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Abstract: This paper proposes a single-photon-counting lidar based on time coding that can obtain
the target’s spatial location and measure the distance and azimuth angle in real time without needing
a scanning device. Multiple optical fibers were used to introduce laser echo photons into a single-pixel
single-photon detector. According to the deviation in the detection time of the echo photons passing
through different optical fibers, multiple distances can be obtained simultaneously. Combining the
measured distances with the fiber spacing allows the calculation of the distance, azimuth angle, and
spatial coordinates of the target. This lidar has the advantages of high photon detection efficiency,
short signal acquisition time, and low cost compared to array detectors.

Keywords: single-photon-counting; spatial location; time coding

1. Introduction

In recent years, lidar has shown great application potential in various fields such
as remote sensing [1-4], non-line-of-sight imaging [5,6], single-pixel imaging [7-9], wind
speed measurement [10], pose estimation [11], and target tracking [12]. Lidar detectors
mainly include charge-coupled devices (CCD), avalanche photodiodes (APD), and single-
photon avalanche diodes (SPAD). CCD- and APD-related technologies are relatively mature;
however, their photon detection sensitivity are relatively low. Owing to the large loss of
the laser during the transmission process, the echo signal light is weak when the target is
faint; therefore, the requirements for the single pulse energy of the laser and the aperture
of the telescope are extremely high. SPAD has the ability for single-photon detection,
high sensitivity, and can detect weak echo signals. By combining the two technologies of
single-photon detection and time-correlated single-photon counting (TCSPC), laser energy
consumption and telescope aperture size can be significantly reduced when detecting faint
targets [13-20]. Employing point-by-point scanning [21], Buller et al. used a single-pixel
SPAD to successfully detect nylon and terrain at the distance of approximately 6.8 and
10.5 km, respectively [22]. Using lidar with single-pixel SPAD as the detector and sub-pixel
scanning, Feihu Xu et al. successfully performed 3D imaging detection on a mannequin
model [21] and a Shanghai building [23] at the distance of 8.2 km and 45 km, respectively.
Feihu Xu et al. finally detected a mountain at the distance of 200 km in 2021, breaking
the world record [24]. Currently, the majority of photon-counting lidar systems employ a
point-by-point scanning mode, and only one distance can be obtained in a single scan.

Lidar systems utilizing SPAD array detectors have been rapidly developed to avoid
excessive scanning times and increase the speed of signal photon acquisition. Each pixel
of the SPAD array detector is integrated with a time-to-digital converter (TDC) that can
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simultaneously obtain multiple distance information. A spaceborne lidar surface topogra-
phy (LIST) scheme for global mapping aims to split 10 laser beams into 1000 beams and
emit them to the target. The echo signal photons are received by the SPAD array detector
containing 1000 pixels to achieve rapid signal acquisition [25]. MIT Lincoln Laboratory
used a 32 x 32 SPAD array as the detector of the lidar system, which was built on a UH-1
helicopter to detect hidden targets in the wood [26]. Guang Wu et al. used a diffractive
optical element to split the 532 nm sub-nanosecond pulsed laser into a line array containing
100 beams. The echo signal photons of each laser beam were introduced into a 100-pixel
SPAD array detector through an optical fiber array containing 100 multimode fibers, and
the building in Shanghai was successfully detected [1]. The ICESat-2 carries a single-photon
lidar called the Advanced Topographic Laser Altimeter System (ATLAS). Its main purpose
is to map the earth, and its main function is to measure altitude. A beam of light from
the laser is divided into six beams by a diffraction active optical element. The telescope
focuses the returning light on the focal plane, where the corresponding echo beams are
coupled into six fibers. Additionally, the detector uses an array detector [27]. In general,
SPAD is widely used as a detector for single photon detection. Using a SPAD array detector
allows you to avoid the scanning process; however, due to the limitations of the current
technology, SPAD array detectors are expensive, difficult to integrate, and have multiple
hot pixels.

To eliminate the shortcomings of long-time scanning and poor real-time performance
of lidar using single-pixel SPAD as the detector, as well as the high price and multiple
hot pixels of SPAD array detectors, we considered another dimension (time dimension) to
encode the information in the temporal domain [28]. Furthermore, time coding will label
and distinguish different information to obtain multiple distances simultaneously, with
only one SPAD detector. Subsequently, combined with the prior fiber arrangement position,
the parameter information regarding the target position is obtained by calculation.

This study presents a new photon-counting lidar system. The system introduces laser
echo photons using multiple optical fibers into a single-pixel SPAD detector, obtains multi-
ple distances based on the inconsistency of the detection time distribution of echo photons
passing through each optical fiber, and then combines the measured distances through
different optical fibers. The distance information was combined with the spacing between
the fibers to calculate the target’s distance and azimuth angle and obtain the target’s exact
position. Compared to other lidars using a single laser beam and single-pixel detectors,
the laser echo photons will cause losses when passing through optical fibers. However,
this system has several notable advantages. First, data acquisition can be performed us-
ing a single-photon detector with a high photon efficiency when the laser echo signal is
extremely weak, allowing for laser ranging, angle measurement, and tracking faint targets.
Second, the lidar system does not require scanning. According to the time distribution
characteristics of photons echoed through different fibers, the system can simultaneously
collect and identify multiple distances, significantly reducing the acquisition time. Third,
the system requires only single-pixel detectors, which reduces the number of SPADs, avoids
high integration costs, and lowers costs. Finally, the target’s spatial location can be locked
through a calculation using the fiber spacing and the measured distances using TCSPC
technology, which provides a new idea for faint target tracking. This system paves the way
for lidars with high photon detection efficiency, low energy consumption, low acquisition
time, and low cost for tracking faint targets.

The remainder of this paper is organized as follows. Section 2 introduces the point
target lidar equation and the single-photon detection model. The calculation of the target
distance, azimuth angle, and spatial position of the target is also discussed here. Section 3
describes the experimental device and its composition. In Section 4, experiments were
used to determine the target’s spatial position and measure the lidar’s performance in-
dex, demonstrating the viability of the suggested approach. Finally, Section 4 gives the
conclusion of the study.
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2. Principles
2.1. Lidar Equation

For non-cooperative targets, diffuse reflection occurs after the emitted pulsed laser
irradiates the target. The backscattered light is transmitted back to the photodetector
through the atmosphere. Owing to the large loss of the laser energy, the signal light
returned to the photodetector is at the photon level. Therefore, the TCSPC technique was
used to detect the photon arrival time, and the target distance was calculated using the
photon arrival time data.

Because of the laser divergence, the target object is equivalent to the point target.
According to the lidar equation of point target detection, the photon counts detected by the
photodetector is as follows [29]:

EiA aAycosyr A
Ms = 0o~ 0 b7 e o

where 77 represents one-way atmospheric transmittance; 7, is the receiving optical efficiency
of the lidar system; 7; is the transmission optical efficiency of the lidar system; 7, is the
quantum efficiency of the detector; E; is the laser energy of a single pulse; A is the laser
wavelength; c is the speed of light; & is the Planck constant; « is the target reflectivity; A; is
the target reflection cross-sectional area; A, is the receiving area of the telescope; () is the
solid angle of laser emission; D is the target distance; and +; is the laser emission angle.

Empirically, the one-way atmospheric transmittance is estimated using the following
formula [30]:

1 = exp(—kD) 2)
where ]
391/ A\

k== (550) @)

and A is the atmospheric visibility. The g value can be estimated according to reference [31].

2.2. Single-Photon Detection Model

The number of photons received by the detector in a pulse repetition period follows a
Poisson distribution [32]:

T; i
P(Tl _ i) _ [Ms + fO (qu + d)] exp[_Ms + /OTr (qu + d)] (4)

1!

where i is the number of photons detected in a pulse repetition period; b is the background
photon flux, d is the detector dark count rate, and T; is the pulse repetition period.
The number of noise photons in a pulse repetition period is

T,
B= [ (mb+d) ©
The probability that no photon is detected during a pulse repetition period is
Py = P(n =0) = exp[—(M; + B)] (6)

Since the detector has a dead time, the single-photon detector detects at most one
photon per pulse-repetition period. Therefore, the number m of photons detected by N
laser pulses follows a binomial distribution:

P(n = m) = ClPN "1 — Po|" )
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Here, W represents the arrival time of the first photon, and its probability distribution
function is expressed as follows [33]:

P[1(0,w)>1
Fw) = sl
1—P[I(0,w)=0

_ lexp[— [y &(n)d]
= T-F

8 = s(t = Z /e i h 5" 5z + (b + ) @)

where s(t) represents the photon flux waveform of the laser pulse emitted at time t = 0
and Z represents the total distance from the laser to the target and back to the detector.

2.3. Target Space Coordinate Position, Distance and Azimuth Calculation

The purpose of the proposed single-photon-counting lidar is to obtain the spatial
position of the target and provide this information for the target tracking. Figure la
illustrates the target tracking simplified into a two-dimensional diagram. ¢ represents the
laser divergence angle, and the yellow area is the laser irradiation region. 6 represents the
angle of view of the receiving subsystems, and the pink and blue areas are the regions that
one receiving subsystem can detect. z represents the target distance in the z-axis direction,
as shown in Figure 1b, and I represents the baseline distance of the receiving subsystems.
For this system, only when z > é, the field of view of the detector has an overlapping area.
S denotes the region of interest for the target to be detected. The common part of the laser
irradiation region and the field of view of the receiving subsystems must be larger than
S. The Figure 1a shows a special case when the two are equal. In practical application,
0> % should be satisfied to ensure target detection. The main purpose of the system
proposed in this paper is to detect long-distance faint targets, so the value of z is required
to be high. According to z > é, a large [ is beneficial for remote detection. As shown in
Figure 2, a large [ is also required for the best resolution. Therefore, a large ! is conducive
to both remote detection and high resolution. The overlapping area is related to 6 and /. To
obtain a larger overlapping area, 6 can be increased. In engineering application, considering
the requirements of zp,n, the overlapping area, and required resolution, § and [ shall be
reasonably determined.
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Figure 1. Schematic diagrams of target detection and calculating the position of the target. (a) Illus-
tration of the target detection. (b) Schematic diagram of calculating the spatial position of the target.
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Figure 2. Relationship between the position errors and the spacing of the receiving subsystems.
(a) The error in the direction of the x-axis. (b) Error in the direction of the y-axis. (c) Error in the
direction of the z-axis. (d) Magnitude of the errors.

When the target enters the region of interest, its spatial position can be calculated to
provide information for target tracking. Like all lidars, it needs to be used together with
other systems. The target situation can be known according to the prior information of
other systems. When the targets are in dense formation flight, the targets can be regarded
as one. The distances measured by different collecting ports are separated by the time
coding method, and then the multiple range echoes measured by each collecting port are
averaged. According to the averaged distances, the space position of the “one target” can
be calculated. After obtaining the approximate center position coordinates of the targets,
this information can be provided to other systems as a priori for further processing. When
the targets’ spacing is large and the targets pass through the detection area one by one, the
target position can be calculated separately. The detector needs a larger detection field of
view to ensure that the overlapping area meets the needs of the detection target, resulting
in large background noise. This problem can be solved by adding filters, changing the laser
wavelength, etc.

As shown in Figure 1b, M represents the target, and A, B, and C are the spatial
distribution positions of three optical fibers (simplified receiving subsystems), respectively.
d1 represents the distance between optical fibers B and C, and d2 represents the distance
between optical fibers A and C. D represents the spatial location of another receiving
subsystem. Points A, B, C, and D form a rectangle. Three receiving subsystems can collect
all the data required to calculate the spatial position of the target. When there are more
than three receiving subsystems, the additional receiving subsystems can be used as a
supplement to expand the detection region. This article uses three receiving subsystems
as an example. The A, B, and C three-point connection constitutes a right triangle. The
corresponding distances of the target measured by three optical fibers are L, L3, and L,

respectively. The coordinate system is constructed by C—1>4, C_1>3, and the vector direction

perpendicular to the plane ABCD, and the target coordinate is assumed to be (xg, o, zo)-

MO is perpendicular to the plane ABCD, and they intersect at point O. OF is perpendicular

to CB and intersects at point O. Further, OE is perpendicular to AC and intersects at point E.
In the triangle AFOC,

CO*=CF>+OF? = x3 + 43 (10)
In the triangle AMOC, MC? = MO? + CO?; thus,

X5+ 5+ 25 = L3 (11)
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In the triangle AAOE,
AO* = AE* + OE? = (dy — x0)* + 13 (12)
In the triangle AMOA, MA? = MO? + AO?; thus,
(d2 = x0)* + v +25 = LF (13)
In the triangle AFOB,
BO? = OF? + FB? = x2 + (d1 — yo)* (14)
In the triangle AMOB, MB? = MO? + BO?; thus,
x5+ (i —yo)* +25 = 13 (15)
Combining (11) and (13), (16) can be obtained:

_BrI3-1

X0 2, (16)
Combining (11) and (14), (17) can be obtained:
a2+ 13— 13
_athh—13 (17)

Yo 2d,
Combining (11), (16), and (17), (18) can be obtained:

2 2
2 (d2 4+ L3 —13) B (d3+ L3 —12)
20 = 4| L3 e e (18)
1 2

According to the transformation between Cartesian coordinates and spherical coordinate

system,
ro = /X% +y3+ 23

0=75— arccosf—g (19)

— Yo
¢ = arctan%

Substituting (11) into (19), (20) can be obtained:
ro = Lo (20)

Substituting (16), (17) and (18) into (19), (21) and (22) can be obtained:

- (21)
1P12 18212

B2 4+12-12)° (2 +12-12)
90:;arccosJ1(1+ 2 3) (2+ 2 1)
d%dz + dzL% — dzLZ
d1d% + dlL% — dlL%

According to the coordinate system established in the study, g represents the distance
from the origin point to the target; §) represents the complementary angle of the angle
between the line from the origin point to the target point and the positive z-axis; ¢
represents the angle between the projection of the line from the origin point to the target
point on the plane XOY and the positive x-axis.

@o = arctan

(22)
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Therefore, the distance, azimuth angle, and spatial coordinate position of the target
can be obtained.

2.4. Simulation of the Error of the Target Spatial Position Obtained by Calculation in Long
Distance and Atmosphere

We ran a Monte Carlo simulation (100,000 samples) to simulate the error between
the calculated target position and the actual position under the conditions of atmospheric
disturbance and long distance. We added a distance error (selected based on [34]) to
the distances measured through three receiving subsystems and combined these three
distance values with the distances between the receiving subsystems to calculate the spatial
coordinate position of the target. Compare the position coordinates with errors with the
target spatial positions calculated under the no ranging error of three receiving subsystems
and obtain the spatial coordinate error. Assuming that the target is approximately 200 km
away, at present, the accuracy of single-photon ranging is better than 3 cm [34]. Since the
target of the single-photon-counting lidar proposed in this study is in the atmosphere, the
laser may transmit laterally in the atmosphere, which is more influenced, so the ranging
error is assumed to be 6 cm. Figure 2 shows the relationship between the position error
and the spacing of the receiving subsystems.

3. Experimental Setup

In this study, a new type of single-photon-counting lidar based on time coding is
proposed that can detect the distance, azimuth angle, and spatial position of the target
using only a single-pixel SPAD detector.

The schematic of the system is shown in Figure 3. The laser and detector are triggered
synchronously through the Field Programmable Gate Array (FPGA) at a trigger frequency
of 20 MHz. The laser wavelength is 637.5 nm, and the laser pulse width is 480 ps. The
laser divergence angle is 0.007° and the diameter of the light spot size is about 1 cm in
this experiment. The receiving subsystem is arranged according to a right triangle. The
mutually perpendicular sides are 22 cm and 18 cm in length (the distances between the
subsystems). In practical applications, it is necessary to balance the laser divergence angle
and the receiving subsystem’s angle of view. We used 10% of the maximum power of the
laser, which is adjustable up to 7.1 mw. A SPAD array detector with integrated TDC is
used in the experiment to better explore the spatiotemporal characteristics of laser echoes.
The type of the detector is Si-SPADs, and the SPAD is not gated. The hold-off time is 50 ns.
The active area of the SPAD is 6.95 pm in diameter and the efficiency of the detector is
approximately 22% at wavelength 637.5 nm. When the photon arrives, TDC starts the time
measurement until it is triggered by the next pulse signal to stop; the timing resolution is
55 ps. The timing jitter of the system is 934 ps. To avoid photons loss caused by dead time,
we used fibers of varying lengths and ensured that the difference in the running time of the
light was greater than the dead time. The optical fiber length difference in the experiment
is 1.5 m. The NA of the fibers is 0.22, the fiber core diameter is 50 pm. We used Thorlabs
F110FC-633 as the fiber collimation. In the experiment, we created a dark environment in
the laboratory to ensure that there were few background photons.

After the laser irradiates the target, the echoed photons passing through the fibers
are detected using a single-pixel SPAD detector. To simplify, we used two optical fibers
to receive echo photons to demonstrate the feasibility of the time coding method as an
example. The signal photons received by the two fibers are mixed and coupled to a single
fiber. The two-in-one photon flow is jointly transmitted to the detector through the fiber.
As shown in Figure 4, two counting pulses can be obtained at pixels where two light
spots overlap, according to the time distribution characteristics of the returned photons.
This proved the feasibility of time coding to measure two distances using a single pixel
without scanning.

The light spot generated by the echo photon transmitted through the optical fiber has
a certain spatial area. The deviation of the distance measured at different positions of the
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light spot is analyzed. The distances are measured at four positions at the edge and center
of the spot. Taking the center of the light spot as the origin, the relative distances of the
other four position points are —6.60 cm, —4.95 cm, —6.60 cm, and —6.60 cm, respectively,
as shown in Figure 5. Owing to the inhomogeneity of the distances measured at different
positions of the light spot, the distance information measured at the center of the light spot

is applied.
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Figure 3. (a) Schematic of the experimental setup. (b) Layout of the instruments on the lab bench.
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4. Results
4.1. Lidar Performance Index

To explore the performance index of the lidar, we performed the following experiments
to obtain the lidar’s depth precision and ranging accuracy corresponding to one collecting
port. This is a necessary step before the experiment to obtain the spatial position of the
target. The experiment using three collection ports will be carried out only when the
precision corresponding to a single collection port is appropriate. This step guarantees the
feasibility of the next experiment to obtain the target position accurately.

In the experiment, the data were collected 50 times, all one-time data were collected,
and a depth measurement was completed. The standard deviation of the average peak
value of the data collected by the TCSPC technique was used as the depth precision of the
lidar system [32]. The acquisition time was modified to change the number of detected
photons and to investigate the relationship between the depth precision and photon counts.
As shown in Figure 6b, the depth precision of the lidar system was measured with various
photon counts. When the photon count increased, the depth precision of the system
gradually increased until it tended to be constant. Each time the target was moved by
2 cm to change the target position, the detector acquisition time was modified to obtain the
depth precision at different positions when the number of detected photons was 15, 55, and
95, respectively. The measured depth and the depth precision at each position are shown
in Figure 6a,c, respectively. It can be observed that even if the target position changes, the
trend remains the same.
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Figure 6. (a) Distances were measured at different locations with photon counts of 15, 55, and 95.
(b) Single-photon-counting lidar depth precision under different photon counts. (c) Relationship be-
tween photon counts and depth precision at different positions. (d) Deviation between the measured
and real distances (ranging accuracy) under different photon counts.

To explore the ranging accuracy of lidar, the deviation between the measured distance
and the real distance under different photon counts was obtained through experiments. The
number of detected photons was changed by changing the acquisition time, and the data
acquisition was repeated 30 times to obtain the root mean square error (RMSE) between
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the measured distance and the real distance under different photon counts. The RMSE is
used as the ranging accuracy [1]. The formula for calculating the RMSE is as follows:

(23)

where R; represents the measured distance and R represents the real distance.
The ranging accuracy under different photon counts is shown in Figure 6d.

4.2. Results and Analysis of the Target Position Calculation Experiment

In the experiment, we used fibers to obtain multiple distances needed to calculate
the target’s spatial coordinate position. The target moves along the trajectory shown in
Figure 7a. The total integration time in the experiment is set to 1500 microseconds to collect
enough photons for calculating the target position. In this study, the target’s spatial position
was calculated using the experimental data and compared with the real spatial position, as
shown in Figure 7.
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Figure 7. (a) 3D view, (b) top view, (c) front view, and (d) distance of the target.

5. Conclusions

Compared to the traditional frame, there is no need for sweeping and motion com-
ponents. Our completely solid system has the advantages of low cost and high stability.
It can quickly obtain a target’s range, azimuth angle, and spatial position compared to
the scanning method. The lidar adopts a single-photon detector that can detect returning
photons of the target when the laser echo signal is extremely weak and can detect the
range, azimuth angle, and spatial position of the faint target. The lidar receives echo-signal
photons through multiple optical fibers and adopts a single-pixel SPAD as the detector.
Using time coding and the temporal distribution characteristics of echo photons passing
through different optical fibers, multiple distances can be extracted simultaneously, and
the range, azimuth angle, and spatial position of the target can thus be calculated. This
has two advantages. First, unlike other photon-counting lidars that use a single-pixel
detector, multiple ranges, target azimuth, and target spatial position can be obtained with-
out scanning, significantly reducing the acquisition time. Second, multiple distances can
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be obtained from a single-pixel single-photon detector using the time coding technology,
reducing the number of single-photon detectors and the cost of lidar. Following the experi-
ment, the performance index of the lidar was investigated, and the target’s distance and
spatial position were calculated, verifying the feasibility of the idea. The system can be
extended to target-tracking lidar and has great potential for application in target tracking.
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