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Abstract: Photon-counting laser ranging has attracted a lot of research interest for its
application in the altimeter. In this letter, we report a large scale multi-beam photon-counting
laser imaging system by using 100 laser beams in linear array as the light source. Taking
advantage of a 100-channel low-noise high-efficiency single-photon detector, the three-
dimensional image of remote targets could be constructed rapidly according to the time-of-
flight measurement. This system provides a solution for a high-speed, high-resolution, low
energy-consumption pushbroom airborne or spaceborne laser altimeter.
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1. Introduction

Remote laser detection and ranging (lidar) shows considerable significance with applications
in geography, forestry, atmospheric physics due to the advantages of small volume and high
precision [1-6]. Thereinto, the spaceborne lidar has been widely used as laser altimeter to
study the global topography [7—-11], the ice sheet altimeter [1], the canopy height [7] and so
on. However, most laser altimeters focus on only one ground point at a time, which could not
achieve dense point cloud data quickly. To reduce the time for globally mapping the surface
topography, the Lunar Orbiter Laser Altimeter (LOLA) used a five-beam scheme without
scanning, which also enabled surface-slope measurement [8]. With more laser beams in use,
the topography would get higher resolution [9]. However, a large number of laser beams
would consume too much energy for the spaceborne platform with the traditional linear
optical detection. Photon-counting laser ranging and imaging deeply decrease the power
consumption for long-distance measurement by improving the detecting sensitivity to
quantum limit with techniques of single-photon detection and time-correlation single-photon
counting (TCSPC) [12—19]. Based on the single-photon counting technique, a spaceborne
lidar Surface Topography (LIST) scheme was proposed in Ref [20]. It was aiming to map the
global topography and the vegetation structure quickly with high resolution and wide swath
width. The three-dimensional (3D) topographic imaging was constructed by combining the
swath mapping technique with a multi-laser-beam linear array and a photon-counting
detector array of 1000 pixels. In this scheme, the light source was from 10 laser beams, and
each beam was divided into 100 beams by a diffractive optical element (DOE) beam-divider.
And, the weak reflected light was detected by the detector array at nearly single-photon
sensitivity. To realize the multi-beam photon-counting lidar of LIST, a micro-pulse photon-
counting lidar system, named ATLAS was planned to launch in the ICESat-2 mission of
NASA [21, 22]. ATLAS was planned to use 6 laser beams with a multi-channel single-
photon detector. NASA developed an airborne slope imaging multi-polarization photon-
counting lidar (SIMPL) to demonstrate photon-counting laser altimetry method for high-
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resolution, swath mapping of topography and surface properties from space [23]. The SIMPL
consisted of 4 laser beams, and each beam contained two wavelengths of 532 nm and 1064
nm. At the receiver, a 16-channel Si-avalanche photodiode (Si-APD) single-photon detector
was used to detect the orthogonal polarizations of each beam at different wavelengths. But,
the number of the laser beams in these multi-beam photon-counting lidars was less than 10,
which was far from the LIST.

In this paper, we demonstrated a multi-beam photon-counting 3D lidar system, which was
a 1:10 miniature demonstration of LIST. A 532-nm sub-nanosecond pulse laser was divided
to 100 beams in a linear array with a DOE. And a 100-channel Si-APD single-photon
detector was applied to realize 100-beam photon-counting ranging and scanning imaging.
The system shows several striking features. Firstly, since 100 laser beams were used with 100
detection channels, the swath width is much larger, leading to a short acquisition time for the
3D image. Secondly, the implementation of integrated swapping plate consisting both the
transmitting and the receiving devices enhanced the stability of the system, which is suitable
for the airborne or spaceborne altimeter. Most importantly, the 100-channel single-photon
detector based on Si-APDs provides high detection efficiency, low noise, short time jitter and
no cross talk, paving the way to a high-resolution lidar system with low energy consumption.

2. System description

Figure 1 shows the scheme of the multi-beam photon-counting 3D lidar system. The whole
system was mounted on a 2D rotation stage to scan the transmitting and the receiving
devices. There was no relatively moving between the two parts, functioning the same as the
swath mapping technique of LIST [20]. A solid-state laser at 532 nm produced short pulses at
a repetition rate of 10 kHz with a pulse energy of ~0.3 pJ/pulse. The laser pulse duration was
about 600 ps. The diameter of the laser beam spot was expanded from 4 mm to 10 mm with
the divergence angle of 0.125 mrad by a beam expander, which was composed of two lens L1
and L2 as shown in Fig. 1. A very little part of the light leaked from M2 was detected by a
PIN photodiode to trigger the time-of-flight measurement. Then, the laser was divided into
more than 100 beams in linear array by a DOE. The divergence angle between the adjacent
two beams was 0.25 mrad. With 100 beams, the swath angle was about 24.75 mrad.

Fig. 1. Schematic of the multi-beam photon-counting lidar system. Pulsed laser source: 532-
nm with repetition rate of 10 kHz and pulse duration of 600 ps. Beam expender: composed of
two lens L1 (f=3.3 mm) and L2 (f = 60 mm). M1, M2: high reflection mirror at 532 nm. PIN:
fast photodiode. DOE: diffractive optical element to producel100 beams with divergence angle
of 0.25 mrad between adjacent beams. Camera Lens: long-focal-length adjustable camera lens.
BP: bandpass filter at 532 nm with linewidth of 1.0 nm. Fiber array: composed of 100
multimode fibers. Si-APDs: 100 Si-APDs with fiber pigtail on heat sinks. FPGA: seven FPGA
board integrated in one box for data processing.
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Figure 2(a) shows the photo of the laser spot array on the wall of a building 600-m away
taken by a camera with 10 seconds exposure time at night. The laser power was concentrated
on the central 100 beams. And among the 100 beams, the intensity of the central one was 10
times higher than the others. The diameter of the central spot was about 90 mm on the wall
while the others were about 60 mm. The distance between adjacent spots was about 0.15 m
on average on the wall. Therefore, the swath width was about 14.85 m.

Fig. 2. (a) Laser beam spots on the wall of the target building 600 m away, (b) beam spot at
the focus of the camera lens taken by a CCD camera, and (c) microscope image of the multi-
mode fiber array facet.

The reflected light was collected by a long-focal-length adjustable camera lens (Tamron,
A011 SP 150-600 mm f/5-6.3 Di VC USD). The focal-length was adjusted to about 508 mm.
The diameter of the effective aperture was 95 mm. A narrow bandpass (BP) filter with 1-nm
bandwidth at 532 nm was used to remove the stray light noise. We firstly checked the beam
profile with a beam analyzer CCD at the focus of the camera lens as shown in Fig. 2(b) by
illuminating a white board 30-m away. By slightly adjusting the focal length of the camera
lens, we could obtain a distance between two adjacent beam spots as 127 um at the focus to
match the multi-mode fiber array. Then, the CCD was replaced by a fiber array. The reflected
photons were focused into the linear fiber array. The diameter of the fiber core was 105 um,
and the distance between the fiber cores was 127 um as shown in Fig. 2(c). At the end of
each fiber, a single-photon counting module based on Si-APD was connected. In this way,
the collected photons were detected by the 100-channel single-photon detector. The total
efficiency of system was about 20% including the transmittance of the camera lens and the
bandpass filter, the coupling efficiency of the fiber array, and the detection efficiency of the
single-photon detector. The outputs of the single-photon detectors and the synchronization
signal of the laser source were recorded by a 100-channel time-to-digital converter (TDC)
which was formed of seven field programmable gate array (FPGA) boards. The minimum
time bin width of the TDCs was 64 ps. The synchronization laser pulse signal from the PIN
photodiode was connected to the START channel of the TDC while the outputs from the
single-photon detectors were connected to 100 STOP channels, respectively. The TDC would
provide a digital representation of the time between the START channel and the STOP
channels which is the so-called time-of-flight measurement. The time bin width of the TDC
was adjusted according to the ranging distance. A computer collected the photon arrival
information from the TDC via a USB cable, and also controlled the 2D rotation stage to scan.

We carried out an experiment to estimate the optical cross talk between the pixels of the
fiber array. In the experiment, an LED array (1 x 16) at 532 nm was used as the light source.
The receiving device was placed 30-m away from the LED. The light was collected and
formed 16 focusing spots in a line. The focusing spots were coupled into 16 adjacent fibers
among the 100-fiber array. By switching on only one of the LED pixel each time, we
measured the optical power at the output of the corresponding fiber together with those at the
neighbor fibers. The ratio of the two was regarded as the optical cross talk of the system. In
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the experiment, the optical cross talk between the fiber channels was measured to be less than
1%.

A homebuilt 100-channel single-photon detector was used to detect the signal from the
fiber array. The photons were coupled to the Si-APD (SAP500, LASER COMPONENTS)
with a fiber pigtail of 105 pm in diameter. The diameter of the Si-APD’s sensitive detection
area was about 500 um. And all the 100 Si-APDs were operated in Geiger-mode on seven
heat sinks with Peltier cooling to —10°C. They were actively quenched and reset individually
and produced 100 independent outputs. The quench and reset signals were generated from the
FPGA boards. The detection efficiency and dark counts of the 100 Si-APDs were plotted in
Fig. 3(a). The average detection efficiency was about 36.8%. According to the statistics on
the detection efficiency in Fig. 3(b), among all the 100 Si-APDs, there were 95 channels with
a detection efficiency higher than 30%. And the maximum detection efficiency could reach
71%. As shown in Fig. 3(c), most of them were operated at low dark counts noise less than
the average value of 3 x 10° counts per second (cps). The variance between different
channels on the detection efficiency and dark counts noise was mainly due to the coupling of
the fiber pigtails. Since the 100 single-photon counting modules operated independently,
there was no cross talk noise between different channels, reducing the error counts in the
acquisition.
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Fig. 3. (a) Detection efficiency and dark counts of the 100 Si-APD channels. The calibration
of each channel was carried out with an attenuated pulsed laser independently. The operation
temperature was set at —10°C, (b) statistics on the detection efficiency. Binning size: 1%, and
(c) statistics on the dark counts. Binning size: 0.5 kcps.

3. Experiment and result

The time jitter of each Si-APD channel was measured individually with a short-pulse laser
and a time-correlation single-photon counter (TCSPC, HydraHarp 400, PicoQuant) to be 800
ps. The TDC time bin width was set at 64 ps for the time-of-flight measurement. Considering
the pulse duration of the laser source, the time jitter of the detectors and the TDC time bin
width, the total time jitter of the lidar system was about 1 ns on average according to

_ 2
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Where ¢, is the pulse duration of the laser source (~600 ps), #py is the time jitter of the PIN
photodiode (< 10 ps), #p is the time jitter of the detector (~800 ps), and #7p¢ is the time bin
width of the TDC (64 ps).
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Fig. 4. (a) Precision of the single channel photon-counting laser ranging as a function of
photon counts, (b) precision of the 100 channels measured when the detected photon number
was 65, (c) statistics on the precision data in (b).

Assuming Poissonian statistics for the data in the measurements, the precision of the

photon-counting laser ranging was inversely proportional to~/n , where n is the photon
counts [24]. We measured the depth precision of the single channel photon-counting laser
ranging with different photon counts as shown in Fig. 4(a). The precision of lidar system was
about 27 mm with 10 photon counts. With more detected photons, the precision got higher
and higher but tended to a constant with large photon numbers. Since the counting rate of the
reflected photons was quite low, balancing the precision against the acquisition time, we set
the detected photon number to be around 65 for the ranging, resulting in a precision to be
about 20 mm. And the precision improved very limited, as the photon counts continued to
rise. Targeting at a flat board, we estimated the depth precision of the whole lidar system
with 100 channels. We repeated the measurements for 100 times on the same target with 65
detected photons on each channel. The standard deviation of the average peak value was
regarded as the depth precision of the lidar system as shown in Fig. 4(b). The statistics in Fig.
4(c) indicates that the precision of the 100 channels was mainly at 25 mm. The average
precision was about 26 mm.
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Fig. 5. (a) Real photo of the target buildings, (b) rebuilt lidar image of the buildings in vision,
and (c) detailed lidar image of the target building in the red box in (a).

Figure 5 shows the image acquired by the multi-beam photon-counting lidar system with
comparison of the real photo of the building. Figure 5(a) is the real photo taken in day time.
Buildings at different distance could be seen clearly for comparison. Figures 5(b) and 5(c) are
images acquired by the multi-beam photon-counting lidar system in a clear evening (at 20:30
local time) in July (Sunset at 18:58 local time) in Shanghai. The visibility was reported to be
9.7 km. The road lightings and landscape lightings caused a background noise of about 6
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keps on each Si-APD channel. In the system, the 100-channel array was employed
horizontally in one line and the system worked in the line-by-line scanning mode. The
scanning resolution of the rotational plate was set at 25 mrad/point in horizontal direction,
corresponding to a spatial resolution of 0.25 mrad/channel. In the vertical direction, the
scanning resolution was set at 1.67 mrad/point. Figure 5(b) shows the image of 80 x 12
acquisitions (80 x 1200 pixels). In the vertical direction, the motor scanned 133.6 mrad in 80
steps. And in the horizontal direction, the motor scanned 300 mrad in 12 steps. Therefore, the
resolution of each frame is 80 % (12 x 100). The color bar scales refer to the real distance of
the buildings from the lidar system. The accumulation time for the scan was set at 1 s/line.
The average signal photon counts of each single-photon detecting channel was about 65 cps.
The whole acquisition time for such an image cost about 20 min. Almost all the tall buildings
in the real photo could be rebuilt in the image. The farthest building in the image was about
2400 m away marked with a yellow box in the real photo, indicating the ranging distance
limit of the system with such resolution. Notice that, there were two buildings with black
outer walls in the vision marked with a black box in the real photo. Though the reflection of
these two buildings was much lower than the others due to the color, they could also be
recognized in the rebuilt image owing to the sensitive detection of the returning photons.
Thanks to the high detection efficiency of the single-photon detector, the output energy of the
laser source could be lowered, suitable for a low-energy consumption lidar system. A bright
line appeared periodically in the image. That was caused by one of the Si-APD channels of
high dark counts noise. However, according to this dark line by this “bad” channel, we could
approximately verify if the rebuilt image was correct. Since the 100 single-photon counting
modules operated independently, it would not cause too much change by replacing any “bad”
channel in the detection part of the system without disturbing other channels.

The yellow building in the red box in Fig. 5(a) is about 600 m away. We changed the
TDC time bin width to 128 ps to perform a zoomed-in image. The detailed image is shown in
Fig. 5(c). The windows of the building could be recognized clearly in the image due to lack
of collected photons from the dark brown glass windows. And the corner of the building
could be identified by the distance difference.

The demonstration shows that the stability of the multi-beam lidar system with 100 laser
beams and 100 single-photon detector channels enables the large-area field swath with high
speed for the 3D image. As the average counting rate of the detected photons on each single-
photon detector was about 0.0065/pulse in this experiment, the system acquired 10* pulses to
accumulate about 65 photon counts of each channel, leading to a precision of ~20 mm. If the
detected photon-counting rate increased to 0.65/pulse, and the acquisition time could be
reduced to be 10 ms/line containing 100 pixels while keeping the same precision. Thus, it
will take only 9.6 seconds to get a 3D picture of 80 x 1200 pixels, excluding the time of
rotators controlling and data transmission.

4. Conclusion

In conclusion, we realized a multi-beam photon-counting lidar system with 100 beams and a
100-channel Si-APD single-photon detector. The striking features of the system such as high
speed, high stability, and high resolution make it suitable for a low-energy consumption
airborne or spaceborne altimeter.
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