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High speed pseudorandom modulation and photon counting techniques are applied to a three-dimensional
imaging lidar system. The specific structure and working principle of the lidar system is described. The actual
detector efficiency of a single-photon detector in an imaging system is discussed, and the result shows that a
variety of reasons lead to the decrease in detection efficiency. A series of ranging and imaging experiments are
conducted, and a series of high-resolution three-dimensional images and a distance value of 1200 m of nonco-

operative targets are acquired.
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There is an increasing need for three-dimensional imaging
systems to acquire range and surface profile data for a
number of industrial and defense applications?. In recent
years, a lot of three-dimensional imaging systems based
on different technology have been proposed2. Among
the many methods, pseudorandom (PN) code lidar is a
low-power approach to active range resolution and three-
dimensional imaging. Traditional three-dimensional imag-
ing systems are mostly composed of low-frequency, high-
energy short-pulse-width lasers, large receiver telescopes,
and linear detectors?. However, such a system requires
high peak power of the laser to achieve long range imag-
ing®Y. Compared to mono-pulse lidar transmitters, the de-
mand for peak power is reduced when a continuous wave
laser is modulated by a PN code. So, it can effectively re-
duce the power consumption, volume, and requirements of
the heat dissipation. Because of this advantage, many
simulations and experimental investigations on PN code
lidar were conducted in ranging or imaging systems®12,

PN codes have great potential in applications because
of their randomness, sharp autocorrelation, and small
cross-correlation value. The PN receiver can measure
the signal propagation time and target impulse response
by correlating the received signal with the transmitted
ones and determining the peak location of the correlation
function?,

A single-photon detector is sensitive enough to detect
the weakest light, which allows the lidar system to be op-
erated in an eye-safe level. In recent years, a lot of work on
photon counting laser ranging has been done™J. From
these works, we can see that these systems need a long
pixel dwell time to achieve a histogram. The pixel dwell
time of a PN code lidar only depends on the range ambi-
guity and pulse repetition frequency. Thus, photon
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counting technology in conjunction with PN codes allows
for the lower peak power laser illumination and shorter
pixel dwell time.

A series of experiments of PN codes were performed
in the previous work of our laboratory, and were primar-
ily concerned with the demonstration of the basic
principle®, Recently, a series of experiments of three-
dimensional imaging lidar systems using these principles
has been conducted. A schematic of the system compo-
nents are shown in Fig. 1. A PN code generator, a module
of a field-programmable gate array (FPGA) capable of
producing 1024 bits of M sequence PN codes at 1 GHz
modulation rate and 10 kHz repeating rate, was connected
to an optical communication module. The modulated di-
ode laser was amplified by a three-stage fiber amplifier,
and the average power of the final output laser is
260 mW. The laser’s output is steered in a horizontal
and vertical direction by tow motor-driven scanning re-
flectors. The horizontal scanning angle is 360°, while
the vertical scanning angle depends on the mechanical
structure of the optical system. Angle information was ob-
tained by the encoder and transmitted to the FPGA. The
return photons took the same co-axial optical path back to
the receiving optical system, passed through a 10 nm
band-pass filter centered at 1550 nm with a diameter of
50 mm to restrict background noise, and launched into
a single mode fiber. The fiber was connected to the
single-photon detector, providing electrical photon signals
to the FPGA. The optical transmitting and receiving sys-
tem is shown in Fig. 2. Stratix V, a high-performance
FPGA, was used in the system to achieve photon
counting and correlation. The program of the FPGA
was designed in multithreaded architecture, which allows
the simultaneous acquisition, mathematical operation,
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Fig. 1. Schematic of the three-dimensional imaging lidar system.
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Fig. 2. Optical transmitting and receiving system.
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Fig. 3. Coordinate system transformation of three-dimensional
imaging.

and data packing. The detail of processing is as follows:
while the system acquires the sequence of electrical
photon signals for the current pixel, the data are buffered
in the FPGA and cross-correlated against the initial PN
code to find the location of the peak which represents the
range of the target. At the same time, the angle informa-
tion and the range information are packaged together, and
then uploaded to the computer through the Ethernet.
These data can be transferred into a three-dimensional
image by conversion. The coordinate system transforma-
tion is shown in Fig. 3, and the method of conversion is
given by

X =5 cos 0 cos a
Y =.8cos 0 sin a,
Z=Ssina

(1)

where X, Y, and Z represent the coordinates of the target,
S represents the distance between the target and the lidar
system, 6 is the vertical scanning angle, and « is the hori-
zontal scanning angle.

The single-photon detector used is a 1 GHz sine-
wave gated InGaAs/InP avalanche photodiode in Geiger
mode. The detector efficiency is 10%. Usually this
parameter is measured in ideal conditions (the laser pulse
synchronizes with the gate; the pulse width is less than the
gate opening time, and the dead-time is not taken into
account). However, in the actual imaging system, these
conditions are not satisfied, which will significantly reduce
the number of photons that can be detected. A simulation
was performed to verify the actual detector efficiency.
Related parameters are shown in Table 1. The probability
of a single-photon detector to producing photoelectrons
obeys the Poisson distribution, which is shown as

Table 1. Simulation Parameters of Actual Detector
Efficiency

Parameters Value
Ideal detector efficiency 10%
Laser modulation frequency 1 GHz
Gate repetition frequency 1 GHz
Gate open time 300 ps
The number of signal “1” in original PN code 512
The number of photons of every signal “1” 1
in original PN code

Dead-time 10 ns
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(N, x )N

P(N) = I

exp(*Ns X /1)7 (2)
where N represents the number of photoelectrons, N rep-
resents the number of incident photons, and 1 represents
the detector efficiency. It can be assumed that the number
of incident photons in each signal “1” is one, and the
detector efficiency is 10%. Therefore, if only the ideal de-
tector efficiency is taken into account, the photoelectron
sequence will be as it is shown in Fig. 4(a). However, only
the photons which arrived when the gate is on can be con-
verted into photoelectrons. So, the photoelectron sequence
will be as it is shown in Fig. 4(b). What is more, if the
dead-time of a single-photon detector is considered, the
photoelectron sequence will be as it is shown in Fig. 4(c).
Figure 4(d) shows the results of 50 simulations. The sim-
ulation results show that the actual detector efficiency is
about a quarter of the ideal value. An experiment was car-
ried out to verify this result. Figure 5 shows the schematic

detector efficiency is taken into account
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Fig. 4. Photoelectron sequence when (a) detector efficiency is
taken into account, (b) detector efficiency and gate are both
taken into account, and (c) detector efficiency, gate, and
dead-time are taken into account. (d) The results of 50 simula-
tions and the mean values of actual detector efficiency.
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Fig. 5. Experiment system of testing the actual detector
efficiency.
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Fig. 6. Number of photoelectrons in 10 tests.

of the experiment. A 65 nW laser was attenuated by
50 dB, which means that the average number of photons
in each signal “1” is one. Figure 6 demonstrates the num-
ber of photoelectrons in 10 tests. Thus, it can be calculated
that the actual detector efficiency is 2.26%, which is close
to the results of the simulation.

The quality of imaging depends on the precision of the
ranging, so at first we implemented an outdoor ranging
test in daylight. The main parameters are shown in
Table 2, and the results of the 50 measurements are shown
in Fig. 7. The result of the test shows that the actual rang-
ing resolution is consistent with the theoretical limiting
resolution, which means that a lidar system based on high
speed PN modulation and photon counting can achieve
precision ranging at a low transmitter power.

Table 2. Parameters of Outdoor Ranging Test

Parameters Value
Target distance 859.5 m
Wavelength 1550 nm
Environmental conditions bright
Pulse repetition frequency 10 kHz
Limiting resolution 0.15 m
Actual detector efficiency 2.26%
Transmitter average power 260 mW
Telescope aperture 50 mm
Bandwidth of filter 10 nm
PN code bit rate 1 Gb/s
PN code length 1024
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Fig. 7. Results of the 50 measurements.

Table 3. Parameters of Outdoor Three-Dimensional
Imaging

Parameters Value
Imaging range 0-1200 m
Horizontal scan angle resolution 0.07875°
Vertical scanning angle resolution 0.23625°
Pixel dwell time 100 ps
Total measurement time 30 min
Range resolution 0.15 m

Table 3 illustrates the parameters of three-dimensional
imaging. Other parameters are the same as in Table 2. It
should be noted that pixel dwell time is limited by a
10 kHz pulse repetition frequency in the system. If the
pulse repetition frequency can be improved, the pixel
dwell time can be reduced to 1.024 ps (the length of a
PN code) without consideration for the range ambiguity.
Compared with the pulsed photon counting system, the
pixel dwell time is reduced a lotZZ. Figure 8 is the
top view of the point-cloud representation of the three-
dimensional imaging and google map of the same place.
Each building is marked with a different annotation.
Figure 9 is the front view of the point-cloud representation
of the three-dimensional imaging and photograph of the

Fig. 8. Top view of the point-cloud of the three-dimensional
imaging (on the left), and a google map of the same place (on
the right).

Fig. 9. Front view of point-cloud of the three-dimensional imag-
ing (on the left), and a photograph of the same place (on the
right).

Table 4. SNR of Landmark Target

Target Distance (m) SNR (dB)
Ground 110 17.46
Building 477 17.98
Building 595 16.65
Building 799 13.62
Building 871 13.74
Building 914 13.74
Building 963 9.14
Building 1181 5.4

same place. It can be seen that the three-dimensional
image of the buildings have a clear outline and accurate
relative positions. What is more, a lot of the details can
also be seen from the figures, such as house windows,
undulating terrain, and even a telegraph antenna and
trees. Table 4 illustrates the signal-to-noise ratio (SNR)
of landmark target. The SNR is given by

20 x log %, (3)

where C; represents the cross-correlation value of the
target, and C} is the cross-correlation value of the
background.

In conclusion, a three-dimensional imaging lidar system
based on high speed PN modulation and photon counting
is proposed. The specific structure and working principle is
discussed, especially the actual detector efficiency of a
single-photon detector in a ranging and imaging system.
The results show that the gate, dead-time, and non-
synchronization between the transmission and reception
will reduce the actual detector efficiency. A series of rang-
ing and imaging experiments of 1200 m non-cooperative
targets are conducted. The system obtains accurate
distance data and clear three-dimensional point-cloud
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images. The results show that high speed PN modulation
in conjunction with photon counting technologies allows
for the low-power and long distance acquisition of ranging
and three-dimensional imaging. Compared with the
high-power pulse lidar and the pulsed photon counting
systems, the PN code lidar has the advantage of low peak
power and shorter pixel dwell time, respectively. As can be
seen from these advantages, the PN code lidar is a prom-
ising lidar scheme for long distance ranging and three-
dimensional imaging.
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