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Design of single photon detection system with high resolution TDC
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Abstract: To solve the problems that the time resolution and measurement error of time-to-digital converter ( TDC)
are mutually restricted, and the single photon detection system has low working frequency and long dead time, a
high-speed single photon detection system for fluorescence lifetime imaging was designed. The system integrates a
6 x 6 single photon avalanche diode (SPAD) array and a two-stage TDC. In this system, the SPADs are connected
in parallel with each other to increase the photosensitive area. The quenching circuit could effectively reduce the
detection dead time and afterpulse effect by automatically controlling the two discharge branches. Both high
resolution and large dynamic range were achieved by the two-stage TDC structure, where a novel three-channel
vernier structure was adopted to reduce the measurement uncertainty. The memory temporarily stored the
measurement time interval in the corresponding address, and after the measurement, the UART circuit read data
into the computer by the order of address. The system was simulated on the basis of TSMC 0. 18 pm CMOS
technology, and the overall layout area was 2 800 pm x 1 800 wm. Simulation results show that the breakdown
voltage of SPAD was about 11.3 V, the avalanche current was about 10 > A, and the dead time of quenching
circuit was about 40 ns. TDC could achieve a time resolution of 30 ps and a total conversion dynamic range of
241 ns. The whole system detected two fluorescent signals at a clock frequency of 526 MHz, and the quantization
error was less than 10 ps.

Keywords: single photon detection; time-to-digital converter; three-channel vernier structure; single photon

avalanche diode; quenching circuit
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Fig.1 Single photon detection system block diagram
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Fig.2 SPAD and quenching circuit
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Fig.3 Measurement principle of two-stage TDC
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Fig.4 Traditional cursor delay chain structure
H1 T PVT HIPREE P )52 0], 25 S ) A I 22 (6
ST —SE R 25 IRUCER @ SR SE N BRLTC Y SE I 22
AR 220 g, , WUV BE 0 GRAE IR BT Y SERS 25 ¢, A

tres,[ = (tl _t2> +:U“i :tres +I'L[5 (1)
FiR LA T 3N
T=’L><lm+iﬂw (2)
1T B A B 22 PR A o 22 AR TR, RNy
std (2, ;) =std(u,) =std(u), (3)
DUV [R] (BT T A8 5 B2y
std(T) =std(u) x/n. (4)

12 (4) AT, 2 v B SE I PR T 1Y BT TP RE
3 RN A N 4 B TT DL R 1 45 R AN
SERE. LT IR, AR RG M —4 TDC R A T —F
BT AR 225y RO 1) =8B AR 454, an &l 5 pr
7IN. =1 T P AR A5 B 2 A0 P 114 R B 4 A i
KW 1/3, 2253 548 1 4 I 550 BA B i H T4k
AEJ7. HC(4) AT, i 25 SR R R o FE A A%
Bia5H 57% LIF .

Horb, R340 3 4% SR I B o SE R BG4 22 P [
FER o, HEEHUNIE 6 (a) s, 1301 3 SRAER]HE 4k
ef B 1) S B Ry e 7 AT 8, L4549 an &l 6 (b) Jir
RGBT TR EE Mg Mg AR 32 1 L 6 45 22 i R
N R ¢, =t =30 ps.t, —t =60 ps.t; —t =90 ps, b\
1M 2% TDC 53 T 30 ps {1 [A] 73 B 8. 5 40 i £
TGS AT S AETEARNL 25, W 25 0 B 224 7 2%
S TR B 3 A OO o A B BT e AN E A
HGOK TDC N 5 JE (1 ] Bt 386 K7 D #E. S I AR
TDC Hgsin 1 IR HERL R Edge aligner, iy 25 43 4iE
I AT LT AR AL 22 1Y 22 70 A M55, S R R FE 1Y)
THER T XA B R AR.



9512 4 G, 25 458 AR TDC MO F 3 R 401t - 45 -
In+ Out+ In+ O
Ty T @i
Int+ ~_ Out+ Out- In+ Out+* Out-
M‘Q‘J) - Tn- I§JZ D mige
Statr o In+ Out _ Out:
— L tZOuH (IITI'L\ \ Out+ ﬁjﬁl
EN— In- : Out- \-_‘)" Out
=L 7 - —
el —>»[1P o o) D o
ML i TSPC ok CLK CLK
~ —
gt — Int+ Out+
op - rq Out-
n-{¢
In+" Out+ Out-
— D

In+¥" Out+ Int " Out+

5 ETEEZHRBHNZEERFR TDC

Fig.5 Three-channel vernier TDC based on voltage-controlled differential inverter
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Fig.7 SPAD layout and performance simulation results
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