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1. Introduction

Single-photon ranging attracted much attention in the field of
vehicle-mounted Lidar'~!, satellite-ground measurement!®),
and unmanned aerial vehicle Lidar™®. Most single-photon
ranging systems use the time-of-flight (TOF) method”*. The
time correlated single-photon counting (TCSPC)!~'"! tech-
nique is widely used to extend the measurement sensitivity
and precision, when the laser pulse energy remains unchanged.
On the other hand, the multi-beam method is introduced for
single-photon Lidar to improve the measurement speed!'*1%],
The Leica SPL100 splits a 532 nm laser into 10 X 10 laser beams
and receives the echo photons by a 10 X 10 single-photon detec-
tion array of photomultiplier tubes (PMTs)!*®!. It increases the
sampling rate by increasing the number of laser beams.
However, the detection array is complicated and expensive.
In order to simplify the multi-beam detection system, research-
ers have proposed technologies such as time division multiplex-
ing (TDM)!'7'8) or repetition frequency multiplexing!®! to
improve the utilization of the detection system, so that one
single-photon detector (SPD) and timing circuit can detect
the echo photons of multiple beams at the same time. The
TDM method uses multiple pulsed lasers with the same repeti-
tion frequency and different pulse delays. In order to distinguish
the echo photons of each laser beam, it is necessary to ensure
that the echo photons of the previous laser beams have been
detected before the next laser beam is emitted. If the number
of channels increases, the delays between the laser beams should
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We demonstrate a multi-channel pseudo-random coding single-photon ranging system. A pseudo-random multiplexing
technique is proposed, which realizes multi-channel pseudo-random ranging only by using one single-photon detector
and processing circuit. Compared with the time division multiplexing technique, it will not reduce the maximum unambigu-
ous range while increasing the number of the ranging channel. Eight-channel pseudo-random coding single-photon ranging
was realized with the ranging accuracy better than 2 cm. Moreover, photon counting imaging was realized through scanning
the laser beams of the eight-channel pseudo-random ranging system. There is no crosstalk between channels, which is
suitable for multi-beam long-distance single-photon Lidar.

Keywords: single-photon detection; pseudo-random modulation: laser ranging.

be decreased, resulting in decreasing the maximum unambigu-
ity range.

In this paper, we propose a pseudo-random (PR) multiplexing
technique for multi-beam single-photon ranging and imaging.
In the experiment, eight groups of PR codes were used to modu-
late eight lasers. Only one SPD and processing circuit were used
to realize eight-channel ranging at the same time. The period of
the PR code was 10 ps, and the maximum unambiguous range of
all the ranging channels was 1.5 km, which was not shortened
with the increase of ranging channel. It is useful for long-
distance multi-beam single-photon ranging and imaging.

2. Generation of the Pseudo-Random Code

PR numbers were generated by mathematical recursive formu-
las. The appearance of this group of numbers conformed to a
certain probability distribution and can pass the corresponding
randomness test'*’). In our PR ranging system, the PR numbers
were generated in MATLAB by using the Mersenne twister
algorithm, which has been widely used®!. The PR code was
improved according to the characteristics of single-photon
detection. Eight groups of return to zero PR codes'**! were gen-
erated. The PR code parameters are listed in Table 1. Each PR
code contains 30 bits of ‘1’, and at least 15 bits of ‘0’ were inserted
between two adjacent ‘I’. The cross-correlation coefficient
between each group of PR codes was less than 0.006, where
the crosstalk between PR codes was very small.
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Table 1. PR Code Parameters.

Parameter Value
Code length 5000 bit
Code period 10 ps
Bit duration 2ns
Laser pulse period 05ns
Unambiguous range 1500 m

3. Multi-Channel PR Coding Single-Photon Ranging

Figure 1 is the schematic diagram of the multi-channel PR cod-
ing single-photon ranging system. Eight groups of PR codes
were stored in the field programmable gate array (FPGA).
The FPGA called the PR codes and generated a short pulse of
2 ns for each bit ‘1I’. Then, the FPGA called 8 sets of PR codes
to generate 8 sets of pseudo-random pulse sequences respec-
tively to drive 8 distributed feedback (DFB) laser diodes, and
additionally generated a single pulse signal with the same rep-
etition frequency as the PR code as the synchronization signal
of time-to-digital converter (TDC). The time resolution of the
TDC was 160 ps. The wavelengths of the eight lasers were
C18, C20, C22, C20, C34, C36, C38, and C44 (1542.73-
1563.05 nm) in the fiber communication C-band, respectively.
The wavelengths were stabilized by temperature control of the
DEFB laser diodes. The lasers were coupled into an erbium-doped
fiber amplifier (EDFA) through dense wavelength division mul-
tiplexing (DWDM). The lasers were collimated and passed
through the small hole of a perforated mirror. The echo light
was reflected by the perforated mirror and coupled into a
fiber-pigtail InGaAs/InP avalanche photodiode (APD) SPD.
We used a negative feedback InGaAs/InP APD for free-running
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Fig. 1. Schematic diagram of the multi-channel PR coding single-photon
ranging system. Achromatic collimator: output beam size is 12 mm in diam-
eter, and full angle beam divergence is 0.02° (Thorlabs RC12APC-PO1).
Perforated mirror: D = 50 mm, and the diameter of the hole is 12 mm.
Focusing lens: D= 30.0 mm, and £ = 100.0 mm. Bandpass filter: center wave-
length is 1550 nm, and the full width at half-maximum is 40 nm (Thorlabs
FB1550-40). Multimode fiber: fiber core is 62.5 um in diameter.
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single-photon detection'””), There was a 1 MQ resistor in series
with the anode of the APD chip. This APD was typically oper-
ated in passive quenching Geiger mode, and its afterpulse was
effectively suppressed owing to the feedback resistor. As a result,
a short dead time near-infrared SPD was obtained. The detec-
tion efficiency was 4.5% with the dark count of 2 X 10° counts
per second, while the APD was cooling at —30°C. The dead time
was about 200 ns, with a maximum counting rate of ~5.8 X 10°
counts per second (cps).

The echo photons of all the lasers were detected by one single-
pixel SPD at the same time. The TDC recorded the interval time
between the synchronization signal and the detection events. In
order to improve the signal-to-noise ratio (SNR), the TCSPC
technique was used to count the echo signals of multiple repeti-
tion periods.

First, we tested the performance of single-channel PR coding
single-photon ranging. The time distribution histogram of the
detection events was obtained by TCSPC with the accumulated
time of 1.0 s, as shown in Fig. 2(b). The histogram of the detec-
tion events was a group of 62,500 bits data, while the resolution
of the TDC was 160 ps within 10 ps, denoted as X (¢). The result
of cross correlation between the PR code Y, (¢) and the detection
events was calculated as

Ryy () = A " XY, + D, 1)

where m is the length of detection events, and n is the
channel number of the PR code. The flight time was obtained
by calculating the cross-correlation peaks with the centroid
method**),

As shown in Figs. 2(a)-2(e), most photon counts of the signal
photons were larger than 20. The noise counts less than 20 were
filtered out before calculating the correlation function. As shown
in Fig. 2(f), a high SNR cross-correlation peak was obtained
when only DFB laser 1 was turned on. The SNR was calculated
by dividing the peak by the maximum value of the background
in the cross correlation, the full width at half-maximum of the
correlation function was about 1 ns, and the distance resolution
of the PR coding method was 15 cm. The flight time was
120.28 ns. Then, we turned on all eight DFB lasers, and the cor-
relation function of DFB laser 1 is shown in the Fig. 2(h). The
SNR of the cross-correlation peak was getting a little worse due
to the influence of the other laser echoes, which was still high
enough with the accumulated time of 1 s. The flight time of the
cross-correlation peak was 120.27 ns, which was nearly the same
as the result when DFB laser 1 was turned on alone. The flight
time of each laser beam will not be affected by the other chan-
nels. As Fig. 3 shows, all cross-correlation peaks were correctly
calculated when all eight DFB lasers were turned on. When DFB
lasers 1, 3, and 5 were turned off, there were no cross-correlation
peaks appearing in the cross correlation of channels 1, 3, and 5.
The calculation results of each channel were independent of
each other. Therefore, the PR multiplexing method can be
applied to multi-beam single-photon measurement.
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Fig. 2. (a) PR code
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1. [b) The histogram of the detection events when only DFB laser 1 was turned on. (c) Subset of (b). (d] Subset of (e). (e) The histogram of the
detection events when all of the lasers were turned on. (f] The cross correlation (Cross-Corr.) of the histogram in (b) with PR code

1. {g) The Cross-Corr. of the

(a)

£ 04 SNR=6.23 SNR=5.01 SNR=4.03 SNR=5.03 SNR=4.33 SNR=6.28 SNR=4.82 SNR=4.28

o

o

& 0.2

w

e 0.0 Lo L ” . . N ‘ J‘\ .

o " 0.10 0.15 0.10 0.15 0.10 0.15 010 0.15 010 0.15 010 0.15 0.10 0.15 0.10 0.15

(b) Time (ps)

£ 04 SNR=9.27 SNR=4.85 SNR=4.51 SNR=2.92 SNR=3.83

S

& 0.2 J

w

o

G 0.0 L A Ll wd L fual N
010 0.15 0.10 0.15 010 0.15 0.10 0.15 0.10 0.15 0.10 0.15 0.10 0.15 010 0.15

Time (ps)

Fig. 3. (a) Cross-Corr. when all of the lasers were turned on. (b) Cross-Corr. when DFB lasers 2, 4 6, 7, and 8 were turned on.
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Fig. 4. TOF distribution between the 240 bits of " and their corresponding
echo photons.

Furthermore, we analyzed the ranging error by measuring the
distance between two targets, which could eliminate the effect of
fixed delays in the laser emission and detection. The distance dif-
ference between the two targets was about 2 m, and the flight
time differences of the two targets measured by the eight-chan-
nel laser were 14.96 ns, 14.97 ns, 14.75 ns, 14.84 ns, 14.89 ns,
14.86 ns, 14.88 ns, and 14.78 ns, respectively. The measurement
error of each channel mainly came from the jitter between the
synchronization signal and the PR codes generated by the
FPGA. Figure 4 is the TOF distribution between the 240 bits
of ‘I’ and their corresponding echo photons. The average value
of 240 sets of TOF data was 14.89 ns, the root mean square error
(RMSE) was 0.22 ns, and the actual ranging accuracy of the sys-
tem was 33 mm. The error caused by FPGA could be eliminated
by adding eight TDC channels to synchronously record eight PR
codes for cross correlation.
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4. Results and Discussions

In the outdoor ranging experiments, the total output laser power
of the EDFA was 12.9 mW, when all eight lasers were turned on.
The measurement targets were a white wall with an indoor dis-
tance of about 10 m and four outdoor buildings with different
distances. We tested the system at night to avoid large environ-
mental noise. We analyzed the ranging error by measuring the
distance between the four buildings and the white wall. The
average value of 240 sets of TOF data was taken as the real value

(@ 10 . ;
* 1s
O 01s
7 001s
. 5} 0.001s| |
£ x
E *
S
& Of Y 8 % é
2 *
© o
§
o Sr ]
_10 Il 1
0 100 200 300
Distance (m)
® 19240 — —— —
* s
19239 | o 0.1s :
v 001s x X
1923.8 - | % 0.001s % ]
» 1923.7 E
= %
© 19236 o - 1
£ R L T
1923.5 .
0 g . g
1923.4 g
¥ b3
19233 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Laser channel
© 30 .
<+ Laser1 O Laser2
A\ Laser3 & Laser4
20+ Laser5 X Laser6 |
. o Laser7 ¢ Laser8
€ X
g€ 10+ o A X
s | o . “
g OF & % l
2 o % (=
210 x + Yo
& o
20 |
-30 ' :
100 200 300

Distance (m)

Fig. 5. (a) The average ranging error of eight channels with different accu-
mulated times. (b) The flight time of each channel at the distance of 288.5 m.
(c) The ranging error of each channel with the accumulated time of 10 ms.

Chinese Optics Letters

when the accumulated time was 1 s. The photon count of the
white wall was 3.3 X 10 cps. The distances between the four
buildings and the white wall were about 25.7 m, 58.1 m,
172.5 m, and 288.5 m, respectively. The photon counts of the
detection signal of the four buildings were 3.59 X 10° cps,
2.57 X 10 cps, 9.2 X 10°cps, and 6.6 X 10° cps, respectively.
Figure 5(a) shows the ranging error between the average value
of the eight-channel laser and the real value at each distance
when the accumulated time was 1 s, 0.1 s, 0.01 s, and 0.001 s,
respectively. The difference between the average value of eight
channels and the real value was within +10 mm. Figure 5(b)
is the flight time of each channel at the distance of 288.5 m with
different accumulated time. The real value of this distance was
1923.53 ns. The difference between the measured data of eight
channels and the real value was all less than 0.1 ns when the
accumulated time was no less than 10 ms. Figure 5(c) is the dif-
ference between the flight time of eight channels and the real
value when the accumulated time was 10 ms. The ranging error
of each channel was less than 20 mm, as the relative distance was
from 25.7 m to 288.5 m.

When the accumulated time was reduced to 1 ms, the ranging
error of each channel at the distance of 288.5 m increases signifi-
cantly, as shown in Fig. 5(b). Figure 6 is the measurement data.
Comparing Figs. 6(a) and 6(b), it can be found that after the
cumulative time was reduced from 10 ms to 1 ms, the photon
count of each echo was reduced to one, which was similar with
the noise counts. The SNR of the correlation function peak was
low, as the noise cannot be filtered out, resulting in the increas-
ing measurement error. The SNRs of the correlation function of
channels 1, 2, and 3 were 1.31, 0.65, and 1.85, while their effec-
tive photon counts were 14, 9, and 16, respectively. The total
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Fig. 6. (a) The histogram at the distance of 288.5 m when the accumulated
time was 10 ms. (b) The histogram at the distance of 288.5 m when the accu-
mulated time was 1ms. (c) The Cross-Corr. function of laser channels 1,2, and
5 when the accumulated time was 1 ms.
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(b)

Fig. 7. (a) Reconstructed 3D image of the objects. (b) The picture of the
objects.

photon count was 628. The cross-correlation peaks of channels 1
and 3 still can be automatically identified, while their effective
photon counts were only ~1/40 of the background.

We placed the experimental device on a two-dimensional
rotating motor for scanning measurement in the case of a few
returning photons and used these eight sets of PR codes to
modulate eight DFB lasers with wavelengths of C34, C36, ...,
C48 (1550.12-1538.98 nm), referring to the measurement opti-
cal path in the previous work>*), A blazed grating was placed at
the laser emitting end, which was used to split the eight-wave-
length coupled light into a 1 X 8 beam array with a divergence
angle of 1 mrad. The measurement object was a range of 3 m X
3mX2m at 10 m indoors. The horizontal movement of the
motor was 8 mrad/step, the number of steps was set to 41,
the vertical movement was 1 mrad/step, and the number of steps
was set to 200. The total output optical power was 1 mW, and the
cumulative time was 1 ms. The total photon count of the white
wall 10 m away was less than 2000, with the maximum photon
count of each echo less than five. Figure 7 is the reconstructed 3D
image of the object and the actual picture of the object. The pixel
of the reconstructed 3D image was 200 X (41 X 8). The electric
fan, lifting platform, and three-layer cart in the physical picture
were all well reproduced.

5. Summary

We demonstrated a multi-channel PR coding single-photon
ranging system. It multiplexed multiple PR codes to simplify

Vol. 20, No. 2 | February 2022

the detection system. Compared with the traditional TDM tech-
nique, it will not shorten the maximum unambiguous range
while increasing the number of the channels. Eight PR code
modulated lasers were coupled into one beam through a
DWDM, and their echoes were detected only by one SPD and
processing circuit. The crosstalk among the eight channels
was very low, which can be ignored. The ranging error was less
than +2.0 cm. In the future, it can be eliminated through record-
ing the PR codes at the output of the FPGA in real time to reduce
the error to less than +5 mm. The system is used to measure a
target with a range of 3 m within 10 m. When the number of
returning photons was less than 2000, as well as the maximum
photon count of each echo being less than five, it still has a good
range resolution capability. In multi-beam single-photon Lidar,
the PR multiplexing technique can replace the TDM technique
to realize long-distance ranging and imaging.
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