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Fig.2 An architecture realizing constant excess bias control
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Fig.3 Clock controlled dead-zone-time adjustable architecture
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Tab.1 Performance comparison of photon timing readout circuit
Year 2018 2020 20202 201824 201912
Institution MIT Lincoln University of Swiss Federal Institute of Delft University of Southeast
Laboratory Edinburgh Technology Technology University
Technology 0.18 pm CMOS 40 nm CMOS 0.35 pm CMOS 0.18 pm CMOS 0.18 um CMOS
Pixel array 256x128 128x128 32x128 252x144 64x64
Pixel pitch 50 um 40 pumx20 pm 40 pm 28.5 um 50 um
TDC
resolution 500 ps 100 ps 78 ps 48.8 ps 1000 ps
TDC range - 233 ns 640 ns 333 ns 4000 ns
Frame rate - 500 fps 20 fps 31.25 kfps 20 kfps
Power - 185 mW - 2540 mW 490 mW
. SPAD
] 'Qg) and
128x128 SPAD array 8 | | circuit
3 bias
&
Cols Cols  Cols Cols  Cols Cols  Cols Cols
0-3 28-31  32-35 60-63  64-67 92-95  96-99  124-127[
[TT1 [TTT TTT1 [TTT TTTT [TTT TTTT [TTT
E-D E-D E-D E-D E-D E-D E-D E-D
MuUX|  [MUx| [MUX|  [MUX| [MUX|  [MUX| [MUX  [MUX| [ Master 16-
TC| -+ | TDC| | TDC| -+ TDCQTDCQTDCQTDC%TDC?
0 7] 8 =I5 16 23 24 31 Boundary [~
I I I I I I I I scan (JTAG)
TDC TDC| |TDC TDC| |TDC TDC| |TDC TDC controller
IF || IF IF || IF IF || IF IF || IF |
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block 0 | block 1 | block 2 | block 3 |— Regd out
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Pipelined time-multiplexer generation
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| Pad interfaces |—

&l 5 T TDC HETJ5 %A ROIC 4244

Fig.5 ROIC architecture based on TDC sharing scheme
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Tab.2 Research progress of photon counting readout circuit

Year 20151 202084 2022 20192 202147
oo MIT Lincoln Oregon State University of Technpn-lsrael Southeast
Institution Laborato Universit Edinburgh Institute of Universit
oratory ¥ ure Technology ¥
Technology 0.18 pm CMOS 0.18 pm CMOS 40 nm CMOS 0.18 pm CMOS 0.18 pm CMOS
Pixel array 256x256 8x8 128x120 64x64 128x1
Pixel pitch 25 um 80 um 8 um 25 um 80 pm
Dynamic range 42 dB 129 dB 126 dB - 60 dB

2015 4%, Mol SE s 4R 1 T — P L TR S A
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v v
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Fig.6 Single pixel structure block diagram of 256x256 photon counting

system

TRIES ) TR

o FRAME R Z B BT EORE, ik,
MERWEACTIHHECRE, 7T LN F 5 5 A7t
oo PR B PSR I 26 T I 55 PR S , BISL
RIS A A 2 — UK o (EUR:, 2 RSP REAY
BIR A, B3 2 T AR 20 S ORI 45 A J Tk i 2 2R A RS
THRCRES S, B LU Z AR I 45 58 DX 8] 34 55 A
o SEDXIN 18] ) R BORIf E 7 227 2 M N R, 45
T BB AT OC TR R G  BECI ]| fek
THECR RS, INITEA [F] D658 25 5 T 32 RE S B i
FOE T IO R T o L, FEIZZE L, SEIX
FF 18] PR3 15 75 95— O GBI E AR

2019 4F, AR R EE A Y — ot 1 18] A o SR T
10 T2 P S A R, 7 R B AR G PR AL T T R B R
— T ARSI ) ) Ol 1A K A A AT DX ] A7 % T R
BN, TSI IDE 7 A b, 00 1A Btk AT 0

20220903-5



ISk A2

%34

www.irla.cn

o

%52 %

5 R IFERE R T DB [RIFEA T L, SEHF I8 15 SPAD
(B XIS [, TR 30 T S e R I 2%

6T 1 TDC X6 7 (%A T i a] B 32
i, TEABRGZ BT, TDC K B fE 2 3 2, B
b6 FE S HASEY K, TDC ThRE S s in . H AT 30
gk 7 02 TDC 4L, 2R R L 2E [ —4> TDC,
WA T RBURIIAE, Bk TR IRCRE TR g
PR T BRI, e FITEURTER R PN BT
o, I B g TR R TDC T
L[] B RS B A R, THECER T o T AR B N T
TDC, HF 114032 B MG ZE AR A Il 2480 . R F
THECE SR B RERE F &2 SPAD, X 167 Ifi 7 5 bk b A
i TR A, ] A R E BRI R Y TR e/ Ak
SPAD (15 ik th R AU G-I HERE I (% DG Bk n]

4 ROIC XEB#a#

& 45 ROIC 9 3= BTy g A0 46 =5 i L U i K 0 5
PR e AT A ] A4 0 R [ A B 4
o o B A TR0 A IR — R TE AN AT . B
% WG H A K L B = i 3% i, ROIC (1 5 6
AR o IR EEH T LR LA

() i EEEA7i% . — i ROIC A5 2 N 1Y 77
T E ALY, VBN TDC ¥ TOF #Ef7HH4k, [RmbE 1k
Je W B TR T A A AL fi, PR A — Wi oAb
Kot 5 B A AE  E R Ah . B RS R A 18K
B R SURISE N, RO R 85 AL i R AN v 1
B ) B, A% 0 0 B0t A7 i 48 R i o Ay R o g
Bt & i LR R, b E AR BOR B R 2 i
AISA 2 ROIC — s T4~ TDC 4k — 41,
I A LAAEIT . MR R R I BT il &
555, TDC 2% Ak J5 B E B A7 2 A E A7 i
TG, AN R R NI AF A7, 1 B A S A% i
008 o R B A AR AN R s /N T B 132
R B X6F 22 8 Mot AE 1) IR 41, i 2R 495 B 0% 3 B AR /=5 119 i
Wo BRI AR T A H I B T A R Y AR B AL
T A7 it %% (Static Random Access Memory, SRAM).,
W T B AN ) X5 R BB 2 [ AT A . -k,
il TDC " EUE S ARG TT . AT 7 11 45 )
R, BN P AR 2, T AR G R B RS A LA

(2) RIEDEF A2 BN . T EEm T

TOF It 1) BUAG 3R G 1 B — B G 8] P, de 22 ARG
D — YR [EDEF, I FLIGTHEOR 25 S ks 4 45 [
FEURR M B BRI R, AR 5 g R A
— TN AT — KR B 0 H £5 1k 4k 5 4G T 1 15
#il. ROIC Kl () K i 5 i A5 5 9 A& B Aok 1 [l
D7 A 1 T A Al PR 25 s G A T, 3t 2
B SPAD [ 41) 1) S B B A% WUAR TG 125 B2 T 1) 2 2L P 2
Z—o Z PRI AR ROIC 78— Wi Py 1] LUK
PR B A 6 [0, R0 X R 9 TOF™, X ik
P TR — UG F B AR [ A AR, R
FHE A5 67 030 1 Bisf 233 AR 6 P R 07 2 1 A R
it o 22 TR0 440 AR A R B i) R AR 2 A7 28 B £ 34
DA 3% 8 5 o LSS B M0 24, 3K A 3 AR A PR A
1) ROIC Hi f% Hh & — > F5 47 b B3 1 ) i, DR O A
SEPRRL R, 22 ] A e B SR R A
FE0E A ARG — L, A B8 S 22 U LA

) HHFENER, 245 M1k, AR
J A B IR LE P SRR 4307 FH , A9 JH i s (1] ]
B 181 RE 4 7 2t 4 SPAD 42 8 fry B ' i (1] R
HTE T 1155 5#O6E 5 R AR 5 25 b H
Hi. O T ¥ SPAD HRIN % I FH 7 3 226 1 S (R T
Y, TAELE A BRI SPAD [ 51152 1 HL i
AR B, A AR, S B TAET A
HASEE, A E AT AN Z 5 — 1 R Sl Bl
TN DLZEREIN | VR IOIRAS 2 1) [ R Y0, I R A R
IR AT C S B A BRI 1 i 22, T
T 53 (14 I ) B A TR T AT S i . R R DA
TR I 7 22 A o L T A0 A 2, W B DR T
FRA TR . 2017 45, 3 AR 5% % /A 7] Merlin 5255
S T — BB TE H BRI R 352 L 1R
FHUBN 32x32, R g IR AR & R FE A =, (R oT
O R 66 um® FpR R DA 3 R B A o AR 4,
K2R &, M I FE AL Ge I T U R KA i, A
SR BRI A p R S — A BN R,
b, A AR B TR/, R Rk

5 ZERIE

VLI 51 SPAD BB TS5 H HL I 14 A 88, FL B 1Y)
PERELE S T, (ER AR T 38 B8 S A 7 A A 1 R
= 0 D PR B R A R A 0 K, LB D R B L B

20220903-6



s Gk A2

%34

www.irla.cn

% 52 %

G m, JCH X T T v 1Y SPAD I £ >k i,
1M 2 (] R i B Sy e, A B ) SPAD T B RIS i
— AP RO FEHNE ., FOWKR TDC, R FRILE
A TDC (284G 4 A e 7 — 35 43 B9 D #E ), {3 )2
B % ROIC Hif [] 73 B FHE B 2R A 42 7, A s TR
RN, LA R B D RE I 3N, DB AT & — A HuE
i R i ) B, Uk, SPAD BRI 2% H T 0 5 (4 25
et R ] R R GRS i R R &
F DA X 4, 5 S50 i TOF 1 1 AL B8 2 K i
TCARCEAE , T B 22 WU I HE AT R A, S PR B AR
JEAREAR o An ey o B A AR rh il A R MRS, R4
Je 152 H R T A R [ S

bii% SPAD [5G K it — 0 &, 2 i
HNG AL N Z 1 R, HE— 2B R A B — R
0] &, e BLE SEB R R

SE Lk

[1] Deshpande R R, Bhatt M R, Madhavi C H R. Accuracy in depth
recovery and 3D image synthesis from single image using multi-
color filter aperture and shallow depth of field [J]. IEEE Access,
2021, 9(9): 123528-123540.

[2] Kang Y, Xue Ruikai, Li Lifei, et al. Continuous scanning 3D
imaging with SPAD array based on pixel multiplexing [J].
Infrared and Laser Engineering, 2020, 49(S2): 20200375. (in
Chinese)

[3]1 Jin Chenfei, Tian Xiaorui, Tang Meng, et al. Research advances
on non-line-of-sight three-dimensional imaging lidar [J].
Infrared and Laser Engineering, 2022, 51(3): 20210471. (in
Chinese)

[4] Guo H B, He X W, Liu M H, et al. Three-dimensional
radiopharmaceutical-excited fluorescence imaging of lymph
nodes[C]//IEEE Nuclear Science Symposium & Medical
Imaging Conference, 2017: 1-3.

[5] Vornicu I, Carmona-Galan R, Rodriguez-Vazquez A. On the
calibration of a SPAD-based 3D imager with in-pixel TDC using
a time-gated technique[C]/IEEE International Symposium on
Circuits & Systems, 2015: 1102-1105.

[6] ZhuY J,NiuY Z, Lu W G, et al. A 160x120 ROIC with non-
uniformity calibration for silicon diode uncooled IRFPA[C]/
2019 IEEE International Conference on Electron Devices and
Solid-State Circuits, 2019: 1-3.

[71 Perenzoni M, Massari N, Gasparini L, et al. A fast 50x40-pixels
single-point DTOF SPAD sensor with photon counting and

[10]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

20220903-7

programmable ROI TDCs, with <4 mm at 3 m up to 18 klux of
background light [J]. IEEE Solid-State Circuits Letters, 2020,
3: 86-89.

Ameri M, Kamrani E, Hashemi S, et al. A fast quench-reset
integrated circuit for high-speed single photon detection[C]/
2013 IEEE International Symposium on Medical Measurements
and Applications, 2013: 179-182.

Tosi A, Mora A D, Zappa F, et al. Single-photon avalanche
diodes for the near-infrared range: Detector and circuit issues [J].
Journal of Modern Optics, 2009, 56(2-3): 299-308.

Tisa S, Zappa F, Tosi A, et al. Electronics for single photon
avalanche diode arrays [J]. Sensors and Actuators A Physical,
2007, 140(1): 113-122.

Zappa F, Ghioni M, Cova S, et al. An integrated active-
quenching circuit for single-photon avalanche diodes [J]. IEEE
Transactions on Instrumentation & Measurement, 2000, 49(6):
1167-1175.

Chang P H, Tsai C M, Wu J Y, et al. Constant excess bias
control for single-photon avalanche diode using real-time
breakdown monitoring [J]. IEEE Electron Device Letters, 2015,
36(8): 859-861.

Zheng Lixia, Zhang Guangchao, Tian Jiangjiang, et al. An
integrated bias voltage control method for SPAD arrays [J].
IEEE Photonics Technology Letters, 2018, 30(19): 1723-1726.
Deng S J, Declan G, Morrison A P. A Geiger-mode APD photon
counting system with adjustable dead-time and interchangeable
detector [J]. IEEE Photonics Technology Letters, 2016, 28(1):
99-102.

Wang H C, Dai F F. A 14-bit, 1-ps resolution, two-step ring and
2D vernier TDC in 130 nm CMOS technology[C]//43rd IEEE
European Solid State Circuits Conference, 2017: 143-146.
Ferreira L, Moreira M B, Souza B, et al. Review on the
evolution of low-power and highly-linear time-to-digital
converters-TDC[C]//2020 IEEE 11th Latin American
Symposium on Circuits & Systems, 2020: 1-4.

Niclass C, Favi C, Kluter T, et al. A 128x128 single-photon
image sensor with column-level 10-bit time-to-digital converter
array [J]. IEEE Journal of Solid-State Circuits, 2008, 43(12):
2977-2989.

Aull B F, Duerr E K, Frechette J P, et al. Large-format Geiger-
mode avalanche photodiode arrays and readout circuits [J].
IEEE Journal of Selected Topics in Quantum Electronics,
2018, 24(2): 1-10.

Mattioli Della Rocca F, Mai H, Hutchings S W, et al. A 128 x

128 SPAD motion-triggered time-of-flight image sensor with in-


https://doi.org/10.3788/IRLA20200375
https://doi.org/10.3788/IRLA20210471
https://doi.org/10.1109/LSSC.2020.3005760
https://doi.org/10.1080/09500340802263075
https://doi.org/10.1016/j.sna.2007.06.022
https://doi.org/10.1109/LED.2015.2450936
https://doi.org/10.1109/LPT.2015.2487342
https://doi.org/10.1109/JSSC.2008.2006445

ISk A2

29 www.irla.cn

% 52 %

[20]

[21]

[22]

(23]

[24]

[25]

pixel histogram and column-parallel vision processor [J]. IEEE
Journal of Solid-State Circuits, 2020, 55(7): 1762-1775.
Jahromi S, Jansson J P, Kernen P, et al. A 32x128 SPAD-
257 TDC receiver IC for pulsed TOF solid-state 3-D imaging
[J]. IEEE Journal of Solid-State Circuits, 2020, 55(7): 1960-
1970.

Zhang C, Lindner S, Ivan Michel Antolovi¢, et al. A 30-
frames/s, 252x144 SPAD flash LiDAR with 1728 dual-clock
48.8-ps TDCs, and pixel-wise integrated histogramming [J].
IEEE Journal of Solid-State Circuits, 2019, 54(4): 1137-1151.
Wu Jin, Qian Zhiming, Zhao Yang, et al. 64x64 GM-APD array-
based readout integrated circuit for 3D imaging applications [J].
Science China Information Sciences, 2019, 62(6): 062407:1-
062407:11.

Aull B F, Schuette D R, Young D J, et al. A study of crosstalk in
a 256x256 photon counting imager based on silicon Geiger-
mode avalanche photodiodes [J]. IEEE Sensors Journal, 2015,
15(4): 2123-2132.

Ouh H, Shen B, Johnston M L. Combined in-pixel linear and
signal-photon avalanche diode operation with integrated biasing
for wide-dynamic-range optical sensing [J]. IEEE Journal of
Solid-state Circuits, 2020, 55(2): 392-403.

Erdogan A T, Al Abbas T, Finlayson N, et al. A high dynamic
range 128x120 3-D stacked CMOS SPAD image sensor SoC for

[26]

[27]

(28]

[29]

[30]

[31]

fluorescence microendoscopy [J]. IEEE Journal of Solid-State
Circuits, 2022, 57(6): 1649-1660.

Katz A, Shoham A, Vainstein C, et al. Passive CMOS single
photon avalanche diode imager for a gun muzzle flash detection
system [J]. IEEE Sensors Journal, 2019, 19(14): 5851-5858.
Zheng Lixia, Guo Pengcheng, Lu Hai, et al. An ultraviolet
photon counting imaging system based on a SiC SPAD array [J].
IEEE Photonics Technology Letters, 2021, 33(21): 1213-1216.
Augusto R X, Preethi P, Myung-jaec L, et al. A modular, direct
time-of-flight depth sensor in 45/65-nm 3-D-stacked CMOS
technology [J]. IEEE Journal of Solid-State Circuits, 2019,
54(11): 3203-3214.

Xu W S, Zhen S W, Xiong H L, et al. Design of 128x32 GM-
APD array ROIC with multi-echo detection for single photon 3D
LiDAR[C]//SPIE Seventh Symposium on Novel Photoelectronic
Detection Technology and Application, 2021, 11763: 117634A.
Glettler J] B, Hopman P I, Verghese S, et al. InP-based single-
photon detector arrays with asynchronous readout integrated
circuits [J]. Optical Engineering, 2008, 47(10): 100502.

Itzler M, Salzano G, Entwistle M, et al. Asynchronous Geiger-
mode APD cameras with free-running InGaAsP pixels[C]//SPIE
Commercial+Scientific Sensing and Imaging, 2017, 10212:

102120K.

Key technologies and development trends of SPAD array

readout circuit (invited)

Zheng Lixia, Wu Jin, Sun Weifeng', Wan Chenggong, Liu Gaolong, Wang Jiaqi, Gu Bingqing

(Institute of Microelectronics, Southeast University, Nanjing 210096, China)

Abstract:

Significance In recent years, the Single Photon Avalanche Diode(SPAD) with single-photon detection capability

has been widely used in weak light detection fields such as laser radar, quantum communication, fluorescence

spectrum analysis and so on because of its advantages of high sensitivity, fast response, strong anti-interference

ability and small size. As a new nonlinear device, SPAD detector has complex manufacturing process. In addition,

various applications of SPAD array need readout integrated circuits (ROIC) for detecting sensing signals to be

matched with them to achieve the extraction and processing of SPAD detector avalanche signals. Various

applications have increasingly high requirements for array size, detector signal extraction and processing

capabilities. At the same time, the parasitic effect, power consumption, area and other problems caused by large-

scale array are becoming more and more prominent, which seriously affects the imaging quality. The design of

array-type SPAD readout circuit is facing great challenges.
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Progress The readout circuit of SPAD array is mainly composed of interface circuit and signal processing circuit.
The interface circuit realizes the quenching and extraction of avalanche signal, and the switching between the cut-
off and the state to be measured of SPAD. It is a dynamic bias circuit. With the expansion of the array scale, it is
required to add SPAD anti-bias voltage adjustable circuit in the interface circuit, realize pixel-by-pixel or
regionally adjustable bias of SPAD, and SPAD high-voltage breakdown protection circuit. At present, such
technology is only used in small-scale, linear array and some applications, but still cannot be realized in the
application of large area array. The main difficulty is that complex circuits cannot be used due to the limitation of
pixel area.
According to the application of SPAD, the signal processing circuit is divided into photon timing circuit and
photon counting circuit. The photon timing circuit is used to measure the flight time of photons. In the circuit, the
array-type time-to-digital conversion circuit (TDC) is used. Because the arrival time of each pixel is different,
each pixel needs an independent TDC, and the circuit power consumption is very high. This is also one of the
reasons that limit the scale expansion of SPAD array. A related research team has proposed a TDC sharing
structure, such as the Lausanne Institute of Technology in Switzerland, which proposed a TDC sharing structure
(Fig.3). At the same time, because the pixel area is not limited by sharing, multi-segment TDC can be used, and
the time resolution of the circuit is less than 100 ps. Compared with the photon timing circuit, the structure of the
photon counting circuit is relatively simple. It only needs to record the number of photons detected in a frame.
The difficulty of this kind of circuit is to effectively adjust the dead time of the SPAD detector to achieve the best
compromise between the detection rate and the dark count.
Conclusions and Prospects With the demand for SPAD large arrays and the development of readout circuits, the
following development trends have emerged in relevant readout circuits in recent years: on-chip data storage,
multiple echo detection of returned photon events, and free detection mode. With the further development of the
application requirements of SPAD array, the readout circuit will integrate more functions, further develop towards
the integration of sensing, memory and computing, and finally truly realize single-chip imaging.
Key words: readout integrated circuit (ROIC); quenching circuit; time of flight (TOF); photon
counting
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