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Near-Range Large Field-of-View Three-Dimensional Photon-Counting Imaging
with a Single-Pixel Si-Avalanche Photodiode ∗
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Large field-of-view (FoV) three-dimensional (3D) photon-counting imaging is demonstrated with a single-pixel
single-photon detector based on a Geiger-mode Si-avalanche photodiode. By removing the collecting lens (CL)
before the detector, the FoV is expanded to ±10∘. Thanks to the high detection efficiency, the signal-to-noise
ratio of the imaging system is as high as 7.8 dB even without the CL when the average output laser pulse energy
is about 0.45 pJ/pulse for imaging the targets at a distance of 5 m. A 3D image overlaid with the reflectivity data
is obtained according to the photon-counting time-of-flight measurement and the return photon intensity.
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Light detection and ranging (LIDAR) systems
based on the time-correlated single-photon counting
(TCSPC) technique have been widely used in remote
sensing applications including terrain mapping,[1−4]

underwater imaging[5,6] and autonomous vehicle vi-
sion monitoring.[7−10] Most of the LIDAR systems
can be classified into the co-axial[11−16] and the bi-
axial ones[17−21] according to the relative positions
of the emitter and the receiver. In the co-axial LI-
DAR system, since the emitter channel and the re-
ceiver channel share a number of optical components
and the collected return photons are focused statically
on the detector when the laser beam scans the tar-
get, single-pixel detectors of small-active area are usu-
ally used. With a low-noise single-pixel single-photon
detector, depth imaging at range of 4.5 km using a
pulsed laser with output energy of 15 pJ/pulse has
been achieved.[22] However, the field-of-view (FoV) of
this co-axial LIDAR system was merely 1.6∘,[6] which
severely limited its application. In the bi-axial LI-
DAR system, the focus spot of the return photons
on the detector will move when the direction of the
emitting laser or the distance of the target changes.
Therefore, array detectors with large active area are
favored in such systems, such as multi-pixel photon
counters (MPPCs) and complementary metal-oxide
semiconductor (CMOS) image sensors.[23−27] On the
one hand, the FoV of the LIDAR system can be much
expanded using large-active-area array detectors. On
the other hand, the high background noise due to the
large active area of the MPPC and the CMOS image
sensor would have a pernicious influence on the re-
construction of the targets in the LIDAR system. In
addition, the cost of such array detectors is quite ex-
pensive due to the difficulties in fabrication of highly

integrated numerous pixels of balanced noise level and
detection efficiency. Therefore, it will become a focus
of research interest to develop the large-FoV three-
dimensional (3D) laser imaging system with a single-
pixel detector in real applications.

In this Letter, we demonstrate a large-FoV 3D
photon-counting imaging system in a bi-axial configu-
ration with a single-pixel Si-avalanche photodiode (Si-
APD) single-photon detector (SPD) of a small active
area as the receiver. The collecting lens (CL) in front
of the detector is removed to eliminate the influence
of the moving focal spot. By this means, the FoV of
the system is expanded to ±10∘. Thanks to the high
detection efficiency, without the CL, we could still ob-
tain a high signal-to-noise ratio to extract the return
photon signals from the noise for even fairly low re-
flected photon flux. A large-FoV 3D photon-counting
image is demonstrated with target scene at 5m in the
lab. Moreover, combined with the intensity of the re-
turn photons, the reflectivity data are overlaid on the
3D image.

The near-range large-FoV 3D photon-counting
imaging system is schematically shown in Fig. 1. The
optical transceiver system was operated in the bi-axial
mode. The laser source (LD852VFP, Nanjing K-Ray
Opto-Electronics, China) used in the experiment was
a pulsed diode laser with a multi-mode fiber pigtail
emitting at 850 nm. The average output power of the
laser was 4.5µW at a repetition frequency of 10MHz.
The laser output energy was calculated to be about
0.45 pJ/pulse. The pulse width of the laser was ap-
proximately 1.3 ns. The laser beam at the output
of the multi-mode fiber was expanded by an opti-
cal collimator. The diameter of the laser beam was
5 mm with divergence angle of 0.7 mrad. Then the
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laser beam was directed by a pair of galvanometer
mirrors (GMs, S-9210M, Sunny Technology, China).
The sizes of the GM were about 10 mm×19 mm and
16 mm×20 mm, respectively. The GMs were driven
by a data acquisition card (DAQ, USB-6343, National
Instruments, USA) to scan the targets in both hori-
zontal and vertical directions. The scanning resolu-
tion of the GMs was set at 0.17∘/step in both direc-
tions. An interference bandpass filter (850FS10-25,
Andover Corporation, USA) was placed in front of the
Si-APD. The return photons were detected directly
by the single-pixel Si-APD (SAP500, Laser Compo-
nents, Germany). The diameter of the detector’s ac-
tive area was about 500µm. The Si-APD was oper-
ated in Geiger-mode with a bias voltage at 122.7 V.
The detection efficiency of the SPD at the wavelength
of 850 nm was about 60% with a dark count rate of
200 count/s when the operation temperature was kept
at −35∘C.

Fig. 1. Schematic diagram of the near-range large-
FoV three-dimensional photon-counting imaging system.
Laser: pulsed laser emitting at 850 nm with a repetition
rate of 10MHz and a pulse duration of 1.3 ns. GMs:
galvanometer mirrors with sizes of 10mm×19mm and
16mm×20mm, respectively. D: servo driver of the GMs.
BF: interference bandpass filter at 850 nm with a band-
width of 10 nm. DAQ: data acquisition device. SPD:
single-photon detector based on Si-APD. TCSPC: time-
correlated single-photon counter. C: collimator.

In the normal configuration, a lens is usually in-
serted in front of the detector to collect the return
photons. The selection of the lens should obey several
rules. First, the aperture of the lens should be large
to collect enough return photons for detection. Sec-
ondly, the focus length of the lens should quite short
to produce a small focus spot on the active area of the
SPD as well as a small movement of the focus spot
when the laser scans. However, the focus spot of the
lens will still move away from the small active area of
the detector, limiting the FoV of the LIDAR system.

Firstly, we verified the FoV in the normal configu-
ration by putting a convex lens in front of the detec-
tor as the collecting lens. The focus length of the lens
was 25.4mm and the diameter was 25.4 mm. A white
board was placed at 5m as the target. The photon-
counting rate from the SPD was monitored while the
laser scanned. For analysis, a temporal gate was ap-
plied on the output of the SPD in the data processing.

The width of the gate was set at 1.5 ns, which was the
same as the temporal resolution of the LIDAR sys-
tem. Only the photon counting within the gate was
recorded, including the signal photons and the back-
ground noise photons. Figure 2(a) shows the photon-
counting rates as a function of the scanning angle of
the laser beam with the CL in the horizontal and the
vertical directions, respectively. The FoVs were only
±0.5∘ in both directions. The photon-counting rate
dropped quickly when the laser-scanning angle was
beyond the FoV since the focus spot of the return
photons was out of the active area of the detector.
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Fig. 2. (a) FoV of the photon-counting imaging system
with the CL. (b) FoV of the photon-counting imaging sys-
tem without the CL. (c) Laser intensity as a function of
the scanning angle. (d) Calibrated FoV without the CL.

Then, we removed the collecting lens in front
of the detector. The imaging system was easier to
align more stably since the SPD was exposed di-
rectly to the return photon flux. The counting rate
of the return photons dropped from 0.18 count/gate
to 0.99×10−3 count/gate when the laser aimed at the
same spot in the center of the target. Meanwhile, the
background noise of the system also decreased from
0.38×10−3 count/gate to 0.11×10−3 count/gate. The
signal-to-noise ratio dropped from 132.7 dB to 7.8 dB
according to the equations in Ref. [28]. The FoVs of
the system were found to be ±10∘ in both horizon-
tal and vertical directions as shown in Fig. 2(b). By
removing the collecting lens in front of the detector,
the FoV of the system was much expanded at the ex-
pense of decreasing the detected return photon sig-
nals. Thanks to the high detection efficiency, the re-
turn photon signals could still be identified from the
background noise at a distance of 5 m. In principle,
the FoV of the SPD is determined by the size of the ac-
tive area and the configuration of the Si-APD, which is
calculated to be about ±58∘. However, the FoV was
limited by the bandpass filter in this system. Since
the narrow-linewidth interference bandpass filter was
employed in the system to extract the return photons
from the background noise, the accepting angle of the
filter is small. If a combination of absorption filters
can be used in the system, the FoV could be further
extended.[22]
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Ideally, the response curve of the detector should
be flat and symmetric in both horizontal and verti-
cal directions as the laser scans since the active area
of the APD is round. However, there was a dip in
the detector’s response as a function of the laser scan-
ning angle as shown in the measured FoV curves in
Fig. 2(b). We found that the unbalanced response was
caused by the imperfection of the GMs. The laser
power measured after the GMs varied with the scan-
ning angle in Fig. 2(c). It also shows that the detec-
tor’s response was proportional to the reflected photon
intensity, which makes it possible to reconstruct a sur-
face reflectivity profile of the target according to the
detected photon intensity. We normalized the inten-
sity response of the system within the FoV according
to the laser output power after the GMs at different
scanning angles as shown in Fig. 2(d). We found that
with the correction, the detector’s response was al-
most flat within the FoV (±10∘). In this way, the sur-
face reflectivity carried by the detected return photon
intensity could be read out correctly.
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Fig. 3. ToF measurement without the CL. SPD counting
rate: 98.3×103 count/s. Integration time: 0.4 s. Temporal
resolution of the TCSPC: 32 ps. Target distance: 5m.

We verified the depth resolution of the near-range
photon-counting imaging system. The output of the
SPD was connected to the STOP port of the time-
correlated single-photon counter (TCSPC, Hydraharp
400, PicoQuant, Germany). The START port of the
TCSPC was connected by the laser synchronous sig-
nal for the time-of-flight measurement. The temporal
resolution of the TCSPC was set at 32 ps and the ac-
quisition time was set at 0.4 s. Taking into account
the pulse duration of the laser source, the time jitter
of the detector and the TCSPC time bin width, the
temporal resolution of the LIDAR system was calcu-
lated according to

∆𝑡 =
√︁
𝑡2L + 𝑡2SYNC + 𝑡2D + 𝑡2TCSPC, (1)

where 𝑡L is the pulse duration of the laser source
(1.3 ns), 𝑡SYNC is the time jitter of the synchronous
signal (<10 ps), 𝑡D is the time jitter of the detector
(∼800 ps), and 𝑡TCSPC is the time bin width of the
TCSPC (32 ps). Figure 3 shows the histogram of time
of flight (ToF) of the detected photons without the

CL at around 5 m. The measured temporal resolution
was 1.5 ns, in good agreement with the theoretic pre-
diction. The remove of the CL did not change the
temporal resolution of the imaging system. There-
fore, the depth resolution of the 3D photon-counting
imaging system was 22.5 cm. The ToF measurement
was repeated ten times and we determined the depth
measurement precision of 25.7mm by the standard di-
vision of the peak positions in the ToF measurements.

We demonstrated the near-range large-FoV 3D
photon-counting imaging in the corridor of the lab
at a distance of 5m. The target scene was com-
prised of a model of a horse and a carton as shown in
Fig. 4(a). The horse was about 1.6m tall and placed
1.2 m from the wall. It was made of white plastic.
Black tapes were glued to the horse body to form a
pattern of ECNU. The carton was 0.5 × 0.5 × 0.5 m3

and was placed close to the wall. A pattern of LPS was
glued on the front surface of the carton. The scanned
area was mapped by 100×164 pixel corresponding to
a pixel-to-pixel interval of approximately 14.8 mm in
both horizontal and vertical directions at the target
plane. The scanning angle of the laser covered ±14∘

in horizontal direction and ±8.5∘ in vertical direction
in the experiment. The beam diameter at the target
was around 8.5mm, meaning that there was no over-
lap between adjacent pixels for each scan position. At
each point, the ToF was measured and recorded to-
gether with the GM positions. In this way, a 3D image
could be built.

(c)
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Fig. 4. (a) Photograph of the target scene. (b) The
100×164 pixel depth profile of the target scene. (c) Re-
flectivity reconstruction of the target scene according to
the return photon intensity. (d) The 3D reconstruction of
the target scene overlaid with reflectivity data.

The lights in the laboratory corridor were turned
off, the data were acquired with a background noise
counting rate of around 94× 103 count/s. On account
of a display screen in the lobby of the lab, which emit-
ted high background light, the background noise is
large. The background noise could be decreased us-
ing a narrower band-pass filter. In the experiment, an
interference filter of 10-nm bandwidth was used. De-
creasing the bandwidth will limit the FoV. Next, we
used the absorption filter to solve this problem. Be-

114204-3

http://cpl.iphy.ac.cn


CHIN.PHYS. LETT. Vol. 35, No. 11 (2018) 114204

cause of the low reflectivity of the pattern on the horse,
the acquisition time of per-pixel was set as 0.4 s. Us-
ing the TCSPC method, the ToF and the count of the
signal peak were recorded pixel by pixel. The distance
𝐷 was calculated by

𝐷 =
𝑐𝑇

2
, (2)

where 𝑇 is the ToF measured in the experiment, and 𝑐
is the speed of light in vacuum. Combining the scan-
ning angle in the horizontal and the vertical directions
at each pixel, the data could be obtained according to

𝑋 =𝐷 sin 𝜃 cos𝜙, (3)
𝑌 =𝐷 sin 𝜃 sin𝜙, (4)
𝑍 =𝐷 cos 𝜃, (5)

where 𝜃 and 𝜙 denote scanning angles of the laser in
horizontal and vertical directions, respectively, corre-
sponding to the position in polar coordinate system,
and 𝑋, 𝑌 and 𝑍 are the position in Cartesian coor-
dinates system. Figure 4(b) shows the depth profile
of the target scene. The surface of the horse can be
clearly recognized. In addition, the size of the carton
indicates the correctness of the image. Since the scan-
ning angle was slightly larger than the FoV, we can
see that the corners of the image were blurred due to
less detected signal photons out of the FoV.

Figure 4(c) shows the detected photon intensity
image of the scene in two dimensions without the dis-
tance information. The image was corrected according
to the laser power after the GMs. The color bar scales
the detected photon intensity from low to high with
dark red to bright yellow. The horse is yellow due to
the high reflectivity of the white plastic. The carton
is light red due to the low reflectivity of the brown
cardboard. The black patterns on the horse body and
the carton are in dark red since few photons were re-
flected from there. It is clear to observe the sympatric
FoV in this image due to the round shape of the Si-
APD’s active area. Then, we rendered the 3D image
in Fig. 4(b) with the detected photon intensity data in
Fig. 4(c). Figure 4(d) shows the 3D photon-counting
image overlaid with reflectivity data. The black pat-
terns on the back of the horse and the carton can be
identified to stick to the surface.

In conclusion, we have constructed a large-FoV 3D
photon-counting imaging system in bi-axial configura-
tion using a single-pixel Si-APD single-photon detec-
tor of small active area as the receiver. By removing
the CL in front of the detector, the influence of the
moving focal spot is eliminated and the FoV of the
system is expanded to ±10∘. Due to the high detec-
tion efficiency of the single-photon detector used in the
system, a high signal-to-noise ratio is obtained to ex-
tract the return photon signals from the noise for even
fairly low return photon level. Combined with the
intensities of the return photons, a large-FoV three-
dimensional imaging overlaid with reflectivity data for

the targets with a stand-off distance of 5 m is demon-
strated. The system shows robustness and simplicity
due to the reducing of optic components. This near-
range large-FoV 3D photon-counting imaging system
may be applied to the autonomous vehicle vision mon-
itor systems in the near future where compact short-
distance large-FoV 3D imaging is favored.
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