 0011y
SPAD SPAD @ Clock freg. x N =
N Pulse y ﬂ ToF O
QCH o+ v L start R Tme’
= : t
Detecting photons Converting arrival time of SPAD Extracting the peak value
pulse to digital bit (ToF)
Distance

? C
How many ToFs are generated (Distance =~ At)
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Data Rate of Flash dToF

1st frame 2nd frame nth frame
™ - ™ Q Q » Assumption
2 ™N | D (D — Resolution: 160x120
N N q N D N 9 N D N 9 A — Frame rate: 30fps
N PRV IR EERYHIERY — TDC: 10b
NN \.“Rw \.”Rw NN _ .
N N NN NN Repetition: 1MHz
™\ NN NN _
Q Q Q Q Q N Q Q N Synchronous readout
N R R
N RN \\\N \\\N - Data rate
A N\ \\ =160%x120x10bx1M
N — 1
PR PR ‘_’l 192Gbps!!
1us
S BIO INSPIRED ADVANCED SENSOR 16 WUMhisT




On-Chip Histogramming TDC (hTDC)

A
| & Wl M=8
: Phase 1 Clock—y, -
N
g To Phase 33 11in 8 Load Signal 1
SPAD Array N =3 e - I
i D‘E "\ Data Shift Register -
In Column XOR
Tree j
= '
£ e : . . =~ | From Phase 2
s DUl stace KO Iree Differential .
XOR Tree
Data Data | 1 | 1 | 1 |
Pipeline Pipeline 1 [ | I
& & 1 | |
Histogram Histogram TDC Phase 1
Counters Counters '
r TDC Phase 2
N=33 TDC Phase 3
TDC Phase ...
v

N. Dutton, ISSCC 2015
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One-Step Histogram

photons

il

Each bin has a corresponding counter to accumulate responses.
Intuitive operation and possible to capture multi-echo simultaneously.
Large memories are required. (# of counters = # of time bins)
Suitable for column-parallel or single TDC architecture.

time
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Two-Step Histogram

N 1st step: course range

Bottom Tier Photon Processor

photons

=5
% ™
:a
=5
:;ﬂ

!

photons

S. Hutchings, JSSC 2019 time

O u .
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Histogram Scanning
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D. Stoppa, [ISW 2021
WUrisT
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SA hTDC Architecture

Light Source Pixel TDC Histogramming
N-bit
(TN | N-bit = ToF
- Z$XN K J_l— - _)TOF - llllu _y M-bi
Sunlight Reflected IR SiPM Quench CNT
Conventional TDC Proposed TDC
L 5] 3-bTDC —>{ 3-b TDC
SPAD SPAD " >
e
A i
'S' VYVYVVVVVYY ‘g‘ A4
S ICounters: 2V 3 || Counters: 1
| 8for3-b 1 for n-b
>
[ [ | > >
> . A % t (ns)
ToF Histogram | t(ns) ToF istogram
B. Kim, ISSCC 2021
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Operating Principles [1/4]

ol Stat ToF=000
N Yoo PR ) DN<UP - ToF=100

- — 1

Coarse
Zoom TDC

CrR D &b 6D 6D @D G5 a5 G
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Operating Principles [2/4]

. e Start ToF=000
DNRl Yoo UPRE ) DN<UP = ToF=100

5.34 «—

- — 1

@2NA(_UP ) DN>UP - ToF=100

Coarse
Zoom TDC

G D G G G @D G5 G5 G
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Operating Principles [3/4]

oS4l Stat  ToF=000

IENE R G UF,’[ZI, D DN<UP > ToF=100
( DN[11 1 TUP[] )  DN>UP > ToF=100

(DN[O]IUP[O]) § § DN>UP > ToF=101

(dToF)(OI1lél3I4lll l ) (CoarseToFS)
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Operating Principles [4/4]

5.34 «—

. e Start ToF=000
DNRl Yoo PR ) DN<UP = ToF=100

@2NA(__UPT ) DN>UP - ToF=100

( Dl\i[O] I UF;[O] )

DN>UP - ToF=101

Coarse
Zoom TDC

( Coarse ToF =5 )

In-phase = 101100010

&) :
o 2 S S S S S U S S S N N Out-of-phase=010110101
< ¢ In Phase ) Out Phase )
i i =

é TL—— ( FineToF=034 |

iToF=T X
N~ CNTphaseo * CNTphasetso G

. ([ ToF=534 ]

Time
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Two-Step Zoom hTDC

5.34 «—

ENF D ¢ )

ERNAL 0P D)
(: Dr\i[O]i UF;[O]): 1 i | SAR-coarse TDC

Coarse
Zoom TDC

;nP;lasci, — I — O:utF:’has:e : ) iToF fine TDC

Fine
Zoom TDC

CNTPhase180
CNTphaseo * CNTphase1so

iToF = TON X

Time
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SPAD Design

SPAD Structure (110nm FSI)

STI N+  STI

P-epi

Junction of P-well/Deep N-well

50 [ B T T T T ] 3500 F T T T T T T T T T

00t HER: 230cps@3.2V

- o 2500 | :
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Wavelength (nm) Excess Bias (V)
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SPAD Front-End

SPAD Front-End - — — —— — —— - V4
PVDD

|

|
M I Viono<n>
Vi IDl | _|E Mono<N
- |

I

I

I

I

V VClamp LT {en \U | : SiPMuinear 1.5V

SPAD | o

‘ l—l I

VQ(?H—l Vlnv Q |
VDD+Vth | |

Dead Time
(5~10 ns) t
_ Monostable _ |
% X5 Vin[O] ~ | 5~10ns (Dead time)[
nv
- Passive quenching/recharging circuit Vorin[O] Yt | —
« Multiple SPADs for coincidence detection Vivono[O] j 300ps
« Monostable circuit for serialization SiPMLinear LT T
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Window Generator

B

B

Bak

VD [ g }L T Q }L T Q }L T Q Q Q
z—D Q > Q D Q D Q D Q D Q
5 M R M R M R M R M R M R
(& & & & ) &
RST ° ° o ° o ° o ° o (o]
WCNT[1] . © WCNT[2] . ©._.. WCNT[3] - S .. WCNT[4] vgs WCNTI5]

(o]
(o] (o]
WCNTIO] ToF[4)

ToF[0] ToF[1] ToF[2] ToF[3]

« Window generator creates a time-gate
window, which filters the SPAD pulses.

RST |
CLKw | | | + It governs the duration and location of the
WCNT {_ToF__ XmoraX e X 0 X63 X62X  time bin depending on the previous ToF
Time Bin | value.
« All T-FFs are reset to the ToF value.

29 UNNST
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Time Bin Generation

RST |
CLKun
WCNT —__ToF__ YTor1X eee X 0 _X63 X ose
DN bin i
UP bin | |

Tstart Tstop
( 0 k=1
k
Tstart = 3 z ZN_i+1XTOF[N —i+ 1] k>1 N: TDC resolution

= k: Present coarse step

Tstop — Tstart + 2N_k+1; WCNT[N _ k]
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Chip Photograph
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Fabricated in 110nm BSI

5 SPADs per pixel

Chip size: 7.03 x 5.9mm?
Pixel pitch: 60 um

Spatial resolution: 100 x 76
TDC resolution: 5 ns / 300 ps

ol

i

Under review
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Light
STEP,
STEP,
STEP,
STEP,
STEPs
STEP,
STEP,

STEP:

Issues in Zoom hTDC Architecture

DN = 1)
UP DN x 2
UP | DN | % 4
UlD :

~
2 frames

Synthesis of 9 sub-
frames: low frame rate,
motion artifact

Low signal to background
ratio (SBR)

« Slow SBR improvement

Phase detection error by
background light

- Need to have another
background sub-frame

BIO INSPIRED ADVANCED SENSOR
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Quaternary Search hTDC

( UPa | UPg DNa DNg ]>(10 ]
[UPA]UP=]DN,[DNg) > (00
UPa UPsg DN, DNg
x 1/4  [urJurcfon.]ons
Cxme [ ||
Light | L
1 : Signal [C——1:BGL 1 : Signal [C_—_—1:BGL

« The whole range is divided by four.
« UP and DN bins are compared to determine ToF[MSB].

» Either counter A or B determines ToF[MSB-1].
S. Park, ISSCC 2022
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Quaternary Searching Algorithm [Step 1]

1
UDC, — > CNT,
UDC, — >[CNTs
"STEP:; | UF, | UP; [ DN, | DNg |> (0

\¢
CNT, = 1100 — _J: 1 No |[CNTg| > |CNTLA|? > Lower bit
CNTg = 0 — a
i T > 41/? Yes Sign of winner? - Upper bit
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Quaternary Searching Algorithm [Step 1]

1
uncs — S > CNT,
UDC, — >CNTs
"STEPc; | UP, | UP; DN, | DNg |> (g

\¢
CNT, = 1100 — - 1 No |[CNTg| > |CNTLA|? > Lower bit
CNTs = + 0 +f ' @ =0
T | —tzt Yes Sign of winner? - Upper bit
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Quaternary Searching Algorithm [Step 1]

Light |—|
upc, — > (CNT,
upc, EEEEEE=———— —_———— > (CNT;
STEP. UPA UP5 ~ DN, DN; N E
CNT, = Loo I3 [ No ICNTg| > |CNTA|? > Lower bit
:I: -0 =0

CNTg =+ 0 —|+ t 4 _ . :

| p Yes Sign of winner? - Upper bit
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Quaternary Searching Algorithm [Step 1]

Light [
upc, — > (CNT,
ID I > (CNTs
STEP UP, UP; —___ DN, DNg >(10g
CNT, = Loo I3 [ No ICNTg| > |CNTA|? > Lower bit
f 10 =0
CNTeg = + 0 —»{+ t t : : :
| p Yes Sign of winner? - Upper bit
=1
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Quaternary Searching Algorithm [Step 2]

STEPc1 UPA UPB DNA DNB > 10(2)
Light |_| l
UDCA CNTA
UDCB ! CNTB
STEP., UP, UP5 DN, DN >(00y
CNT. = 1100 2 r Nol_ ICNTg > [CNTAI? > Lower bit
:I: 00 =0
CNTe = + 0 —»+ _ . .
? | 41/? Yes Sign of winner? - Upper bit
=0
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Quaternary Searching Algorithm [Step 3]

STEP¢,4 UPa UPg DNa DNg > 10(2)
STEP, UPA|UPg|DNA|DNg >| 00,

STEP., |
"STEPG: | ,
UDC,
UDCg

CNT,
CNTs
01,
I \ No .
CNT, = + 40 —+|— | ICNTg| > |CNT,|? > Lower bit
f : iy
oNTe = T S P Yes Sign of winner? - Upper bit
X =0
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Time-Gated A-Intensity Phase Detection

STEP(;1 UPA UPB DNA DNB > 10(2)
STEP., UP,|UPg|DNA,|DNg 00,

v

UDC, & > (CNT,
UDC, i —m———— —— [CNT5

STEP: | UPROTUPEB0R]DN,, 180°[DNe 270"
Covers from the pTevious to the next

half of the ToFcoarse

STEPf operates with 32-times higher SBR than STEP,
in the quaternary search ©
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Time-Gated A-Intensity Phase Detection

STEP(;1 UPA UPB DNA DNB > 10(2)
STEPCZ UPA UPB DNA DNB 00(2)

v

UDC, @I I s > (ONT,
UDC, i —m———— —— (CNT5

sTeP: | UPAOIUPERORIDN . 160" DNe. 270 |
| | | | | " cTise CNTz—CNT,

CNT, = ([ 0° ]-(180° ) = 80° ToFki. = xtan™
* T om (CNTB +CNT,

270° - - TOF - TOFCoarse+T°FFine
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Time-Gated A-Intensity Phase Detection

STEP(;1 UPA UPB DNA DNB > 10(2)
STEPc, UPA|UPg|DNA|DNg > 00
012

CNT,
CNTg

« Background light Immunity! ©
 Reduced motion artifact! ©
* High frame rate! ©
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Pixel Architecture

) - SiPMe
[ = _}: [phZN_\' 6 SPADs w/ AFE &

Oﬁ — % CDC } masking mem
= Mask] ] OR SiPM,

SPAD Quench+Monostable « Coincidence

Nd!S

(Decision Logic | Timing Gen. \J‘ﬁ( UP, J_UPs X _DNa J_DNs ) detection circuit
(coarse ToF) —)l BGL ! i ||||||§H:|R: ” ” : ° -
1. [BI<IA| > A(0) - TCNT 2 ToF J] " " " oL L Two 9-b UDC for
2. A<0 > Neg(1) J | (- Twn : 80,20,5 or 2.5ns, B @ | i @ B @ B @ : quaternary search
T SAY ¥ ¥ ¥ .
SRAM oT HE Tlmllng ggnerator
for time bin
(A) management

* Clock repeater
shared by four
neighbor pixels

eyl sy ] 0 |
(1 [0,[0] [0, [0] [0}, ToF
Step1 Step2 Step3 -
TCNT :|:
Clock Repeater + 0
TCNT

(72N
-
/4 2\

9-bit Up-Down Counter (B)

B[8:0]
A[8:0]

TWIN
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Clock Generator

Clock Tree |Pixel Array setto
LD Trig—|D Q D Q it CLK<7>
| IX. 1X. : —
—C> |—C> \ ‘|: _I_J r_l_l: ; ...| CLK<6>
\ Coarse/ B Pix. 3 |P_|x|: CLK<5>
Pixel Trig I S I CLK<4>
CLK<7> | '

7-bit As

BEGEEEREE

{[Pix. 1]|[Pix. 2]
7| EN synchronous { E —BI_ I_I—‘> .| CLK<3> ] I N
D ((:ggﬂtf)r A | CEK1> ] T | pix3 IW': CLK<2>
——qee| [{ || ¢ cLket> I
metc|_L ' || |y | Stk ULIRRRTTTTT
BLL D__D__ ... | Pixel Trig_k b
50MHz o clk_ref clk_outl— ~|: i P31 [P 4 LD Trig [~

_________________
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Laser Shot

Control
Signals

Duty-Cycling for Power Reduction

iT 10us }ile(fé,, 320ns
{ MEM<5:0> = 100000, |
EIIES N
CLk<2> RO
TRIGe
S N LN R g Ry ANy —
START 1l l
> STOP l
I N §
ENa o =
UDs
ENg |

™
05

165 205 245

T
325

t(ns

)

Operating the hTDC for
320ns/shot (3.2% duty)

16 switching operations in
each cycle

Power reduction by x11.4 to
132mW
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Fabricated Prototype

// « Fabricated in
ﬁ 110nm FSI
\ * 6 SPADs per pixel
| hip Si
| . Ip size: 7.03 x
Ell B o] Timing Chip s 2e 03
= 3‘ LR Generator 5.9mm
“ 12 '§ . - . .
N E S\ | o] ——— e * Pixel pitch: 75 ym
I SWlZ]| Hybrid Hybrid™ ' 5 _ _
80x60 (NW|S] Up-Down 1 Up-Down I | "5 « Spatial resolution:
. s : \\WI8| Counter | Counter | 5
In-Pixel Histogramming| | \ (T} 220 ® [28] 22 80 x 60
- o - § »
e e | 2 S » TDC resolution:
: By o E c|°ck
J 5ns /100 ps
>
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Depth Image

Zoomed Image

(3]

N

(3, ]
Distance (m)

(4]
o
Distance (cm)

14.5
I 3.75
3
2.25
1.5

Captured in 30fps w/ 30klux background light
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Other Issues in Previous hTDCs

Quench + Monostable Circuits

SPAD Masking Block

Coincidence Detection
Zoom B
- E
Histogram- 2

[ Guench [ Woro

stable

Event/Linear
Up-Down
Counter

Window
Generator

60pm

ming TDC

BUS Buffer

Clock Buffer

Quenching + Monostable
Overflow

Up-Down | Up-Down
Counter | Counter o 6-b
O)
(A) (B) S | Comparator

f 110pm | jp————— 75pm ——|
Large pixel size
Large power consumption

Pixel Controller

60pm

Solution: Analog-assisted
IZ:) timing generator and counter

. G , replacing digital counterparts
Limited spatial resolution! ®
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Analog-Assisted Zoom hTDC

SPAD Front-End Analog Timing Generator (TG) Analog Counter
Photon Vspap TtSTART m tMAXT
SPAD| | & s Ftime
SPAD ~Pulse | [V — T Vo] sAR
Pe ) 1 ADC
QCH o I

S.-H. Han, ISSCC 2024
« Challenges in reducing pixel size & power consumption

1.In-pixel SA hTDC operation in voltage domain ©
2.Digital counter-based TG - Analog-TG (TAC + SAR ADC) ©
3.Digital UP/DN Counter - Analog Counters ©

« Capacitors are located under SPAD device thanks to BSI technology ©
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Challenges in Analog-Assisted Zoom hTDC

SPAD Front-End Analog Timing Generator (TG) Analog Counter
Photon  Vspap t t ﬂ AV variation
SPAD L ST\;\RT D Tt > ¢ VOT, v
AN : |me :
SPAD ~puse | IV : Vror] SAR LS N
> A ' : 1 ADC ? Vse |
QCH Si
. JL Slope var/atlon .VToF Co I T
tlme t

« Challenges in pixel mismatch in the analog-assisted circuits due to
variations in capacitor size, current source, etc. ®

« Solutions: Self-calibration
— TAC + Self-Referenced SARADC ©
— Analog Counters + Self-Referenced SS ADC ©
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Conceptual Operation: Coarse Step 1

1. T/A Conversion 2. A/D Conversion & Histogram
o 1-bit Histogram
Reflected Light. T T T R
Twrt TOF TSEtop > ADC Counters
TPCour ) Dout
Viact 5 ()
Vrern = 1V

Vior = 0.475V

VREFL = 0.2V

Ons 27.5ns  80ns
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Conceptual Operation: Coarse Step 1

1. T/A Conversion 2. A/ID Conversion & Histogram
o 1-bit Histogram
Reflected Light. T T T R
 Tswn TOF Tsiop ADC Counters
TP\(/:;UCTL R Dour  Repeat this process!
Vrern = 1V

Vior = 0.475V

VREFL = 0.2V

Ons 27.5ns  80ns
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Conceptual Operation: Coarse Step 1

1. T/A Conversion 2. A/ID Conversion & Histogram
o 1-bit Histogram
Reflected Light T T T R
" Teun TOF Tsop ADC Counters
TPCour ) | Dout
Viact | 1
Vrern = 1V
UP
T £ e T R E 1
VrerL = 0.2V | . . DN > UP
Ons 57 Ens  8ons ¢ 3. Coarse-bit detection

TOFC [2] - 0(2)
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Conceptual Operation: Coarse Step 2

1. T/A Conversion 2. A/ID Conversion & Histogram
el 2-bit Histogram
Reflected Light T T T R
T TOF Ts.jtop > ADC Counters
TPCour l : Dour Dour
Viact ? E i 1 1

Vrern = 1V
\ 11
S— ; 4
N 10

B Y e s m— \— ------------ P A— R e — ‘S
' oo J'o.27§v 00 DN
REFL = Y. - : f
_ 5t Douti=0  Dour2= 1
Ons 27.5ns 80ns t oo oor2
Zooming of the voltage range by x2
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Conceptual Operation: Error Prediction

1. T/A Conversion 2. A/ID Conversion & Histogram
el cca 2-bit Histogram
Reflected Light | Noise] T
Tewn Tsjtop > ADC Counter
TPCour i) Dour Dout
VTAC N N N
Vrern = 1V f _
\ ) 1171 Discard a sample
RSO0 SUOPMOUN ARUOHA O 10 | = No histogram !
5 5 01 UP
6
vV 0.2V ° oN
REFL = V. B o
5 ; 3 D =1
Ons 80ns > 1 v

DOUT1 * TOFc[Z] =0
Error predictor performs the role in time gating.
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Conceptual Operation: Coarse Step 2
2. A/D Conversion & Histogram

1. T/A Conversion

el 2-bit Histogram
Reflected Light T T T R
T TOF Tson > ADC Counters
TPCOUT .L DOUT DOUT
VTAC V'S A ~
Vrern = 1V
N 10
Vror = 0475V [roooppooseofoomseeaseses A e — D — .
J'0.275;V - 00 DN
VrerL = 0.2V , BN <UP
Ons 27.5ns _ 80ns 3. Coarse-bit detection [2:1]= 01
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Conceptual Operation: Coarse Step 3
2. A/D Conversion & Histogram

1. T/A Conversion

N 3-bit Histogram
Reflected Light T T T .
Ts;tart TQF TSEtOp ’ ADC Counters
TPCOUT? ’L | Dour Dour Dout
Viact N 1 A
Veern =1V ——x » T
f 2\ ) o 110
\\ ! a0 101
\\i i 100 -
011
Vior = 0475V [ e S R e LU} >{1:)'Nr
............. 0.275V | - an 001
- o 000
VrerpL = 0.2V : : |
Orils 275 E— 805ns > t Dout1=0 Dour2=1 Dours=0 DN > UP
' ToFc [2:0] = 010
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Conceptual Operation: Fine Step
Indirect ToF method

. 1 3-bit Histogram
Reflected Light T TT S
T TOF Towr > ADC Counters
TPCour '0'5LSBF Dour Dour Dour
V1ac 0 delaYEd N N S
Vrern = 1V s 111
e e
NG - 160
Vine= 0.525V [ - T N eeeeecccceeeeocccaees el o g }l 180"
Vior= 0.475V |- 1--=== R & - s 010 0°
§= v 001
_ i - o0 ToFc[2:0]= 010,
VrerL = 0.2V ¥ D =0 D =1 180°
Ons 27.5ns  80ns . oo o ToFe=Ton - 0°+180°

Phase shift of time bin - V, offset generation based on ToF;[0] value
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Block Diagram of Proposed Sensor

160x120 Pixel Array
'S g VSPADVc|amp Analog Timing Generator Histogram
Ele Dout[0]
0| S TPC Vree| OAR
E g I_ov TPC outf TAC ™% ADC 3
QCH ' Tri 3
°3 DOUT[3:0]i Ti O
— % i Error _OD_ §
= ';Igog_Tt Predictor | FLAG & é Q
c -bi o B @
; 8 TD[O] Counter Output TOF0[3:O]? CLKCMP I: I:
Nl V
I TD[M] —" . ', _TDI&0] | ToF ¢ vUP Analog
S = : Memory -|XDN ICounters
|l ||
| Column Decoder & Readout Mux |
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Schematic of Self-Referenced SAR ADC

CLKcwp (ﬁ
CMPour [

m

SAR

=8C=F4C=F2C=C ==C |LoGIC
}SW[3:O]

:

UNNST
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Pixel Mismatch of TAC & SF

TPC 1
O:” ToF =30ns 160ns
Vse Lo :

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

;SPlx:‘I %
Spix1 # Spixz ;SP'X;Z
Vr1or1 # V1or2 SEIOP?(S) =lCr

...................................

...................................

...................................

...................................

...................................

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

« Mismatches between pixels due to PVT variation ®

DOUT

Dout1 # Dour?

* In MC simulation with a 100fF of Cy, oy, . ~ 72mV > 1LSB (50mV)
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Automatic Calibration by Self-Reference

TPCOUT I I Pixel1 Pixel2
Voo 1 ToF = 30ns 160ns ' o %
SF R T Veerr| oo Veer|

o, T 111 T 111

Seixt A 110 NRRRNRNN

sp.gz/gt N e 101 }gg

T T SN Voo [ 100 Vesy [oemmmgidg

Slope(S) = I/Cr ™.\ i o11 I )

: ; ) e eleteetetutubuiubnssteiosul (i 1'

o1l . L ... 000]

é ; s\\ g ........ §=========::::=====:TEEEEEEEEEE;'B’66" VREFL2
.............................................. M ececccsccsecccccccsccccscccccccWecoaaoaaaaannsees
- ’ >t VrerLs %ptive reference
voltage (Vrer)

Auto-Correction: generating both signal V1, and

Dout1 = Dour
referenced voltage (Vger ) in the same TAC. ©
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Mismatch in Analog Counter

vDD RST | | RST | |
RST Trig ] Trig ]
o_|P1 C v Drain ___ Drain ___

Veg = Veias-Vin © A mismatch between pixels of step size due to

Drain o_| Co Vy & capacitor variation ®
Mp4 « Itis important to accurately read out the phase
Vas intensity stored in analog counters to calculate
TOFFINE'
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Conventional Single-Slope ADC

Integration time A/D Conversion
y ) S T ¥ .
Yo ~--3AVopix1} AVopixz Vo 1 AVramp
-
l_‘_l_VQ’PiXJ ................................ Doutpixt= S ' Cause Error!!
CNT *+ 7
« The SPAD count of
the two pixels = 7 Vopixa | '?_qqt;eig(?_:,l?,,_,,—,_l
I t) E OOOt)

« Capacitor & Vg mismatch CLKgrwp | i | | | i | i | i | i | i | i | i | i
Cguses AV variation between CLKen+ Mm-u-u-l ven
pixels.

CNT[9:0] 0 X1X2X3X4X5X6X7X8X9)
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Self-Referenced SS ADC

Integration time A/D Conversion

y ) S y ) S
Yo -30Vopixt§ AV, pix Vo =38 Vramppixt,_§ AVramp pixe

]_I I_I I:)out,pix1= 7
I_\_\lo;lf."!(." ............................... [T!TJ_ Correct!!
A vramp= A vo,pix
 The SPAD count of
the two pixels = 7 Vorb2 o oooeeeeeeeesc].ee Dowtene=7.._ 1 ...
|

v 11 11 1t

 The ramp signal is also CLKgmp | | | | | | | | | | | | | | | | | | | |
generated by an in-pixel analog l_l I-l l_l l_l I_l l_l I_I l_l l_l l_l
CLKCNT o00
counter.
S.-H. Han, VLSI 2022 CNT[9:0] _0 X1X2X3X4X5X6X7X8X9)
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Chip Micrograph

Fabricated in 110nm BSI

A single SPAD per pixel

Chip size: 7.08 x 5.24mm?
Pixel pitch: 35 um

Spatial resolution: 160 x 120
TDC resolution: 10 ns / 230 ps

'r
li

Clock Tree
| III IIlllllllllmmlllll-., i
. °

!!LIIIII
wuwyeZ g
[ )

1=
=
%)
=
o
(/2]
1.8
m
o
I
=l
o
N
T
=
(=)
o
N

P EEERNENEEENENERNNERNERERRERELNY
~ TEgE y
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Indoor Depth Image

| Wall at 9m

Depth image taken at a 10fps under indoor condition
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Comparison of Three hTDCs

SA hTDC w/ Digital QS hTDC w/ Digltal Analog Assisted SA
Counter Counter hTDC
Technology 110nm BSI 110nm FSI 110nm BSI
Pixel array 100 x 76 80 x 60 160 x 120
Chip size 7.0 x 5.9mm? 7.0 x 5.9mm? 5.9 x 5.2mm?
hTDC area 2700um? 3600um? 520um?
TDC resolution C130.arse 10ns C(_)arse ons Co_arse 10ns
Fine 300ps Fine 100ps Fine 230ps
Maximum distance 50m (designed: 96m) 45m 24m
Depth precision 10.5cm 1.5cm@2m 2.8cm@7m
Depth nonlinearity 4.5cm 2.5cm@2m 4.8cm@7m
Power consumption 104mW@40klux 132mW 60mW
Frame rate 10fps@10m, 40klux 30fps@10m, 30klux 10fps@10m, 6klux
# of TDCs 7600 4800 19200
'Estimated equivalent value from measurement results
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Thank you for your attention!

Any questions?
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