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Abstract—Ambient light interference stands as the primary
source of noise encountered by the light detection and ranging
(LiDAR) systems based on single-photon avalanche diode (SPAD),
which seriously restricts the detection range and accuracy of sen-
sors. Multi-event mode and time-gating method are extensively em-
ployed due to their effective suppression ability of the ambient light
interference with easily implemented circuit structure. However,
the current research on these two operational modes is limited to
qualitative description, lacking a comprehensive theoretical anal-
ysis. This paper investigates the impact of the multi-event mode
and time-gating method on enhancing the imaging capabilities
of the sensor, employing a probability distribution perspective. A
behavioral model is established, enabling the simulation of the com-
prehensive functionality of a SPAD-based LiDAR system in either
first-hit mode or multi-event mode, including the histogramming,
coincident detection, time- gating functions. The model can serve as
a substitute for the actual circuit in system function validation and
parameter optimization, thereby significantly reducing the design
and simulation cycle.

Index Terms—Behavioral model, multi-event mode, SPAD, time
of flight(ToF), time-gating mode.

1. INTRODUCTION

INGLE-PHOTON avalanche diode (SPAD) image sensors
S are a prominent research focus in the industry due to their
high sensitivity to single photons, straightforward imaging prin-
ciple, and strong compatibility with CMOS technology. It finds
primary applications in fields such as autonomous driving, 3D
gaming, and fluorescent imaging [1], [2], [3], [4]. It employs
the time-of-flight (ToF) principle by emitting pulsed laser light
towards the target. The photons reflected by the target then
travel back to the SPAD sensor along the same path. Once the
sensor reacts, the time information is stored and subsequently
processed by the Time-to-Digital Converter (TDC) to derive
distance information, and presents the 3D features of the target.
However, due to the single-photon sensitivity of SPAD, it cannot
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effectively distinguish ambient photons from signal photons.
Consequently, the presence of ambient light will cause great
performance degradation for imaging. Therefore, suppressing
ambient light is currently the main research direction of SPAD-
based image sensor, while multi-event mode and time-gating
method are commonly used technical methods.

The multi-event mode and first-hit mode are based on the
response times of SPAD during a single laser emission. Com-
pared to the latter, which only records the arrival time of the first
photon in a single measurement, SPAD in multi-event mode
can work continuously, ensuring the measurement ability for
long-distance targets under high ambient light. As for the gating
mode, it can divide the entire measurement window into several
intervals and enable SPAD in segments. Due to the distribution of
environmental photons throughout the entire time window, while
signal photons are concentrated in a certain interval, time-gating
mode can effectively improve the signal-to-background ratio
(SBR) and thus enhance sensor detection capabilities.

In [5], the entire laser imaging detection and ranging (LiDAR)
system is analyzed using a probabilistic model and simulation.
A detailed comparison is conducted between the SBR and de-
tection probability (DP) before and after coincident detection. In
[6], a Monte-carlo simulator developed in Matlab for the analysis
is present. Together with the modeling of the background noise
and target topology, the fundamental factors inherent in a typical
LiDAR acquisition system have been included in order to predict
the achievable system. In [8] and [9], the operational principle
of the coincident detection mode is theoretically analyzed, and
a novel method based on the adaptive adjustment of photon
coincidence detection is proposed, which can suppress the back-
ground light and simultaneously improve the dynamic range.
The aforementioned investigations are all based on the first-hit
mode of SPAD and have not utilized the model to study the
working characteristics of multi-event mode.

In [10], the proposed behavioral simulation model provides
a promising candidate tool for the developments of the SPAD
based ToF sensors. But the modeling part is limited to the
photon distribution and SPAD function, which does not in-
volve the noise reduction technologies such as histogramming,
coincident detection, multi-event mode, and time-gating. And
the subsequent modules still use the actual circuit. This paper
conducts a theoretical analysis of the multi-event mode and
time-gating method, and constructs a comprehensive behavioral
circuit model employing the Verilog-A hardware description
language (HDL). A concise histogram circuit model has been
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Fig. 1. Block diagram of a LiDAR system.

proposed, and the corresponding output results can be directly
obtained based on peak information. Therefore, in addition to
guiding the construction of histogram circuits, it can also be
used to compare the effects of different working modes. By
configuring relevant parameters, the functions of each module
within the LiDAR system can be directly and quickly verified,
providing a reliable basis for the subsequent circuit design.

II. PHOTON DISTRIBUTION

As shown in Fig. 1, a typical LiDAR system usually includes
five parts [5], [6], [7]: the laser source, the optics, the target
to be measured, the SPAD image sensor integrated with time-
to-digital converters and the environment in which the target is
placed.

The laser emitted by the laser source passes through the optics
and forms the divergence angles of «,, and ¢, in the horizontal
and vertical directions respectively. If the target distance d is
known, the area irradiated by it is A,,. If the power of the laser
source is P, then the laser power per unit area is Ps.

Apr = 4d? tan (%) tan (%) (D
a:iz @)

The photons that reach the surface of the object are reflected
and return to the image sensor. During the propagation process,
the target reflectivity /"7 and lens efficiency 7O will attenuate
the optical power, and the attenuation coefficient (sin ov)® will
be considered at the same time.

()" D

(8) +ar A

3

(sina)? =

Considering that the focal length of the sensor lens is f and
the aperture diameter is D, that is, the aperture coefficient f;=
f1D, the detection area corresponding to a single pixelis Apoy .

d 2
AFOV = Apixel (f) 4

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 6, DECEMBER 2023

Assuming that the fill factor of the pixel is FF, the photon
detection efficiency is PDE, and the energy of a single photon
is he/x, so the number of signal photons received by a single
pixel &g is

Py Apiger - FT-TO - FF - PDE - 1

a 4-f2 h-c

Py Apiger - FT-TO-FF-PDE-A 1
" dtan (ag/2)tan (ay/2) -4 f2-h-c d?

Most often, ambient light is the dominant source of noise,
being several orders of magnitude (at least 2—3 orders of magni-
tude) higher than the detector dark count rate (DCR). Therefore,
only ambient light will be considered for analysis in this paper.
In addition, due to the lens placed at the front end of the sensor,
the photons reflected from targets will become the main source
of ambient light noise, while ambient photons directly entering
the lens will occupy a small portion. Therefore, the number of
ambient photons received A,, is derived, by replacing Ps with
the ambient light power P,,,

) Py Apiger - FT-TO-FF-PDE - )
" 4-f2. h-c

The formulas (5) and (6) show that the number of signal
photons received by a single pixel A, is inversely proportional
to the square of the target distance d, while the number of
ambient photons received A, is constant. So as the target distance
increases, the influence of ambient photons is further intensified.

As

®)

(6)

III. FIRST-HIT MODE AND MULTI-EVENTS MODE

When photons reach the SPAD sensor, according to the dif-
ferent working types of SPAD, it can be divided into first-hit
mode and multi-event mode. In the first-hit mode, when a photon
arrives, its output generates a pulse. And then if another photon
arrives, it does not respond until the end of the period. The
multi-event mode operates in an opposite way, the SPAD works
continuously in the entire working period. The SPAD cannot
respond to subsequent photons for a period of time after a photon
responds, which is the so-called deadtime. For the first-hit mode,
the circuit is easy to implement, and only one timestamp data
is kept each pulse period, which can reduce the burden on the
subsequent processing circuit. However, if the ambient light is
strong and the target is far away, the correct result cannot be
detected due to the pile-up effect [5]. While in the multi-event
mode, SPAD can continue to record the next triggers in the event
that the first photon is accidentally triggered by ambient photons.
It can effectively suppress the pile-up effect, but will increase
the amount of data accordingly.

The photon distribution of the most light sources and ambient
photon are governed by Poisson statistics, and the time interval
between adjacent photons obeys the exponential distribution.
Therefore, the distribution probability of the photons can be
predicted according to the characteristics of the above two
distributions. For the first-hit mode, a theoretical analysis is
carried out in [8]. When the first photon arriving at a certain
moment, its distribution obeys the exponential distribution with
t = 0 as the initial moment, and its probability density function
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P1 is
P = e M (7)

Unlike ambient photons that are distributed throughout the
detection window, signal photons only exist during the pulse
period of the laser emission. Therefore, when considering the
influence of the signal photons, it is necessary to consider the
overall distribution in sections. For the case of first-hit mode,
there are only ambient photons considered before the arrival of
signal photons, which means

Py (t < to) = An ei)hnt (8)

where A, is the ambient photon rate. Therefore, the probability
of false triggering of SPAD, that is, the probability of detecting
ambient photons before ¢ is

to
Pi(t <to)y, = / Ape tntdt =1 — e Pnto 9)
0

where £ is the moment when the signal photons start to be re-
ceived. According to the result of formula (9), the probability of
not detecting photons before tgis 1 — (1 — e *nto) = ¢~*nto
At tp, the incident photons include two parts, ambient photons
and signal photons. If the influence of previous detection results
is not considered, the probability of detecting ambient photons
is A, and the probability of detecting signal photons is A.
However, considering the impact of previous detection results,
using the conditional probability formula, the probability of
detecting photons at ¢ is

Pi(t =tg) = Arse o 4y, e nto

= (ks + Ap) et (10)

where A is the photon rate of the signal light. In the period tg~1t1,
(t1 is the moment when signal photons stop to be received) the
ambient photons and signal photons exist at the same time, so the
distribution of photons obey the exponential with the parameter
(As + An). The corresponding probability density function is

(1)

The coefficient e*+?° can be derived according to the value of
P, atty. The probability of right triggering of SPAD, that is, the
probability of detecting photons during ¢ to t; is

Py (to <t <tp)=e (hg4 Ay)e GFatralt

Pl(to <t < tl)

int

t1
= / e (A + 4y, - e Gntrolgy

to
— g Mnto . (1 _ e*(}~n+}~s)(t1*to)> (12)

Similar to the method for solving P (t = tg), At ¢1, only am-
bient photons exist. Considering the probability that no photons
were detected before t;, using the conditional probability for-
mula, we can obtain the probability density function of photons
at tq is

Prt=t) = (1= Pt <t1)) *n
— e*)‘tutO . ef()”n"")“d)(tl*to) . )\’n

— ¢ (ntis)(ti—to) A - e nto

(13)
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TABLE I
SYSTEM AND SIMULATION PARAMETERS USED IN THE BEHAVIORAL MODEL

Parameter | Operating condition Deg. rate Deg. cost
Qow High power 20.34 uV/h 1.57 $/h
Qhigh Low power 23.48 uV/ih 1.81 $/h

B Transient loading 0.0441 uV/kw | 0.0034 $/kW
W, Laser width Sns
P, ambient light intensity 15Klux
fi aperture coefficient 1/1.4
Ay Laser divergence angle 60°
ay (H/V) 0.25°
FT Target reflectance 20%
TO Optics efficiency 50%
Apixel Pixel area 400um?
A Laser wavelength 905nm
FF Fill factor 30%
PDE Photon detection efficiency 8%

The probability density function of photons after ¢; is
P (t>ty) =ete(irto) ) et (14)

And the probability of false triggering of SPAD, that is, the
probability of detecting ambient photons after ¢; is

Pl(t > tl)int = / €7A5(t17t0) . )\‘n . e*)»ntdt
ty
— e_)LS(tl—tO) . e—)»nf,l (15)
Obviously,
Pt <to)y,; +Pilto<t<ti),,+P({t>t),, =1

(16)

To present the characteristics of the LIDAR system in a more
intuitive manner, we utilize an actulal scenario as an illustrative
example. These parameters come from a sensor we are currently
designing. A 905 nm laser wavelength with peak power of 400 w
was used for analysis purposes simply because of the practical
availability of such a laser in view of future measurements using
that laser. A f-number of 1.4 was assumed to collect light onto
a 128 x 128 SPAD sensor. The key model parameters are listed
in Table I.

According to (5) and (6), By substituting the above parame-
ters, the ambient photon rate A,, = 23.5 x 106 counts /sec, the
signal photon rate A, = 85/d? x 10° counts /sec. Assuming the
target distance d is 15 m, then the photon distribution probabil-
ity density function curve corresponding to this distribution is
shown in Fig. 2.

According to (9) and (12), for the conditions correspond-
ing to the above parameters, the probability of detecting am-
bient photons before to is Pi(t < tp),,, = 1— e 235 =
0.9, far greater than the signal light detection probabil-
ity during ¢ to t1, which is Py(tg <t < t1),,, = e > x
(1-— e~ (23.5x10°+485/225x10%) x5 10*9) = 0.083, even if the sig-
nal power is high (the SBRis about 12.6 dB if dis 15 m). So when
detecting long-distance targets under strong background light,
even if the signal power is high enough, the probability of getting
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the correct result will be extremely low due to the serious pile-up
effect. For the case corresponding to Fig. 2, in order to achieve
a measurement distance of 15 m, it is necessary to try to reduce
the number of ambient photons received while ensuring the SBR
remains unchanged. According to the conclusion of formulas (5)
and (6), one possible approach is to place filters to reduce the pa-
rameter TO. As acomparison, by reducing TO to 25%, the proba-

bility of detecting ambient photons before ¢ is Py (t < tg)
1 — e-235/2 _

int
0.69 and the signal photons detection proba-
bility during o to t1, whichis Py (tg < t < t1),,, = e 23%/% %
(1— e—(23.5><105+85/225><109)><5><10’9/2> = 0.196. Obviously,
this method not only reduces the detection probability of ambient
photons, but also greatly improves the detection probability of
signal photons, providing important reference for determining
relevant parameters.

For the multi-event mode, since the SPAD works continu-
ously, itis necessary to consider the distribution of other photons
besides the first photon. As shown in Fig. 3, Considering the case
when two photons are detected within the period O~t.

If the second photon is detected at time t, then the first photon
may be detected at any time between O and t. Traversing all the
situations, we can get the distribution of the second photon P

t
jo. / e T ae M dr = 32 (17)
0

Using the similar method, the distribution of the k;;, photon
can be obtained. According to the distribution of the (k — 1)
photons, the distribution of the &;;, photon is

)\k . tk71 Y

Tk (18)

Pk:/otpkl(T)Pl(t—T) dr =
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Fig. 4. Probability of detecting the k;;, photon in multi-event mode.

The distribution P}, obeys the Erlang distribution. For the
multi-event mode, the probability of detecting a photon at a
certain time t is P,,, which is the sum of the distribution
probabilities of all individual photons, after normalization

k
P,=P +Py+--+ sznOTWL(ZPi) (19)
i=1

Assuming that the photon rate A = 23.5 x 10% counts /sec,
the window width is 400 ns, then the probability of detecting
photons in the multi-event mode is shown in Fig. 4.

Obviously, for the multi-event mode, when the value of k
is large enough, the probability of detecting photons P, at
each time point is equal. But this is only the distribution of
photons arriving to the SPAD, not the response of the SPAD.
The influence of the dead time of the SPAD is not considered.

Because the quenching and recovery process of SPAD takes
a certain amount of time, during this period, even if photons
arrive, SPAD does not respond, that is, the dead time ¢d. For the
SPAD working in the first-hit mode, since only the distribution
of the first photon is considered, the influence of the dead time
does not need to be considered, but for multi-event mode, since
the SPAD continuously detects, the existence of the dead time
will affect the output of the SPAD. For a SPAD operating in
multi-event mode, its response to the first photon is consistent
with the first-hit mode, which is not affected by dead time, so
the detection probability of the first photon after considering the
influence of dead time is P; 4

Pig=P = re ™ (20)

Similar to the situation in Fig. 3, considering the case when
two photons are detected within the period O~t, the detection
probability of the second photon after considering the influence
of dead time is P 4 if 7 <t — td,

t
Poyg=P, = / re P ae M dr 1)
0
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(a) with different photon rate A (b) with different dead time ¢d.

If 7 > ¢ — td, due to the deadtime of SPAD,
Pyg= 0 (22)

So
t—tg
Py = / re T ae M dr = A2 (t—ta)e ™ (23)
0

Using the similar method, the distribution of k;; photon can
be obtained. The photon detection probability of the k;;, photon
after considering the influence of dead time is

t—ty
Pra = / Py 1,4(7)PLg(t) dr
0

M-k =Dt
N (k—1)!
It can be obtained by iteration, for the case of (k — 1)td <

t < ktd, the probability of detecting a photon after considering
the influence of dead time is P, 4

k
P,,.qa = norm <Z Pk7d>
1

(24)

(25)
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Assuming the photon rate A = 10~50 x 10° counts /sec, the
window width is 200 ns, and the dead time td is 5~25 ns. The
photon distribution probability of multi-event mode is shown in
Fig. 5.

According to Fig. 5(a), the corresponding probability of multi-
event mode no longer remains constant, but gradually decreases
with time. At the same time, the larger the A, the faster the
probability distribution decreases, which means that when the A
is larger, the dead time has a more obvious impact on the SPAD
response. In addition, when the signal photon arrives at ¢y, it
needs to consider the interference of the ambient light during
(to — ta) ~ to, it means that in the scenario corresponding to
Fig. 5(a), reducing the number of ambient photons before 75 ns
can effectively improve the detection probability of signal light,
while after 75 ns, this effect is not obvious, and even reduces
the detection probability of signal photons. Similarly, according
to Fig. 5(b), it can be concluded that reducing the dead time
before 75 ns can effectively improve the probability of signal
photons detection, while after 75 ns, this effect is not obvious,
and even reduces the detection probability of signal photons.
For the improvement of dead time, it can be achieved by im-
proving the quenching and recovery circuit of SPAD, adding an
active quenching branch, which can accelerate quenching and
recovery, and thereby reduce dead time.

Therefore, in order to achieve a larger imaging range, it is not
enough to simply increase the optical power. It is also necessary
to minimize the deadtime of the SPAD.

A comparison between the distribution probability of the first-
hit mode and that of the multi-event mode with A = 23.5 x 10°
counts/sec and td is 10 ns is shown in Fig. 6.

From Fig. 6, it can be concluded that when the signal photon
arrives at tg, it only needs to consider the interference of the
ambient light during (¢to — t4) ~ to, instead of the period during
0 ~ tg, which can greatly improve the detection probability
of the signal photon. Taking t = 100 ns, i.e., 15 m, as an
example, compared with the first-hit mode, the probability can
be increased more than 4 times.
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Fig. 7.

Diagram of Time-Gating principle.

IV. TIME-GATING

As shown in Fig. 7, Time-Gating [11] refers to that if the target
distance is unknown during actual detection, the entire time win-
dow can be divided into N intervals. And the senor is turned on
in turn, which can effectively reduce the interference of ambient
light and increase SBR by N times [12], [13]. However, this
approach will lead to an increase in data volume, subsequently
resulting in a reduction of the sensor’s frame rate.

In the first-hit mode, if the entire interval is divided into N
parts, when a certain interval is detected separately, it can be
divided into two situations for analysis. Considering the simplest
case, the entire detection window is t,,, dividing the entire
photon into two parts, and the time when the photon arrives
as t0, and 10 > L&

One intuitive way is the SPAD-Gating. The SPAD is turned
on in the certain interval % ~ t,,, the opening time ¢,, can be
equivalent to the initial time, so the photon detection probability
PSG is

t<ty

2
ect<y 29

0
Pse = { pe M%)

According to (12), during t( to tg + Laserwidth

PSG,int — e*)m(to*%) . (1 _ e*()er)»s)laserwidth) 27)

According to (12) and (27), the ratio of signal photons detec-
tion probability after and before gating is

e_)‘"(to_tTw) . (1 _ e—()»,,+)»s)laserwidth>

= - =e
ento . (1 _ ef()nnJrAS)lasermdth)

Psag int
PS,int

t
oty

(28)
Obviously, the using of gating can effectively suppress the
pile-up effect, and a excellent effect can be obtained by setting
the gating interval reasonably. Another method is the TDC-
Gating. This method is especially suitable for sensors that adopt
the column sharing TDC mode, because a column of pixels
corresponds to only one TDC, and only one control line is
required. Turning on TDC in the corresponding interval, the
photon detection probability Pr¢ is

0 t< tu
Pro = 2
ra { re M he <t <t

According to (12), during TOF to TOF + Laserwidth,

(29)

(30)

PTG,int — ef)hnto . (1 _ ef()hn+)hs)1userw1dlh)
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After normalization,

e*)xntg . (1 o ef()»nJrAS)laserwidth)

PTG,int,nor = T
L— [y% hnePntdt

tw i
_ e*}“rl(tU*T) . (1 . e—(k,.+ks)laserW1dth)

€1V

This means that although the TDC-Gating mode does not
directly improve the detection probability of signal photons,
it can indirectly improve the detection probability of signal
photons by suppressing the ambient light interference in the
0~t0 period (in this period, even if the SPAD responds, TDC
does not quantify), and this way can achieve the same effect as
SPAD-Gating. Considering that the control of SPADs is usually
difficult to achieve directly, which takes a considerable period
of time, and requires a large number of control signals for a
large-scale SPAD array, resulting in difficulties in layout and
routing, TDC-Gating is a more effective circuit way.

= Psa.int

V. BEHAVIORAL MODELING

In order to more intuitively verify the above-mentioned the-
oretical model and the functionality of other noise reduction
circuits, it is necessary to conduct behavioral modeling of
the entire SPAD-based LiDAR system. On the one hand, the
constructed system model can be used to generate the photon
distribution required for simulation, and then the response signal
of SPAD can be obtained as the input signal of the subsequent
processing circuit. On the other hand, processing circuits can
be built using the ideal circuits generated by VerliogA, and
gradually replaced with actual circuits, which is beneficial for
debugging the functions of each module. Simultaneously, em-
ploying Verilog-A to articulate the circuit’s functions and create
abehavioral model facilitates a comprehensive understanding of
the circuit, aids in parameter determination, and expedites the
process of simulation verification.

In [10], the model in Fig. 1 is used for the light source and the
TOF imaging pixel unit circuit simulation, but the subsequent
processing circuit uses the actual circuit, such as TDC and
Histogram circuit. In this paper, to achieve quick and precise
validation of various design approaches, all processing circuits
are directly substituted with Verilog-A models, as depicted in
Fig. 8. For both the first-hit mode and the multi-event mode,
corresponding circuit models can be established for selection
according to different working scenarios. Among them, the
multi-event mode needs to consider the impact of the SPAD
dead time, and its value is generally 5 ns~15 ns.

After the output of the SPAD is received, the moment when
the photon arrives is recorded, so as to obtain the distance
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Algorithm 1: Verilog-A HDL Pseudocodes for Histogram
Module.
module HIS(IN1,BIN,OUT);
input SIGNAL; //The response of SPAD
input BIN; //Periodic square wave signal
output OUT;
voltage SIGNAL, BIN, OUT;
real OUT1, NUM; //The number of photons
[xscrskorsokksokkkkdefine functionsksskorsokssoskkoskskkok/
analog begin
@(initial_step) begin
NUM = 0;
OUTI1 = 0;

end
@(cross(V(SIGNAL) - TH, -1))
NUM = NUM + 1;
@(cross(V(BIN) - TH, +1))
OUTI1 = NUM;
@(cross(V(BIN) - TH, +1))
NUM = 0;
V(OUT)<+transition(OUT], td, tt);
end
endmodule

information of the target. This process is usually realized by
TDC. In order to suppress the interference of ambient light, an
effective way is to shoot the laser multiple times and collect the
data for histogram statistics to obtain peak information. This
circuit can be implemented on-chip or off-chip. The advantage
of on-chip implementation is that it can directly output the
processed data and reduce the data rate, but this will take up
a lot of chip area for storaging and computing [14].

When performing histogram processing, different bin values
determine the reliability and accuracy of the obtained peak
position, that is, the TOF value. The larger the bin value, the
more photons collected in a single bin, and the higher relia-
bility of the peak information, but a too large bin value will
introduce a lot of quantization noise, which will restrict the
accuracy of the measurement. Therefore, the bin value should be
carefully selected, and usually itis consistent with the LSB of the
TDC.

For behavior-level modeling of the histogram module, we
can set an periodic signal BIN, whose half period is consistent
with the bin value as input, which accumulates the number of
incident photons (The number of rising edges of the input signal
SIGNAL) in the interval corresponding to consecutive rising
edges and stores them in the variable NUM, then pass the value of
NUM to the output signal OUT and reset it at the end, and repeat
this process until the histogram results for the entire interval are
obtained. The pseudocode is as follows.

Taking the histogram processing in first-hit mode as an exam-
ple, the used key model parameters are as Table I. The theoretical
value of the target distance as 15 m, and the lasershot number
of N as follows: N = 1, N = 10, N = 100. Then the output
histogram result in first-hit mode is shown in Fig. 10.
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Fig. 9. Output histogram results of the behavioral model in first-hit mode

(a) bin value = 10 ns; (b) bin value = 2 ns.

It can be seen from Fig. 9 that the result obtained by single
laser shot is unreliable due to the interference of ambient light.
As the number of shot times increases, the test results are
closer to the real value. At the same time, it can be seen from
the results of 100 times in Fig. 9(a) that before the arrival of
signal photons, many erroneous results will be recorded due to
false triggering of ambient light. When the ambient light power
increases further, even if the signal light power is high, it is
difficult to get the correct result, which is the so-called pile-up
effect. This is consistent with our conclusion in Section III.
Similarly, we can also use this model for multi-event mode to
further compare the differences between the two modes. It can be
seen from Fig. 10 that for the same ambient photons and signal
photons rate, the peak value obtained by using the multi-event
mode is significantly higher than that obtained by the first-hit
mode, which increases by nearly 4 times. This further verifies
the conclusion we got in Section III that multi-event mode can
effectively suppress the pile-up effect. We selected multiple sets
of results with different ambient light intensity, target distance,
and bin width for comparison, and the number of laser shotting

is 100.
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Fig. 10.  Output histogram results of the behavioral model in multi-event mode
with bin value = 10 ns.

TABLE II
HISTOGRAM MODELING RESULTS FOR MULTIPLE EVENT PATTERNS
target | ambient light bin | Simulation | PEAK;
distance intensity width distance PEAK,
10m 20klux 2ns 9.90m 6.0
10m 20klux Sns 9.75m 6.4
10m 50klux Sns 9.75m 3.1
20m 20klux 2ns 20.1m 2.0
20m 20klux 5ns 19.5m 3.0
20m 50klux Sns 19.5m 1.5

As shown in Table II, When a larger bin value (5 ns bin
width) is used, the value of PEAK,/PEAK,, is very hign,
which means that this mode has a high ability to resist noise
interference. But the accuracy is limited within 5 ns. When a
smaller bin value (2 ns bin width) is used, although the value
of PEAK,;/PEAK,, decrease, the accuracy of the results can
be further improved. Of course, if the selected bin value is too
small, it may lead to incorrect measurement results, and even
high accuracy is meaningless. The above results indicate that
the behavior level model can accurately predict the results under
multiple event modes, which has important significance for the
determination of relevant parameters.

Another way to suppress ambient light interference is to use
coincident detection circuits. The basic principle is to construct
macro pixels by combining SPAD output signals into one signal,
and then set a time window (generally equal to the laser pulse
width), in which each pixel is turned on at the same time, and
the incoming photons are continuously monitored. For the case
where the set threshold is reached, it is considered as a signal
photon and stored, otherwise it is an ambient photon, so as to
achieve the purpose of screening photons [15], [16].

In [9], the coincident detection is mathematically modeled,
and the function of the coincident detection module is described
as “photonrate” to “eventrate”, and the lower the photon rate, the
stronger the suppression effect, and the higher the photon rate,
the weaker the suppression effect. The parameters that need to be
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Algorithm 2: Verilog-A HDL Pseudocodes for CD Module.

module CD(PHOTON, OUT);
input PHOTON; // Photons
parameter real TWIN; //time window width
parameter real TH; // threshold
voltage OUT, PHOTON;
real PULSE, NUM, OUTEND;
real TO; /timestamp
[xscksskorsokksokckkdefine functionskssskskskskkskokkok sk x/
analog begin
@((initial_step) begin
PULSE = 0;
NUM = 0;
TO =0;
OUTEND = 0;
end
@(cross(V(PHOTON) - TH, +1))
if(PULSE < 1) begin
TO = $abstime;
PULSE = 1;
end
else PULSE = PULSE;
@(timer(TO 4+ TWIN)) PULSE = 0;
@(cross(V(PHOTON) - TH, +1)) begin
NUM = NUM + 1;
if(NUM > = TH_CD)
OUTEND = 1;
else OUTEND = 0;
end
@(cross(PULSE - TH, -1)) begin
OUT_END = 0;
NUM = 0;
end
V(OUT)< +transition(OUTEND x 1.8, td, tt);
end
endmodule

considered in modeling the coincident detection circuit include
the number of pixels in the macropixel, the detection window,
and the detection threshold.

For behavior-level modeling of the CD module, an initial
low-level signal PULSE can be used as a response to the input
PHOTON. When the first photon arrives, the PULSE jumps to
a high level and records the moment TO. After TWIN, reset
the PULSE to Low level, during this period, the rising edge
of PHOTON is processed through the NUM signal. When the
threshold value TH_CD is just reached, the output OUT_END
jumps to a high level, and then the above process is repeated to
achieve the output after concurrent detection.

Using the same data of first-hit mode in Table I, and setting the
bin value as 10 ns. The parameters related to coincident detection
are shown in Table III. The obtained coincident detection results
are shown in Fig. 11.

Comparing the histogram results in Figs. 9(a) and 11, it is not
difficult to find that the accumulated histogram data of ambient
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TABLE III
PARAMETERS USED IN COINCIDENT DETECTION
Parameter Description Value
N the number of pixels 4
TWIN detection window Sns
TH CD detection threshold 2
A 4 ’ -
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Fig. 11. results of coincident detection circuit

modeling.

Output  histogram

light before the arrival of signal light is significantly reduced.
The S B Rj;s: for coincident detection is 5, and the S B Rpist,cd
for coincident detection can be increased to 13, corresponding
an improvement of nearly 2.6 times. This is consistent with the
conclusion in [9].

VI. CONCLUSION

This paper theoretically analyzes the multi-event mode and
time-gating method in the SPAD-based image sensor, and com-
pares the change of detection probability before and after the
implementation of these methods. A comprehensive behavior-
level model is proposed in this paper, which can quickly and
accurately analyze the above theoretical analysis and various
noise reduction methods, thereby significantly improving design
efficiency. The simulation results of the proposed behavioral
modeling are consistent with the theoretical analysis, which
shows it can be used to accurately predict the effect of the
adopted noise reduction method and the function of each circuit
module in the LiDAR system.
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