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In recent years, Flash LiDAR sensors based on direct time-
of-flight (DToF) have been playing an increasingly impor-
tant role in various 3D imaging fields. In order to perform a
histogram on the chip to reduce the data rate, it is inevitable
to use a large-size histogramming time-to-digital converter
(hTDC) in a Flash LiDAR sensor. However, a large-size
hTDC limits the spatial resolution of the sensor. The suc-
cessive approximation method [1] and quaternary searching
method [2] have been proposed to reduce the number of
memories in hTDC. However, due to the large area of the
digital counter, the area of the proposed hTDC in [1,2] is
still too large.

In this study, we propose a column-shared hTDC based
on pixel-to-pixel coincidence detection and compact 9-bit
analog counters to reduce the pixel area and improve the res-
olution of the DToF sensor. The column-shared architecture
eliminates the need for additional comparators and memo-
ries in pixels. The proposed pixel-to-pixel coincidence detec-
tion technology makes each pixel only need one single pho-
ton avalanche diode (SPAD), rather than multiple SPADs.
The proposed analog counter has a high dynamic counting
range without large capacitance. Through the above two
techniques, the pixel size is only 36 X 36 pm.

Architecture of the proposed hTDC. The architecture of
the proposed hTDC is shown in Figure 1(a). The pixel con-
tains a SPAD, quenching and monostable circuit, pixel-to-
pixel coincidence detection circuit, two analog counters and
The column ADC is composed of a
three-stage comparator, a 9-bit digital counter and a 15-bit
memory. The quenching and monostable circuit is used to
shape the output of SPAD and output a narrow pulse. And
then the pixel-to-pixel coincidence detection circuit is used

a window generator.

to convert narrow pulses from different pixels into serial out-
put pulses and filter out background light noise. The win-
dow generator is used to provide a pulse counting window,
and the analog counter is used to receive pulses in different
windows and perform counting operations. After the count-
ing of the analog counter is completed, the column ADC
quantizes the voltage of the analog counter for each pixel
row by row, and then the memory stores the digital codes
and reads them out. Since there is no additional area con-
sumption caused by ADC and memories in each pixel, and
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thanks to the application of pixel-to-pixel coincidence de-
tection and analog counters, the proposed architecture can
better reduce the pixel area. The quantization method of
hTDC is divided into two stages: coarse quantization and
fine quantization. Coarse quantization is based on succes-
sive approximation, and fine quantization is based on phase
detection technology. The specific quantification method is
given in Appendix A.

Pizel-to-pizel coincidence detection. The circuit of pixel-
to-pixel coincidence detection is shown in Figure 1(b). First,
each pixel has a SPAD, which is connected to a quench-
ing circuit.
quenching circuit, thereby shortening the pulse width gen-
erated by the quenching circuit. This is to enable the sub-
sequent coincidence detection circuit to receive more pulses.
Then, the coincidence detection circuit of each pixel will re-
ceive not only the pulse given by its own monostable circuit,
but also the pulse signal given by the monostable circuit of
four adjacent pixels. The pixel-to-pixel coincidence detec-
tion circuit converts the parallel input pulses from different
pixels into a serial output signal SiPMj, through a NAND
gate. Thanks to the application of this technology, only
one SPAD is needed in each pixel without multiple SPADs,
which greatly reduces the pixel area.

The monostable circuit is connected after the

9-bit compact analog counter. The digital counter used
in hTDC usually causes huge area consumption. Therefore,
an analog counter with a smaller area can be used instead
of a digital counter. The charge-injection analog counter is
proposed in [3]. It has good linearity and anti-noise per-
formance, but there are still additional charge @, leakage
caused by high-level path, and charge @ caused by charge
injection and clock feedthrough. Then the actual counting
step A Vo of this structure can be calculated as

C +
AV = ~1 (Vbp — VREF) + u
Co Ca

(1

In order to reduce the area of the analog counter, it is
necessary to reduce the charge @1, and charge @, so that
the area of the capacitor C's can be reduced. The improved
charge injection structure is shown in Figure 1(c). On the
basis of the switches S; and S2, a switch S3 is added. The
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Figure 1
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(Color online) (a) Architecture of the proposed hTDC; (b) schematic of SPAD and pulse-shaping circuit; (c) schematic

of the proposed analog counter; (d) distance error of the proposed hTDC from 1 to 48 m under 30 klux background light intensity;
(e) distance error of the proposed hTDC from 3 to 4 m under 30 klux background light intensity; (f) layout of the proposed hTDC.

control signals of S; and S2 are unchanged, and the con-
trol signal TRGq of S3 is obtained by NTRG through an
inverter. When the control signal TRG of S2 is low level,
both ends of the capacitor C'; are reset to Vpp. When S»
receives the pulse signal, S; and S2 are connected and S3
is disconnected. After a delay, while Sy and S3 are con-
nected, S is disconnected and the charge @Qp is transferred
from C'7 to C2. Finally, when S; and S; are connected,
S is disconnected. By the switch S3, even if two of the
switches are still connected at the same time due to the de-
lay, there must be another switch disconnected, so that the
charges Q1,1 and Q1,2 are blocked. In order to eliminate the
influence of charge injection and clock feed-through, com-
plementary CMOS switches are used in S1, S2 and S3. For
the auxiliary amplifier, the bias current is set to 3 pA, and
the DC gain is 35 dB. In order to achieve 9-bit linearity, C
is set to 1 fF, Cg is set to 150 fF, and Vggr is set to 3 V.
After simulation, the counting step A Vg is about 2.098 mV.
In addition, for the transistor M gg, the substrate and source
are shorted to eliminate the influence of Vy;, change on the
output, so as to improve the linearity.

Simulation results. The proposed hTDC is designed and
simulated in a standard 110 nm CMOS process. All simula-
tion results are based on post-simulation. The layout of the
single pixel is shown in Figure 1(f). The size of a pixel is only
36 x 36 um. The size of the single 9-bit analog counter is 28
X 5 pum, which is a relatively small area consumption. The
simulation results of the distance error are shown in Fig-
ures 1(d) and (e). It is shown that when the background
light intensity is 30 klux, the maximum distance error is
10.6 c¢cm, and the distance accuracy is about 0.22% in Fig-
ure 1(d). It is shown that the distance error of fine quan-
tification is 3 cm corresponding to the accuracy of 200 ps in

Figure 1(e). The specific simulation is given in Appendix C.
Conclusion. This study presents a column-shared hTDC
with pixel-to-pixel coincidence detection and compact ana-
log pulse counters. The column-shared architecture allows
the hTDC to have no large area consumption caused by
ADC and memories in pixels. Thanks to the pixel-to-pixel
coincidence detection, only one SPAD is needed in each
pixel. The application of the analog counter greatly reduces
the area occupied by the counter. The simulation results
show that the proposed hTDC can effectively reduce the
pixel area while ensuring accuracy under high background
light conditions, so it is suitable for outdoor applications.
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