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Spatially modulated scene illumination for intensity-compensated
two-dimensional array photon-counting LiDAR imaging

Jiaheng Xie({3:17), Zijing Zhang(5K 1), Mingwei Huang(# I 4E),
Jiahuan Li(ZE%XX), Fan Jia(%% )l), and Yuan Zhao(Xizt)*

School of Physics, Harbin Institute of Technology, Harbin 150001, China

(Received 20 December 2021; revised manuscript received 1 March 2022; accepted manuscript online 17 March 2022)

Photon-counting LiDAR using a two-dimensional (2D) array detector has the advantages of high lateral resolution
and fast acquisition speed. The non-uniform intensity profile of the illumination beam and non-uniform quantum efficiency
of the detectors in the 2D array deteriorate the imaging quality. Herein, we propose a photon-counting LiDAR system that
uses a spatial light modulator to control the spatial intensity to compensate for both the non-uniform intensity profile of
the illumination beam, and the variation in the quantum efficiency of the detectors in the 2D array. By using a 635 nm
peak wavelength and 4 mW average power semiconductor laser, lab-based experiments at a 4.27 m stand-off distance
are performed to verify the effectiveness of the proposed method. Compared with the unmodulated method, the standard
deviation of the intensity image of the proposed method is reduced from 0.109 to 0.089 for a whiteboard target, with an

average signal photon number of 0.006 per pixel.

Keywords: avalanche photodiode camera, photon counting, three-dimensional imaging, array modulation

PACS: 07.05.Pj, 42.30.—d, 42.68.Wt

1. Introduction

Photon-counting LiDAR using picosecond laser and
Geiger-mode avalanche photodiode (GM-APD), combined
with time-correlated single photon counting technology
(TCSPC),!:?] can realize three-dimensional imaging in long-

[3-61 and low illumination power!”#! environments.

distance
Current photon-counting LiDAR systems can be categorized
into three types. The first type of system is composed of
a single-pixel GM-APD combined with a 2-axis scanning

[4.9-11] The scanning device is mainly a mechanical ro-

device.
tating platform!!? or a galvo scanner.!!3] The second type of
system is composed of a 1D GM-APD array combined with
a l-axis scanning device.!'*! The third type of system uses a
2D GM-APD array with or without a scanning device.[!>~18]
The lateral imaging resolution and acquisition speed of the last
type of systems can be beneficial by the considerable number
of detectors. With the development of all-digital complemen-
tary metal-oxide semiconductor (CMOS) technology for GM-
APD,[19-20] the 2D GM-APD arrays!?'?? have become acces-
sible to photon-counting LiDAR systems. The increase in the
number of detectors demonstrate the superiority of the 2D ar-
ray photon-counting LiDAR in practical applications.
Intensity and depth are the two most important pieces of
information in 3D imaging. Two-dimensional array photon-
counting LiDAR requires flood illumination of the scene. The

non-uniform intensity profile of the illumination beam intro-
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duces additional errors in the intensity image, which causes
significant challenges to the subsequent image denoising pro-
cess and target recognition. The limitation of the current array
manufacturing is spatial non-uniformity. For example, the 2D
GM-APD arrays have neither the same quantum efficiency nor
the same noise characteristics.>*! This non-uniformity leads
to fluctuations in the number of photoelectrons that are gener-
ated by the received photons and consequently degrades the
image quality. Two-dimensional array photon-counting Li-
DAR needs to solve these problems in practical applications.
In view of the image quality deterioration caused by the
non-uniform intensity profile of the illumination beam and
non-uniform quantum efficiency of the detectors in the 2D
array, this study proposes a novel 2D array photon-counting
LiDAR system that uses a spatial light modulator in the illu-
mination channel to control the spatial intensity of the illumi-
nating beam. By controlling the spatial intensity to compen-
sate for both the non-uniform intensity profile of the illumina-
tion beam and the variation in the quantum efficiency of the
detectors in the 2D array, an accurate intensity image can be
obtained. Simulations and experimental results verify the ef-
fectiveness of the proposed method. Specifically, compared
with the unmodulated method, the standard deviation of the
intensity image of the proposed method is reduced from 0.109
to 0.089 for a whiteboard target, with an average signal photon

number of 0.006 per pixel.
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2. Photon counting LiDAR with spatially modu-
lated illumination

2.1. System

Figure 1 shows a schematic diagram of the photon-
counting LiDAR system with spatially modulated illumina-
tion. The transmitter is composed of a laser, three lenses, a
phase modulation mode spatial light modulator (SLM), and
an analyzer. The emitted laser is firstly expanded by the lens
1 and lens 2, and then incident on the spatial light modula-
tor. An analyzer and a spatial light modulator constitute a
Lens 1

Laser Lens 2

SLM Analyzer Lens 3

transmission-power regulator. Different gray values of the
spatial light modulator correspond to different optical trans-
mittances. In this system, a gray modulation matrix is loaded
onto the spatial light modulator to realize the lateral pixel-level
modulation of the illumination beam intensity. Lens 3 projects
the spatially modulated beam to illuminate the scene. The re-
ceiving part of the system consists of an imaging lens and a
single-photon avalanche diode (SPAD) camera. The field of
view (FOV) of the camera coincides with the spatially mod-
ulated illumination beam. A signal generator provides a syn-
chronization signal for the laser and SPAD camera.

Spatially modulated
illumination

o]

Y,

Signal generator

[

SPAD camera Imaging lens

Fig. 1. Schematic diagram of the photon counting LiDAR system with spatially modulated illumination.

2.2. Model and method

Semiconductor lasers have multiple advantages, such as
small size, low power consumption and low cost. Because a
laser diode (LD) is used in our system, the theoretical anal-
ysis and simulations are all based on the laser diode. Laser
diodes have different waveguide structures in two directions,
that is, perpendicular and parallel to the heterojunction. An
asymmetric Gaussian function was used to describe the spatial
intensity distribution of the laser beams emitted by the LD.[>4]

The intensity distribution field can be expressed as

2 -2
. ’1, ()

0  o?

I[l7.]] = U()exp

where Uy is the normalized quantity of the beam. ®, and @,
are the waist radii in the x and y directions, respectively. i and
Jj are the discrete variable forms of x and y. Figure 2 shows an
example of the simulated spatial intensity distribution of the
laser beam. The waist radii of this example are @, = 0.08 m
and @, = 0.04 m, respectively.

Suppose that the temporal profile of the laser pulse is /2 [k].
k is the discrete sampled version of time . The reflectance and
distance of the target are p [i, j] and R[i, j], respectively. Each
pixel of the SPAD camera has a different dark count noise
d[i,j] and quantum efficiency 1 [i,j]. The aperture area of
the imaging lens is Ag. Ny is the total number of photons of
the beam. Then, the number of photons received by the SPAD

Echo signal Scene
camera can be expressed as
.. .. AR C e
Nin [i, j, k] = Nol [i, ] MTMP (i, j1m [i, j] R [K]

2R[i, j]
*0 (k— AL )
+n i, j1blis j] +dli, j]

where b(i, j] is the background noise at the [i, j] pixel. c is

At is the time-bin width of the SPAD
camera. O (-) is the Dirac function. Ni[i,j,k] is the num-

the speed of light.

ber of signal photons. The total number of noise photons is
Bli. j) =1 li.j|bli, ] +dli, jl.

For a whiteboard target with uniform reflectivity (p = 1),
ideally, the average number of photons received at each pixel
of the system is the same. To achieve this, the average number
of signal photons received at each pixel is adjusted by spatial
intensity modulation of the illumination beam, using the SLM.
Assuming that the modulation of the SLM on the illumination
beam is M[i, j], the average number of signal photons received
by the SPAD camera becomes

N[i, j k] = M [i, NG [i, j, k] . A3)

After spatial modulation, the average number of signal pho-
tons at each pixel is expected to be the same and is expressed

as

ZNé [i, ], k| :IVSEt:M[ivj]ZZVS [i,j, k], 4)
k k
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where Ny is the preset average number of signal photons at
each pixel. Therefore, the modulation matrix of the SLM can

be calculated as

Nset
Y S )

Y Nsli, j. k]
k=1

Mi, j]

Thus far, we have obtained the modulation matrix of the SLM
using a whiteboard target with uniform reflectance. For other
scenes and targets, a more accurate imaging result can be ob-

tained by setting the SLM modulation matrix to M([i, j].
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Fig. 2. Spatial intensity distribution of laser diode. (a) Two-dimensional
view. (b) Three-dimensional view.

The probability of photon detection in a histogram bin
can be modeled as a Poisson distribution.!"*! After m pulses
illumination, the captured photon count histogram at the pixel
[, j] within the kth time bin is distributed as

yli, j.k] ~ Poisson (mN_[i, j, k] + mB[i, j]) . (6)

The intensity image was obtained by summing the number of
signal photons for each pixel. The depth image was calculated
by using the cross-correlation method. To recover the correct
intensity image and perform the subsequent image denoising
process, we formulated an objective function of least squares
and selected the total variation of the intensity image as the

penalty term

| 2
>I1X=Y
minimize ; I II5

subject to TV (X) <&

)

where 2D matrix Y is the number of signal photons of
each pixel captured in the photon count histogram y. Two-
dimensional matrix X is the estimate of the correct intensity
image after denoising. Total variation penalty term TV(-) en-
forces the smoothness in the intensity solution. As one of the
most effective tools for image denoising, the total variation
method can perfectly preserve the edge of an object after de-

noising, which has attracted wide attention. 2320

€ is a pos-
itive scalar parameter that determines the degree of smooth-
ness. Because we chose complex natural scenes as imaging
targets, the sparsity of intensity images, such as the /; norm
penalty and /; norm penalty were not used here. When work-
ing in high-noise scenarios (such as daytime environments),
our system can still improve the image quality limited by the
non-uniformities of the illumination beam and detector array.
The modulation matrix M(i,j) can be calculated in a low-
noise environment before the measurements with high ambient
noise. Efficient denoising methods, such as global gating!¥!
and the unmixing method®”) can be used to eliminate the de-
tected background noise.

3. Simulation analysis

Based on the theoretical model in Section 2, we carried
out numerical simulations to evaluate the performance of the
conventional method and the proposed method with different
illumination and detector conditions. In addition, a link budget
analysis was included to indicate the scenarios which would
benefit most from the proposed method. The simulation pa-
rameters were selected as consistent with the laboratorial sys-
tem parameters as far as possible. In the simulations, a total of
20000 laser pulses were accumulated to generate a temporal
histogram. The lateral imaging resolution was 32x32 pixels.
A laser diode was used for the floodlighting. The full width
half maximum (FWHM) of the laser pulse was 400 ps, and its
temporal profile was a Gaussian function. The FWHM of the
total temporal impulse response was 700 ps. Each laser pulse
sent out from the transmitting end had an average number of
9x 107 photons. The time bin width of the photon counter
was 55 ps, with a total of 1024 time bins. A planar target
at the 518th time bin (corresponding to a distance of 4.27 m)
was used for imaging. Its reflectivity was uniform (p = 0.5)
with a size of 32x32 pixels. The background noise and dark
count noise were b = 1.2 x 107 and d = 9.8 x 1072 (cor-
responding to 100 Hz per pixel), respectively. The diameter
of the receiving optical lens was 8.9 mm. In the simulations,
the combination of the SLM and analyzer was considered to
have perfect intensity modulation. The preset average num-
ber of signal photons per pixel in the proposed method was
Nget = 0.006. The standard deviations of the intensity and
depth images were used to quantitatively evaluate the perfor-

mance of the two methods. The standard deviations of the
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intensity and depth images are calculated as

1 SN
Gintensity = m [1 [17]] - ﬂzv 3)
i=1j=1
Y YRR 9
Orange = mzlz:l[ [17]]_ } ) 9
i=1j=

where I and R are the mean of the intensity and depth images
of the measurements, respectively. I[i,j] and R[i, j] are the
intensity and depth values at pixel [, j], respectively. M and
N are the total number of pixels along the x- and y-directions,
respectively.

3.1. Standard deviation of the illumination beam intensity

In these simulations, we tested the performance of the
conventional and proposed methods with different standard
deviations of the illumination beam. The standard deviations
of the illumination beam were set to be 3.5x 1074, 3.7x 1074,
3.9x1074, ..., 13x107%.
tion was realized by changing the illumination beam waist
radii @, and @, in Eq. (1). The waist radii of the illumina-
., 194 mm,
and @, = @,/2. The mean photon detection efficiency of the
detector array was assumed to be 20%.

Here, a different standard devia-

tion beam were @, = 80 mm, 86 mm, 92 mm, ..

0.35
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0.30} —*—Proposed method
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Fig. 3. Simulation results of the conventional and proposed methods un-

der different illumination conditions. (a) Standard deviation of intensity

versus standard deviation of the illumination beam. (b) Standard devia-
tion of the depth versus standard deviation of the illumination beam.

Figure 3(a) shows the curves of the standard deviation of
the intensity image versus the standard deviation of the illumi-

nation beam. As the standard deviation of the system illumi-
nation beam increases from 3.5x 104 to 13x 1074, the stan-
dard deviation of the intensity with the conventional method
increases from 0.20 to 0.24. The standard deviation of the
intensity with the proposed method increases from 0.07 to
0.3. Figure 3(b) shows the curves of the standard deviation
of the depth versus the standard deviation of the illumination
beam. With an increase in the standard deviation of the illu-
mination beam, the standard deviation of the depth with the
conventional method increased from 5 mm to 22 mm, and the
standard deviation of the depth with the proposed method in-
creased from 5.5 mm to 20 mm. In the case of different illumi-
nation conditions, the proposed method effectively improves
the uniformity within the range of 3.5x107* to 10x 10~ of
the standard deviation of the illumination beam.

3.2. Standard deviation of quantum efficiency

In these simulations, we assessed the performance of the
conventional and proposed methods with different standard
deviations of the quantum efficiency of the detector. The
quantum efficiency of the SPAD camera was non-uniform and
obeyed the normal distribution n(i, j) ~ N(0.2,0y), where
oy = 0.005, 0.01, ..., 0.1. Therefore, the standard deviations
of the detectors’ quantum efficiency were 0.005, 0.01, ..., 0.1.
The waist radii of the transmitted beam were @, = 182 mm and
@, = 91 mm. Figure 4(a) shows the curves of the standard de-
viation of intensity versus the standard deviation of quantum

efficiency.
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Fig. 4. Simulation results of the conventional and proposed method with
different detectors’ quantum efficiency. (a) Intensity standard deviation
versus standard deviation of quantum efficiency. (b) Depth standard
deviation versus standard deviation of quantum efficiency.
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It can be noted from the intensity results that using the
proposed method, the standard deviation of the intensity de-
creases. As the non-uniformities in the detector array increase,
the standard deviation of intensity of the proposed method
increases from 0.08 to 0.16, while that of the conventional
method decreases from 0.21 to 0.18. The proposed method ef-
fectively alleviates the degradation of the quality of the inten-
sity image due to the non-uniform quantum efficiency of the
detector array. Figure 4(b) shows the curves of the standard de-
viation of the depth versus the standard deviation of the quan-
tum efficiency. For the depth results, both the proposed and
conventional methods had a similar performance. The stan-
dard deviation of depth increases from 5.8 mm to 7.0 mm and
5.0 mm to 6.1 mm for the proposed and conventional methods,
respectively.

3.3. Link budget analysis

Through a spatial light modulator, the proposed method
alleviates the degradation of image quality due to the non-
uniform illumination beam and non-uniform quantum effi-
ciency of the detector array. For a photon-counting LiDAR,
the non-uniformity of the illumination beam can be improved
by expanding the Gaussian beam to be much larger than the
field of view of the detector array. It is meaningful to com-
pare the applicability of the beam-expansion method with that
of the proposed method. In this simulation, we compared the
performance of the proposed method, the conventional method
without beam expansion, and the conventional method with
double beam expansion at several distances. The quantum ef-
ficiency of the SPAD camera obeyed the normal distribution,
n(i,j) ~ N(0.2,0.05). For the conventional method without
beam expansion and the proposed method, the waist radii of
the illumination beam were @, = 182 mm and ®, = 91 mm.
For the conventional method with double beam expansion, the
waist radii of the transmitted beam were ®, = 364 mm and
@, = 182 mm. The distances of the planar target were 1 m,
1.5 m, 1.9 m, ..., 10 m (corresponding to the 121st, 179th,
236th, ..., 1212th time bins, respectively). The number of
time bins of the photon counter was increased to 2048.

Figure 5(a) shows the curves of the mean number of re-
ceived signal photons per pixel versus the object distance. In
this case, the mean number of received signal photons per
pixel using the proposed method was less than that of the con-
ventional method without beam expansion. The mean number
of received signal photons by using the conventional method
with double beam expansion was less than that of the proposed
method. Part of the energy was lost through beam expansion.
Figure 5(b) shows the curves of the intensity standard devi-
ation versus the object distance. The standard deviation of
intensity of the conventional method with double beam expan-
sion was lower than that of the conventional method without

beam expansion, while the standard deviation of intensity of
the proposed method was lower than that of the above two
methods. The standard deviation of intensity was more im-
proved using the beam expansion method than the unexpanded
method. It improves the intensity image quality by sacrificing
part of the energy. For practical applications, it is necessary to
consider the balance between energy loss and the improvement
of illumination uniformity. Compared with the conventional
method with double beam expansion, the proposed method is
more appropriate for imaging systems with non-uniform array
detectors.

——Conventional method (X1) (a)
0.16} —*—Proposed method 1
Conventional method (X2)

0.08¢
0.06
0.04¢

0.02p

Mean number of received signal photons per pixel

2 4 6 8 10
Range (m)

—+—Conventional method (X1) (b)
—e—Proposed method
0.18¢ Conventional method (X2)

Standard deviation of intensity image

10

Range (m)

Fig. 5. Simulation results of the conventional method without beam ex-
pansion, conventional method with double beam expansion and the pro-
posed method at several object distances. (a) Mean number of received
signal photons per pixel versus object distance. (b) Standard deviation
of intensity versus object distance.

4. Experiment results

Figure 6 shows a built-up photon-counting LiDAR sys-
tem with spatially modulated illumination. We experimented
by using a 400 ps FWHM pulsed semiconductor laser (Pico-
Quant LDH P635) with 635 nm peak wavelength, 4 mW av-
erage power when operated at a repetition rate of 10 MHz, a
SPAD camera (Photon Force, PF32) with 32x32 pixels, mean
quantum efficiency of 20% at a wavelength of 635 nm, and a

090701-5



Chin. Phys. B 31, 090701 (2022)

built-in TCSPC module with 55 ps temporal resolution, 1024
time bins and 100 Hz average dark counts. The FWHM of
the total temporal impulse response was 700 ps. The SPAD
camera used a lens (NAVITAR, ZOOM 7000) with an aper-
ture of 8.9 mm and a focal length of 50 mm. A signal gen-
erator (Tektronix AFG3252) provided a 10 MHz square wave
synchronization signal for the laser and the SPAD camera. A
phase modulation mode SLM (Daheng optics, GCI-770202)
combined with an analyzer was added to spatially program
the illumination beam. The number of pixels in the SLM
was 1920%x1080. This is a transmission-type modulator. By
controlling the gray value of a single pixel of the SLM, the
polarization direction of the transmitted light is changed.[?%]
Then, it was combined with the analyzer to adjust the power
of the emitted laser. Finally, the spatially modulated beam was
projected by a lens to achieve programmed spatially modu-
lated illumination. We used a computer-controlled pitch and
yaw platform to perform scanning. The entire system was
placed on a computer-controlled pitch and yaw platform (Hu-
atian Keyuan, MGCA15C, and MRSA200). The pointing ac-
curacies of the pitch and yaw were 0.0045° and 0.01°, respec-
tively. The center of the system on the bread board coincides
with that of the pitch and yaw platform. This arrangement is
to ensure that the center of the system coincides with that of
the rotation as much as possible. The system parameters are
listed in Table 1.

The FOV of the SPAD camera coincided with the il-
lumination area of the illumination beam. The illumination
beam was divided into 32x32 subpixels. Each sub-pixel cor-

responded to 14 x 14 liquid crystal pixels of the SLM. Hence,
a total of 448x448 pixels in the SLM were used to realize spa-
tial modulation. The gray value of the SLM ranges from 0 to
255. We measured the transmittance of SLM, which was 26%.
The angle 0], j] between the polarization axis of the linear an-
alyzer and that of the transmitted light after SLM determines
the pixel-wise transmittance of the combination of the SLM
analyzer. According to Malus’ law, the transmittance at pixel
[£,j] is cos20[i, j]. Because the polarization axis of the ana-
lyzer is fixed, we can change the angle 0[i, j] by changing the
voltage values that are applied to the pixels of the SLM. The
SLM automatically changes the applied voltage of each pixel
through an internal circuit according to the loaded gray value.
Through calibration, we obtained the relationship between the
average number of received signal photons and the gray value
of the SLM.

) generaty

¥, A

aser ens ens 2 3
Laser Leng 1 Lens 2 SLM analyzer Lens 3

Pitch and yaw platforfﬁ

Fig. 6. Photon counting LiDAR system with spatially modulated illu-
mination.

Table 1. System parameters.

System content Parameter name Value
Laser output power 4 mW
Laser pulse width 700 ps
Emitter Laser pulse repetition rate 10 MHz
Objective lens f =150 mm, 8.9 mm aperture, ' =5.6
SLM pixels number 19201080 pixels (used size 448 x448)
SLM gray level 0~ 255
SPAD array size 32x32 pixels
SPAD pixel active area 6.95 um
SPAD pixel pitch 50 um
Receiver SPAD pixel optical fill factor 1.5%
SPAD time jitter 200 ps FWHM
Mean PDE at 635 nm 20%
SPAD dead time 50 ns
SPAD time bin width 55 ps
Image pixels after scanning 160x 160 pixels
Scanning angle of view 10.2° x 10.2°
Scanning mechanism Beam scanning mechanism Pitch/yaw platform
Pitch resolution 0.0045°
Yaw resolution 0.01°
Stand-off distance 427 m
Performance Acquisition time 625
Depth resolution 2 cm
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Figure 7 shows the curve of the received signal photon
number versus the SLM gray value at pixel (5, 6). For each
pixel, an exponential function, such as formula (10) is used

to fit the received signal photon number versus the SLM gray
value

Nli, jl = Ali, jlexp (B[i, 1M [i, 1) , (10)

where Ngli, j] is the number of received signal photons. A[i, j]
and Bl[i,j] are the fitting parameters. Then, the gray value
M[i, j] can be calculated by substituting the required number
of received signal photons Ng[i, j| = N into the inverse func-
tion of formula (10). The dynamic range of the combination
of SLM and analyzer, can be calculated using the curve of the
received signal photon number versus the SLM gray value.
From the two adjacent pixels, the ratio between the minimum
received signal photon number and the maximum received sig-

nal photon number is 0.11. The factors affecting this value

Nget = 0.002
() 250
= 200 g
K £
a >
g
= 150 <
100
10 20 30
z (in pixel)
Nget = 0.006
250
= 200 ¢
A 3
o, >
g
- 150 5
100

z (in pixel)

include the extinction ratio of the analyzer and the degree of
linear polarization of the laser.

Figure 8 shows the modulation matrix of the SLM under
various preset average numbers Ny of signal photons at each
pixel. Pixels that appear as white dots in Fig. 8 are called hot
pixels. A small number of hot pixels in the SPAD camera have
abnormally high dark count rates due to imperfect fabrication,
which results in large ranging and intensity errors. Hot pixels
can be removed using noise-filtering operations.

.02 T T .
3 0.020 ¢ Measured results
] — Fitti sults
BE 0.015¢ B i 111g results »
EIRS (5.6) =2.764X10
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Fig. 7. Curve of received signal photon number versus SLM gray value
at pixel (5, 6). The goodness of fit R? =0.976.
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Fig. 8. Modulation matrix of the SLM under various set average number of signal photons at each pixel. The average number of signal photons

is (a) 0.002, (b) 0.004, (c) 0.006 and (d) 0.008.

We performed an experiment to image a white wall, as
depicted in Fig. 9(a), using the unmodulated method and pro-
posed method. The SLM was not removed from the setup
for the “unmodulated” measurements. Figure 9 shows the
experimental results for the intensity images. Through 5x5
scanning, we stitched an image of 160x 160 pixels. The dis-
tance between the system and objects was 4.27 m, and the total
imaging FOV at the object plane was 0.76 mx0.76 m. Some

cracks occurred in the adjacent stitching part of the image, ow-

ing to the alignment and resolution of the stepping of the pitch
and yaw platform. This problem can be resolved by increasing
the number of camera pixels to get rid of scanning or further
modification with customized optical system and 2-axis Galvo
scanning. The intensity image was obtained by summing the
number of signal photons for each pixel. Owing to the direct
illumination with the laser diode, the intensity image of each
scanning block of the unmodulated method presented a pat-
tern of strong middle and weak sides, as shown in Fig. 9(b).
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The standard deviation of the normalized intensity image de-
picted in Fig. 9(b) is 0.109. The standard deviation of intensity
was calculated over the full 160x 160 pixels. Figures 9(d) and
9(e) show the experimental results of the proposed method.
The quality reduction of the intensity image caused by the
non-uniform illumination beam and non-uniform quantum ef-
ficiency of the detector array was improved through spatially
modulated illumination. For the proposed method, the stan-
dard deviation of the normalized intensity image was reduced
to 0.089. In order to intuitively compare the results of the two
methods, Figs. 9(c) and 9(e) demonstrate the intensity pro-
file slices across the x direction of the two methods, where
x=10.076 m and y = 0-0.152 m.

Other experiments were performed to image a scene, as
shown in Fig. 10(a). The scene comprises a cone, lamp, doll,
and suitcase. All objects were placed on a table. These ex-
periments were conducted to compare the performances of the
unmodulated and proposed methods. The stand-off distance of
the scenes was 4.27 m. The exposure time of the SPAD camera
was 100 us per frame, and 20000 laser pulses were accumu-
lated to obtain a 32x32 photon-counting histogram. The total
acquisition time for a complete 160x 160 pixel image was 62 s.
Because the scanning is the movement of the pitch and yaw
platform with the entire imaging system, the scanning speed is
not set fast. In the future, faster imaging speed can be achieved
through optical system integration and 2-axis Galvo scanning
system. The experimental environment in Fig. 10 is closed in-
door with lights off during the daytime. In these experiments,
the average number of background noise per pixel per laser cy-
cle was 0.1183. A natural scene has many details. The inten-

sity image of the unmodulated method was superimposed with
additional non-uniform noise, as shown in Fig. 10(b), which
hindered subsequent noise filtering and target recognition. The
intensity image of the proposed method is shown in Fig. 10(e).
The extra lateral noise was eliminated by spatially modulated
illumination, which makes the intensity image more similar to
the real situation. The depth image was calculated using the
cross-correlation method. The hot pixels in the camera were
simply filtered out through median filtering. The depth image
results are shown in Figs. 10(c) and 10(f). The objects main-
tained good outlines and details, except for a few areas with
low intensity and no signal. The unmodulated method had
the same depth image quality as that of the proposed method.
Figures 10(d) and 10(g) show the 3D images that combine
the intensity and depth images to intuitively demonstrate the
imaging results. In this experiment, the average number of
signal photons in the proposed method and the unmodulated
method were 0.0047 and 0.0054, respectively. Due to lack of
the ground truth, we calculated the SNR[?°! for each intensity
image for comparison quantitatively. The SNR was calculated
by using SNR = |{I;) — (2)|/((01 + 02)/2), where (I;) and
(Iy) are the average intensities calculated within the dashed
black square and dashed white square in Fig. 10. o} and o, are
the standard deviations of the intensities in the dashed black
square and dashed white square respectively. The SNRs cal-
culated of Figs. 10(b) and 10(e) were 1.86 and 1.24. Because a
small number of pixels had abnormally high count rates in the
reconstructed image of proposed method, the calculated SNR
of the proposed method was lower than that of the unmodu-
lated method.
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Fig. 9. Experimental results of a white wall. (a) RGB photograph of the scene. (b) Intensity image of the unmodulated method. (c) Intensity profile slice
across the x direction of the unmodulated method. x = 0.076 m and y = 0-0.152 m. (d) Intensity image of the proposed method. (e) Intensity profile
slice across the x direction of the proposed method. x = 0.076 m and y = 0-0.152 m.

090701-8



Chin. Phys. B 31, 090701 (2022)

1.0 -
=
0.8 =
0.6 :%/
0.4 >
2
‘0

0.2 g
E

0 —

(m)

1.0 &»
2
=

0.8 7
e}

0.6 X

04 2
‘B

02 §
g
=

O —

E

0.76
0.57 .
— O 38 .
0.19 .
O

0.19 0.38 057 0.76

z (m)
0.76 2.64
1.98 _
— £
&
Z0.38 1.32 5
=N o}
jol
0.66 A
0

0 0.9 0.38 0.57 0.76
x (m)

Fig. 10. Experimental results of multiple objects. (a) RGB photograph of the scene. (b) Intensity image of the unmodulated method. (c) Depth image
of the unmodulated method. (d) Three-dimensional demonstration of the reconstructed result from the unmodulated method. (e) Intensity image of the
proposed method. (f) Depth image of the proposed method. (g) Three-dimensional demonstration of the reconstructed result from the proposed method.

Other experiments were carried out to test the per-
formance of the unmodulated method, soft normalization
method, and the proposed method in an environment with a
stronger noise background. As exhibited in Fig. 11(a), the im-
age scene includes a cone, blanket with circle pattern, doll, and
an ‘8’-shaped foam board. All objects were placed on a table.
The stand-off distance of the scenes was 4.27 m. The total ac-
quisition time was the same as that in the experiment shown
in Fig. 10, which was 62 s. We injected extraneous ambi-
ent light using a fluorescent lamp for the measurements shown
in Figs. 11(b)-11(d). In these experiments, the average num-
ber of background noise per pixel per laser cycle was 0.2229.
Two fluorescent lamps were used to inject extraneous ambi-
ent light, as shown in Figs. 11(e)-11(g). In these experiments,
the average number of background noise per pixel per laser
cycle was 0.4437. The intensity image of the unmodulated
method was still superimposed with additional lateral noise,
as shown in Figs. 11(b) and 11(e). The soft normalization
method divided the captured normalized intensity image by
the white wall normalized intensity image depicted in Fig. 9(b)
to remove the additional lateral noise. Compared with the un-
modulated method, the soft normalization method improves
image quality. However, according to the Poisson detection
process, the lateral noise of the intensity image collected at a
certain time will not have a one-to-one correspondence to that
of the intensity image depicted in Fig. 9(b). A simple division
still produces additional lateral noise, particularly with high
ambient noise, as shown in Figs. 11(c) and 11(f). The inten-
sity images of the proposed method are shown in Figs. 11(d)
and 11(g). The extra lateral noise was effectively eliminated
by spatially modulated illumination. The SNRs calculated of
Fig. 11 were (b) 6.70, (c) 6.61, (d) 7.26, (e) 5.85, (f) 3.58 and
(g) 5.20, respectively. Using a power meter, we measured the
optical power used to illuminate the scene in Figs. 10 and 11

as 30.2 uW with the unmodulated method. The optical power
emitted from the laser was 4 mW. After lens 2, the optical
power decreased to 2.3 mW. Then, the optical power transmit-
ted from the SLM was 605 uW. After the analyzer, the opti-
cal power was 43.1 uW. For the proposed method, the optical
power transmitted from the SLM was 603 uW and became
32.1 uW after the analyzer. The optical power used to illumi-
nate the scenes in Figs. 10 and 11 was 22.8 uW. The transmit-
tance of the analyzer was the lowest among all the systems. It
is necessary to improve the transmittance of the analyzer for
practical applications. By measuring two white plane objects
with varying intervals, it was found that the depth resolution
of the system was 2 cm.

By performing TV-regularized denoising minimization
on the intensity images in Figs. 11(e)-11(g), the denoising
results were obtained, as shown in Fig. 12. A CVX tool for
specifying and solving convex programs%3!l helped solve
the problem in Eq. (7). Owing to the existence of additional
lateral noise, the denoising result of the unmodulated method
was still noisy with the same pattern depicted in Fig. 9(b). Fig-
ure 12(b) shows the noise reduction results of the intensity im-
age in Fig. 11(f). Additional lateral noise was mistakenly re-
tained as the estimated intensity image of the scene. We could
not identify any information concerning the real object’s in-
tensity from the noise reduction results. Because the proposed
method could effectively remove additional lateral noise, the
denoised intensity image using the TV-regularized minimiza-
tion method had a satisfactory quality. The TV-regularized
denoising method not only removes the random noise but also
maintains a clear edge of the object. The SNRs calculated of
Figs. 12(a), 12(b) and 12(c) were 10.77, 10.32 and 26.14, re-
spectively. With the help of the TV-regularized denoising, the
SNR of the intensity image of the proposed method was sig-
nificantly improved.
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Considering the appropriateness of memory consump-
tion, the image was quartered before TV minimization de-
noising, and only one part was processed at a time. Finally,
the four estimated results were stitched together to obtain a
full-size image. There were two discontinuous lines caused by
step-by-step optimization and splicing, as shown in Fig. 12.
These discontinuous lines were mainly caused by the discon-
tinuity in the calculation of the total variation at the outer edge
of the four sub-parts. We used a basic TV-regularized denois-
ing method to demonstrate the improvement of the proposed

0.76 g = 076
=]
=]
5 0.57
e
~ Zo38
2
E
£ 019
8
=1
E
o
)
=]
=]
o
-
=
)
z
g
a
[}
g
=]
E

z (m)

0
0

method on the denoising process in single-photon imaging. It
is worth mentioning that the TV-regularized denoising method
maintains a clear edge of the object but induces the stair-
case effect.3>331 The most obvious example is the creation
of image flat areas separated by boundaries when denoising
a smooth ramp. The intensity images of the objects used in
the experiments have few ramps, so the staircase effect can be
ignored. Hybrid penalty denoising method such as the com-
bination of wavelet /;-norm and total variation** can be used
to suppress the staircase effect.
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Fig. 11. Experimental results of multiple objects under two ambient noise conditions. (a) RGB photograph of the scene. (b)—(d) Intensity images using
the unmodulated method, soft normalization method and proposed method with an average background noise count of 0.2229 per pixel per laser cycle.
(e)—(g) Intensity images using the unmodulated method, soft normalization method and proposed method with an average background noise count of

0.4437 per pixel per laser cycle.
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Fig. 12. Noise reduction results for the intensity images of multiple objects. (a) Noise reduction result of the unmodulated method. (b) Noise
reduction result of the soft normalization method. (c) Noise reduction result of the proposed method.

5. Conclusion

Photon-counting LiDAR using a 2D array detector has
the advantages of high lateral resolution and fast acquisition
speed. Two-dimensional array photon-counting LiDAR re-
The

non-uniform intensity profile of the illumination beam intro-

quires the use of floodlight to illuminate the scene.

duces additional lateral errors in the intensity image. The non-
uniformity such as quantum efficiency and noise characteris-
tics of the 2D array detector would degrade the image quality
as well. Therefore, subsequent image noise reduction, and tar-
get recognition are significantly hindered. In this study, we
propose a photon-counting LiDAR system that uses a spatial

light modulator in the illumination channel to control the spa-
tial intensity of the illuminating beam across a scene being
imaged onto a 32x32 pixel photon-counting detector array.
By controlling the spatial intensity to compensate for both
the non-uniform intensity profile of the illumination beam and
the variation in the quantum efficiency of the detectors in the
2D array, accurate intensity images can be obtained. LiDAR
systems that employ avalanche photodiodes or conventional
photodiode arrays face the same problem caused by the non-
uniform illumination beam and the performance difference of
the detector array. The proposed method is also applicable to
these LiDAR systems. In the future, it will be of interest to
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further modify the system with customized optical system and

2-axis Galvo scanning. Optimizing the system to deal with a

more complex imaging environment will also be considered.
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