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Abstract: Single-pixel imaging lidar is a novel technology that leverages single-pixel detectors without
spatial resolution and spatial light modulators to capture images by reconstruction. This technique has
potential imaging capability in non-visible wavelengths compared with surface array detectors. An
avalanche photodiode (APD) is a device in which the internal photoelectric effect and the avalanche
multiplication effect are exploited to detect and amplify optical signals. An encapsulated APD
detector, with an APD device as the core, is the preferred photodetector for lidar due to its high
quantum efficiency in the near-infrared waveband. However, research into APD detectors in China is
still in the exploratory period, when most of the work focuses on theoretical analysis and experimental
verification. This is a far cry from foreign research levels in key technologies, and the required near-
infrared APD detectors with high sensitivity and low noise have to be imported at a high price. In
this present study, an encapsulated APD detector was designed in a linear mode by integrating a
bare APD tube, a bias power circuit, a temperature control circuit and a signal processing circuit,
and the corresponding theoretical analysis, circuit design, circuit simulation and experimental tests
were carried out. Then, the APD detector was applied in the single-pixel imaging lidar system. The
study showed that the bias power circuit could provide the APD with an operating voltage of DC
1.6 V to 300 V and a ripple voltage of less than 4.2 mV. Not only that, the temperature control circuit
quickly changed the operating state of the Thermo Electric Cooler (TEC) to stabilize the ambient
temperature of the APD and maintain it at 25 4= 0.3 °C within 5 h. The signal processing circuit was
designed with a multi-stage amplification cascade structure, effectively raising the gain of signal
amplification. By comparison, the trial also suggested that the encapsulated APD detector and the
commercial Licel detector had a good agreement on the scattered signal, such as a repetition rate and
pulse width response under the same lidar environment. Therefore, target objects in real atmospheric
environments could be imaged by applying the encapsulated APD detector to the near-infrared
single-pixel imaging lidar system.

Keywords: single-pixel imaging; near-infrared; linear mode; APD detector; circuit design

1. Introduction

In non-visible bands (such as the near-infrared band), planar array imaging detectors
usually present a low quantum efficiency due to the limited properties of the sensitive
materials. As a result, traditional planar array imaging technology is not a feasible solution
for imaging [1], while single-pixel imaging is widely used for remote sensing detection,
airborne surveillance, target recognition, biomedicine and other fields [2-9] as it uses a
single-pixel detector as a photodetector with a wider spectral range and higher quantum
efficiency. A highly sensitive photodetector [10], acting as the signal detection unit of the
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relational imaging lidar, can convert the detected laser echo signal into an electrical signal
and transmit it to the high-speed data acquisition card. It is then preprocessed by the data
acquisition card and sent to the computer. The procedure results in a light intensity value
that is correlated with the modulated speckle to obtain the image information of the target
object. Fast-growing, highly sensitive optoelectronic devices like photomultiplier tubes
(PMT) and avalanche photodiodes (APD) [11-13] have greatly improved the resolution
and image quality of relational imaging. PMT is a kind of vacuum photodetector with
a secondary emission multiplication system based on external photoelectric effect [14],
characterized by high current amplification, high signal-to-noise ratio and a higher quantum
efficiency in ultraviolet and visible wavelengths. APD is quantum-efficient in near-infrared
and infrared bands, and with higher internal gain [15-17] it is easier to encapsulate and
integrate. Therefore, APD is the preferred photodetector for NIR single-pixel imaging lidar.

APD is a kind of photodetector based on the principle of internal photoelectric effect.
According to the relationship between the breakdown voltage and the input reverse oper-
ating voltage, it can be categorized into two modes of operation. When the input reverse
operating voltage is higher than the critical breakdown voltage, APD works in Geiger mode
and needs to quench and restore the avalanche process through the supported quenching
and reading circuit to detect the next single photon, which is mainly used in single-photon
counting and extremely weak light intensity detection [18,19]. Under the effect of reverse
operating voltage, the intensity of the electrical signal output from the internal gain detec-
tion of the linear-mode APD is proportional to the intensity of the received optical signal,
s0 as to receive successive light pulses of very short time intervals. There is no need for an
additional quenching process during the two operating cycle intervals, which have better
frequency characteristics. This mode is often used in the field of optical communication,
laser scanning and the fast detection of small signals [20-22].

Based on this, an encapsulated APD detector was designed in a linear mode by integrat-
ing a bare APD tube, a negative temperature coefficient (NTC) thermistor, a thermo-electric
cooler (TEC), a bias power circuit, a temperature control circuit and a signal processing cir-
cuit, and then verified in a single-pixel imaging lidar system. Each part of the encapsulated
detector was tested, respectively. At the same time, the scattered signal from a 10 KHz
pulsed laser was used as the signal source in an experimental test system configured in the
laboratory to simultaneously measure and process the re-frequency and pulse width of the
scattered signal with the APD detector and a commercial Licel detector. It proved that they
had a good consistency. In addition, the encapsulated APD detector was then applied to
the near-infrared single-pixel imaging lidar system to acquire laser back scattered signals in
a real atmospheric environment, further achieving the image restoration of target objects.

2. Single-Pixel Imaging Lidar System and Detector Circuit Design
2.1. Single-Pixel Imaging Lidar System

Figure 1 illustrates the schematic structure of the near-infrared single-pixel imaging
lidar system. The pulsed laser beam emitted by the laser was scanned out through the
two-axis galvanometer, and then transmitted horizontally into the atmosphere after the
beam was expanded and irradiated to the target object at the distance L. The echo signals
scattered in the atmosphere and reflected by the target object on the optical transmission
path were collected by the telescope and transmitted to the space light modulator (DMD).
Then, the DMD was pre-set with a series of deterministic orthogonal Hadamard-based
projection speckles in advance to modulate the echo signal. The modulated signal was
focused on the APD detector through a convergent lens and narrow band filter. As such,
photoelectric conversion was completed. The converted voltage signal was collected and
preprocessed by the high-speed data acquisition card and sent to the computer. The final
light intensity value obtained was correlated with the modulated speckle to obtain the
imaging information of the target object. Signals between the pulse laser, DMD and data
acquisition card were controlled synchronously by the control unit through a sequential
control circuit. According to the basic principle of single-pixel imaging [23,24], the target
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image was set as O(x, y), and the nth light intensity value obtained by the APD detector and
the corresponding Hadamard-based modulated speckle as I, and Hy(x, y), respectively, so
these indicators satisfied

I, =) Hu(x,y)O(x,y) n=1,23...N 1)

where x and y represent the number of pixels on the horizontal and vertical dimensions
in the two-dimensional space, respectively, so the image resolution is x X y, and N is the
total number of modulated speckles. The image of the target object Osp; could be restored
through a relation operation of the Hadamard-based modulated speckle and the obtained
light intensity distribution:

Ospr = (Huly) @)
where (-) denotes the set average and can be expressed as (H,) = %ZnNﬂ H,,
<In> = %2111\]:1 I.
Pulse laser Galvanometer
Collimating lens Target
R
R
Telescope /
-
-
<—Filter
N Signal proessing Digitized

circuitry &

1

Computer

Detector circuit

Figure 1. Schematic diagram of the NIR active relational imaging lidar system.

The signal detection unit is a crucial component of the single-pixel imaging lidar
system. In order to obtain laser backscattered signals with high sensitivity and signal-to-
noise ratio and improve the resolution of single-pixel imaging images, the packaged APD
detector should have high quantum efficiency, high gain and bandwidth, and low noise in
the 1064 nm band. This paper utilized the AD40000-10 produced by First Sensor, consisting
of a 4000 um photosensitive surface, a typical breakdown voltage of 300 V and a spectral
response range of 500-1100 nm. It adopted a TO8S package structure with a diameter of ¢
15.25 mm, and its main parameters are shown in Table 1.

Table 1. Main parameters of AD40000-10 APD.

Symbol Characteristic Test Condition Min. Type Max. Unit
Active area o 4000 um
Ip Dark current M =100 50 500 nA

C Responsivity M =100; A = 1064 nm 49 A/W
tr Rise time M =100; A = 1064 nm; R, =50 Q) 6 ns

tR Cut-off frequency —3dB 70 MHz

Wy Breakdown voltage I =2uA 200 300 600 v
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Laser echo signals were received and converged by the telescope to the photosensitive
surface of the APD detector, converted by the APD detector and then transmitted to the
acquisition unit as electrical signals. The upper left part of Figure 2 shows the working
principle of the bias power circuit, which mainly consists of the LT3757 generating the
pulse regulation drive controller (PWM) signals to control the on/off of the MOSEFET
tube, indirectly controlling the output high voltage of the transformer and then providing
the reverse bias voltage for the APD after passing through the filter circuit to put it in
the linear mode. The mid-section of Figure 2 is the temperature control circuit, which
operates on the principle that the NTC senses the ambient temperature of the APD. The
temperature control circuit converted it to its own resistance value, converted the value into
a voltage signal by dividing the voltage through the balanced bridge, and then compared
it with the set reference voltage using the differential operational amplifier. The PID
control network, which consisted of the capacitance circuit and the operational amplifier,
compensated for the resulting error signal. The final pulse regulation drive controller
generated a corresponding PWM signal to control the Metal Oxide Semiconductor Field
Effect Transistor (MOSFET) shutdown, and exploited the H-bridge (composed of four
MOS tubes) to drive the TEC for cooling or heating, thereby automatically controlling the
APD ambient temperature through the temperature control circuit. The rightmost part of
Figure 2 shows the signal processing circuit. Under the action of bias voltage, laser echo
signals were received by the APD and converted into current signals, and converted into
voltage signals by TIA. After processing by the secondary main amplifier and filter, the
voltage signals were output into the voltage that could be captured by the acquisition card.
Detection sensitivity and quantum efficiency were among the important parameters of the
signal detector that directly affected the resolution and quality of single-pixel imaging. Not
only that, the detection sensitivity was frequently linked to the internal gain M of the APD
and the amplification factor of the signal processing circuit. The relationship between the
internal gain M and the reverse operating voltage can be expressed as follows:

M={1—[(V—IuR)/V;J"} 3)

where V is the actual reverse operating voltage, I)s the average value of the multiplied
output stream, R; the internal resistance of the APD, Vj, the breakdown voltage and a the
parameter related to the APD material, doping characteristics and wavelength. The ampli-
fication factor of the signal processing circuit was then subjected to the gain bandwidth
product of the operational amplifier and the system bandwidth. In addition, changes in
the ambient temperature of the APD also directly altered the APD breakdown voltage,
quantum efficiency, dark current and other parameters [25], further reducing the APD
sensitivity and the stability of the system.

2.2. Detector Circuit

(1) Bias Power Circuit

The intensity of an “avalanche effect” is determined from the reverse operating voltage
input to the APD through the bias power circuit power circuit. Therefore, only when the
internal gain M was stabilized while the stability and power consumption of the biased
power supply were considered could the reverse operating voltage in a linear mode be
satisfied. In the present study, a LT3757 booster chip produced by Linear Technology
Corporation was selected and configured as the flyback converter [26-29], and a peripheral
circuit was built based on this to design the bias power circuit.

As illustrated in Figure 3, when the PWM signal output from the GATE pin was at
a high current level, MOSFET Q was in conduction, and the input energy was stored in
the primary coil of the transformer, with a current of I,. At this time, the input energy
could not be transferred to the secondary coil due to the cutoff of rectifier diode D, so the
capacitor C was discharged from the load, as shown in Figure 4a. When the PWM signal
output was at a low voltage level, MOSFET Q was off but the rectifier diode D was on, and
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the secondary coil output voltage to the load after being filtered by capacitor C, as shown
in Figure 4b. In the meantime, a set of resistance dividers were extracted from the power
supply Vi, to drive the Undervoltage-Lockout (UVLO) of booster chip power, and to finally
complete the sequencing or start the over current protection. The output voltage value Vo

of the bias power circuit could be represented by VR, Ry and Rg, as follows:

VR +R
Vour = 1.6 x (1 T L)

Rg

where V,;; stands for the actual output voltage, VR for the adjustable resistor and Ry and

Rg for the fixed resistors.
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Figure 2. Block diagram of the hardware structure of the APD detector.
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Figure 3. Flyback bias power circuit based on LT3757.
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Figure 4. (a) On-state of MOSFET. (b) Off-state of MOSFET.

(2) Temperature Control Circuit

The NTC and TEC integrated in the bare tube of the APD formed a “sandwich”
structure close to the APD. The temperature control circuit sensed the ambient temperature
of APD through NTC and then formed a balance bridge along with the resistors R and Ry.
The voltage signal obtained from the balanced bridge was compared with the set reference
voltage by means of a differential operational amplifier. By using resistance capacitance
circuits Z1 and Z2, as well as the operational amplifier, a PID control network was created
to compensate for the resulting error signal. Finally, PWM generated the corresponding
signal to control MOSFET shutdown, and the H-bridge was utilized to drive TEC cooling
or heating, thus realizing the automatic control of the APD ambient temperature, as shown
in Figure 5.

PID COMPENSATION

I¥

3 .
5 A
¥ e ¥
E NDRVB |-~ nmos | te_ NMOS
NDRVA | | a
1
L}
Feedback H-bridge
__________ - =

Figure 5. The work principle diagram of temperature control.

®)

Signal Processing Circuit

After photoelectric conversion, the laser echo optical signal detected by APD flowed
out of the anode of APD in the form of current, which was weak to about the nA level
and needed further amplification. The OPA657 chip with a gain bandwidth of 1.6 GHz
from Texas Instruments was regarded as the trans-impedance preamplifier, since it was
more suitable for amplifying and transmitting weak signals due to its extremely low input
voltage noise, bias voltage and bias current. The trans-impedance amplifier (TIA) converted
the current signal from the anode of the APD into a voltage signal. The conversion gain
depended on the feedback resistance Ry, but too large an R value would cause the shunt
stray capacitance to dominate the bandwidth of the circuit. With that, a feedback capacitor
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was needed to reduce the high-frequency noise gain of the circuit and prevent the circuit
from self-excitation. The post-amplifier circuit was designed with two ADA4899-1 cascaded
structures. Meanwhile, a high-pass filter composed of an RC network with a high-pass
cutoff frequency of 100 Hz was used to connect the two cascades in order to suppress the
interference of low-frequency noise.

Finally, the gain of the signal processing circuit was set to 79.08 dB and the bandwidth
to 40 MHz. The signal processing topology was shown in Figure 6.

Vbias
LASER R
S
APD : | Filter Awplifier Filter Amplifier
| /3&/ X Out
| G
ﬁ»._ ______ e %%% P—

Output voltage proportional  Filtering and further
to photocurrent amplification

Figure 6. Signal processing topology.

3. Results and Analysis
3.1. Circuit Design Test and Analysis

(1) Bias Power Test and Analysis

The relationship between the output voltage of the designed bias power circuit and
Res (Res = VR+) resistance was simulated for analysis on the LTspice platform, a circuit
simulation software developed by Linear Technology, an American chip manufacturing
company. While other parameter values remained unchanged, the resistance range was set
between 1.6 KQ) and 2984 K() with a step length of 500 K(2 to scan the parameter Res. As
seen in Figure 7, the output voltage of the bias power circuit increased as the Res resistance
of the power circuit rose, which was consistent with the theoretical calculation results. Also,
the obtained output voltage ranged from DC 1.76 V to 300 V. In order to test the stability
of the output voltage, the output ripple value was measured by the Tektronix TB52000x
digital storage oscilloscope when the actual output DC was 140 V, 180 V and 220 V, as
shown in Figure 8. The actual output transient voltage ripple was less than 0.01% of the
output voltage, satisfying the requirements of most APDs for the voltage ripple.

V(out)

350v-4

Res=2984K Vout=300V

300v-4 N
Res=2501.6K Vout=251.76V
250V

200v-4

Res=1501.6K Vout=151.76V

150V

Res=1001.6K Vout=101.76V

Res=501.6K Vout=51.76V

Res=1.6K Vout=1.76V

T T T T T T T T T
0.0s 0.1s 0.2s 0.3s 0.4s 0.5s 0.6s 0.7s 0.8s 0.9s 1.0s

Figure 7. Simulation results of the bias power circuit.
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Figure 8. Transient voltage ripple of the bias power circuit at different outputs.

(2) Temperature Control Test and Analysis

In order to verify the maintenance effect of the designed temperature control circuit
on the APD ambient temperature, the encapsulated APD detector was placed in a 45 °C
incubator environment, and the control temperature of the temperature control circuit was
set to 25 °C. At the same time, a stable laser light source with a wavelength of 1064 nm was
used to shoot on the APD sensitive surface. The NTC pin was drawn out to the external
temperature display module, the APD ambient temperature on the surface was recorded
every 2 s, and its time-dependent curve was made within 10 min (shown in Figure 9). In the
upper right corner of the figure, a small resolution of temperature changes within 4 min to
6 min was inserted to show the changes in the APD ambient temperature in detail. Among
them, the fluctuation of the control temperature resulted from the thermal inertia of NTC
material itself [30,31]. At the same time, when selecting the resistance capacitance of the
PID compensation network, the value of resistance capacitance could not be accurate to the
theoretical calculation value, resulting in certain errors in temperature control. The final
temperature control circuit stabilized the ambient temperature of the APD, maintaining
25 + 0.3 °C within 5 h.

45 T

——Measured value

sk ---- Set value 4

35

T/°C

Bm----nn- - -

——y

20 | | | | |

Figure 9. APD ambient temperature curve.
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Target

3.2. Detector Test and Analysis

In order to test the performance of the encapsulated APD detector, the pulse laser
scattering light signal was used as the signal source in the laboratory.

As illustrated in Figure 10, the test was performed as follows: the laser emitted a
pulsed beam with a wavelength of 1064 nm and a repetition rate of 10 KHz to irradiate the
target scatterer at a distance of 5 m. The back-scattered signal was incident on the APD
photosensitive surface, processed by the encapsulated APD detector, and then displayed
and detected by the oscilloscope to obtain its signal information. The results were com-
pared with those of a commercial Licel detector (model C12702-04 APD) under the same
experimental environment, and Table 2 shows the main parameters of the Licel detector
(model C12702-04 APD). The comparison found that both the encapsulated APD detector
and the commercial Licel detector were able to respond to the back-scattered light signal,
with a final response frequency of 9.92 KHz. The detection frequency was inconsistent with
the calibration frequency of the laser because the laser leveraged the activated medium
placed in the optical resonator to generate laser oscillation. Any change in the mechanical
length I in the cavity or the refractive index M of the medium between the cavity lenses
would result in a frequency variation, due to temperature changes, mechanical vibration
and magnetic field change, among other factors [32]. Figure 11 (below left) offers the
frequency response results of the encapsulated APD detector and the commercial Licel
detector, while Figure 12 (below right) presents their pulse response results. It can be seen
that the pulse width of both detectors was about 25 ns when the oscilloscope operated at
a scanning speed of 200 ns, accounting for about 5/8, which was related to their design
bandwidth. From Figure 12, it can be further seen that saturation distortion occurred when
the commercial Licel detector detected a close target due to its fixed gain, and it directly
decreased the accuracy of the detection results. The packaged APD detector, on the other
hand, had an adjustable gain and was not subject to any distortion at the same distance.
This further demonstrated the reliability of the encapsulated APD detector and thus proved
its possibility for application in NIR-correlated imaging lidar systems.

Pulse laser

Design of APD Module

~bm The C12702-04 APD Module

Figure 10. Experimental test of packaged APD detector and commercial Licel detector.

Table 2. Main parameters of the commercial Licel detector (model C12702-04 APD).

Supply Voltage Spectral Fre Bandwid
ies quency Bandwidth
Type No. Photosensitive Area Min. Typ. Max. Response Range —-3dB
C12702-04 @ 3.0 mm +4.75 +5 +5.25 400 to 1100 (nm) 4 kHz-80 MHz
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Design of the APD Module

The C12702-04 APD Module

1.00V 500MS/s R / -1.12v
0.00000s 9.92kHz

Figure 12. Impulse response of encapsulated APD detector and commercial Licel detector.

For experimental detection under the real atmospheric environment, the encapsulated
APD detector was applied to the near-infrared single-pixel imaging lidar system to fur-
ther test its stability and reliability, as shown in Figure 1. Table 3 provides the technical
parameters of each component of the system. Among them, the laser wavelength of the
transmitting unit was 1064 nm, the pulse repetition frequency was 400 Hz, the maximum
light output energy was 400 mJ, the telescope aperture of the receiving unit was 240mm,
the image array of the DMD modulator was 1920 x 1200 and the sampling frequency of the
high-speed digital data acquisition card of the signal acquisition unit was 400 MHz. Using
a sequential control circuit, the control unit synchronously controlled signals between the
pulse laser, DMD and data acquisition card [33,34]. Figure 13a is the layout of the experi-
ment scene. Inserted in the lower left corner of Figure 13a is the imaging target captured
with the DSLR camera, a letter puzzle placed about 1.1 km away from the transmitting end
of the laser. As shown in Figure 13b, the letters L, A and K were arranged on the same plate,
with a thin “one” on the lower right corner, perpendicular to the laser spot. Figure 13c is the
distance-dependent formation of echo signals obtained by the APD detector after the laser
was scattered in the atmosphere and reflected by the target object, in which the ordinate
represented transmission distance, and the ordinate was the intensity amplitude of echo
signals. Compared with a weakly scattered signal in the atmosphere, a strong echo signal
was detected at a location near 1.1 km. Based on Formulas (1)—(2), the image recovered via
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relational calculation was shown in Figure 13d. It can be seen that the three letters L, A
and K and the picture “one” were well restored by ignoring high-frequency noise points,
indicating that the encapsulated APD detector could realize the active imaging detection of
target objects well.

Table 3. Technical parameters of the NIR relational imaging lidar system.

Section Parameter Numeric Value Section Parameter Numeric Value

Laser line A =1064 nm . .

Laser emission unit Pulse repetition frequency 400 Hz nglgsﬁeeg d}glfl 400 MHz
Maximum pulse energy 400 mJ card/bandwidt

Galvanometer scanned area +0.393 rad Sienal isiti it
Telescopic aperture/focal length © =240 mm Cé%‘rt‘rama:gﬁlf;g?e;ﬁlre DMD pattern
Signal reception unit X 730 mm Galvanometer acquisition card
DMD mirror array 1920 x 1200 Synchronizing signal. .

/dimension 20.7 x 13.5 mm

-_———
—

0.15 ¢

Echo signal(a.u.)

Echo signal(a.u.)

1120 1140 1160 1180
Distance(m)

0.05¢

1150 1250 1350 1450

Distance(m)

Figure 13. (a) Experimental scene layout. (b) Imaging object. (c) The distribution of the echo signal
obtained by the APD detector with distance after the laser has been scattered by the atmosphere and
reflected by the target object. (d) Image recovered through relational calculation.

4. Conclusions

With high quantum efficiency in the near-infrared band, APD is often used as the
signal detector for lidar. At present, most of the required high sensitivity, low noise APD
detectors are imported at high prices, because the domestic development of APD detectors
is still in its infancy. Therefore, an integrated encapsulation structure of an APD detector
in linear mode was designed and completed in this present study to obtain laser back-
scattered signals with a high sensitivity and signal-to-noise ratio, and to improve the
image resolution and imaging quality of single-pixel imaging. It integrated a bare APD
tube, a negative temperature coefficient thermistor, a semiconductor cooler, a bias power
circuit, a temperature control circuit and a signal processing circuit. The performance of
the encapsulated APD detector was tested by building an experimental system. The results
were as follows:

(1) The bias voltage circuit was simulated and tested through circuit simulation software,
suggesting that the output voltage ranged from DC 1.76 V to 300 V. When the actual
output DC was 140 V, 180 V and 220 V, the output transient voltage ripple was less
than 0.01% of the output voltage, which satisfied the voltage ripple requirement of
most APDs.



Photonics 2023, 10, 970 12 of 13

(2) The temperature control unit sensed the ambient temperature of APD through NTC,
the differential operational amplifier and PID network compensated the temperature
error, and the pulse regulation drive controller changed the TEC working mode,
making the ambient temperature stable at 25 & 0.3 °C within 5 h and eliminating
the effects of temperature drift on APD breakdown voltage, quantum efficiency, dark
current and other parameters.

(3) The signal processing unit was designed with a multi-cascade amplification cascade
structure to convert and amplify weak signals. The filtering circuit between two
cascades effectively filtered out the interference brought by noise and improved the
signal-to-noise ratio of the detector.

(4) In the test experiment carried out in the laboratory with the light scattering signal
of the pulsed laser as the signal source, the encapsulated APD detector was in good
agreement with the commercial Licel detector on the heavy frequency and pulse width
response of the scattering signal.

(5) The encapsulated APD detector was applied to a near-infrared single-pixel imaging
lidar system in the real atmospheric environment, and a laser backscattered signal of
1.5 km was obtained. The imaging experiment was carried out on the letter puzzle
target about 1.1 km away from the laser transmitting end, and the target image
was recovered by utilizing the basic principle of single-pixel imaging, which further
verified the stability and reliability of the encapsulated APD detector by comparing
with the physical image.
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