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We demonstrate a portable system integrated with time comparison, absolute distance ranging, and optical communication
(TRC) to meet the requirements of space gravitational wave detection. A 1 km free-space asynchronous two-way optical link
is performed. The TRC realizes optical communication with 7.7 × 10−5 bit error rate with a Si avalanche photodiode single-
photon detector, while the signal intensity is 1.4 photons per pulse with the background noise of 3 × 104 counts per second.
The distance measurement uncertainty is 48.3 mm, and time comparison precision is 162.4 ps. In this TRC system, a vertical-
cavity surface-emitting laser diode with a power of 9.1 μW is used, and the equivalent receiving aperture is 0.5 mm. The TRC
provides a miniaturization solution for ultra-long distance inter-satellite communication, time comparison, and ranging for
space gravitational wave detectors.
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1. Introduction

In 1915, Albert Einstein proposed the general theory of relativity
and then predicted the existence of gravitational waves in
1916[1]. Until September 14, 2015, the Laser Interferometer
Gravitational Wave Observatory (LIGO) disclosed the results
of gravitational wave detection, which was the first time, to the
best of our knowledge, in human history to directly detect gravi-
tational wave signals, opening a new window for human beings
to understand the universe[2]. Due to the influence of ground
vibration and limited interference arm length on ground, space
gravitational wave detection has become an international popu-
lar research field[3–8]. The Laser Interferometer Space Antenna
(LISA) project, jointly proposed by European Space Agency
(ESA) and National Aeronautics and Space Administration
(NASA) in the 1990s, is a representative space gravitational wave
program[9]. LISA planned to form a regular triangle constella-
tion operating in solar orbit in order to construct a large laser
interferometer in space[10–12]. LISA Pathfinder, a LISA technol-
ogy verification star, was successfully launched in 2015, opening
a new era of space gravitational wave detection[13]. In addition,
Chinese researchers proposed the Taiji project for space gravi-
tational wave detection, which is expected to launch three satel-
lites to form an equilateral triangle with an arm length of 3

million kilometers in space[14–16]. Among these typical space
gravitational wave detection missions, time delay interferometry
(TDI) is an important technique for laser frequency noise sub-
traction. This technique requires additional measurements:
inter-satellite absolute distance measurement, inter-satellite
optical communication, and time comparison. As for LISA,
the absolute distance measurement accuracy between the space-
craft is about 1m, and the clock offset between spacecraft is a few
nanoseconds[17]. Some functions of TDI technology have com-
pleted the principle demonstration in the laboratory, consuming
more than 10% of the laser power[18–22]. Space resources and
laser power are very precious in space gravitational wave detec-
tion, and thus a portable integration system that is highly sen-
sitive and multifunctional is required.
In order to meet the application requirements of the space

gravitational wave detection mission, a portable integration sys-
tem of time comparison, optical ranging, and communication
(TRC) is invented based on single-photon detection. An asyn-
chronous two-way optical link is constructed, and the signal loss
can be reduced from proportional to R4 to proportional to R2

compared with the one-way link and corner-reflector-based
two-way link, where R represents the distance between two ter-
minals[23]. The TRC system adopts the single-photon direct
detection mode to simplify the design, reduce the load, and
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improve the sensitivity. In the system based on single-photon
detection, the time comparison precision can reach the order
of picoseconds[24,25], the ranging uncertainty can reach the order
of centimeters[26,27], and the bit error rate (BER) of optical com-
munication is in the order of 10−3 to 10−6[28,29]. In this paper, a
1.05 km free-space link is constructed. The optical communica-
tion is realized with the data rate of∼195.3 kbit=s and the BER of
7.7 × 10−5, under the condition of 3 × 104 counts per second
(cps) background noise and the signal light intensity of 1.4 pho-
tons per pulse at the receiver. In addition, the ranging uncer-
tainty is 48.3 mm, and the precision of time comparison is
162.4 ps. To the best of our knowledge, this portable and highly
sensitive TRC realizes the integrated demonstration of TRC
based on single-photon detection for the first time, which pro-
vides a technique for space gravitational wave detectors.

2. Methods

2.1. Asynchronous two-way optical link

The TRC integration system is an asynchronous two-way link,
and the schematic is shown in Fig. 1. There are two identical sys-
tems located at site A and site B. The laser diode (LD) in system
A (LDA) is triggered by signals modulated by a field program-
mable gate array (FPGA) modulator and transmits optical sig-
nals carrying start of frame (SF), t1, communication
information, and end of frame (EF) to system B, where t1 is
the transmitting time of the first pulse in one frame of data.
The single-photon detector (SPD) in system B (SPDB) receives
optical signals transmitted by A and stores them through
FPGAB. The arriving time of the first pulse in one frame of data
is recorded as t2. Communication information and t1 can be
obtained by demodulation, and t2 can be obtained by time to
digital convertor (TDC) in FPGAB. Similarly, we get t3 and
t4. The information sent by A includes t3, and that sent by B
includes t1. Match the above adjacent time measurement events,
and then obtain a series of asynchronous two-way events: [t1, t2,
t3, t4]. Without considering the internal delay difference
between the systems on both sides, the channel delay can be con-
sidered as dAB = dBA because the signal passes through the same
path. Suppose sites A and B are relatively stationary, the time of
A and B is provided by the same clock. The time difference τ
between A and B can be expressed as

τ = �t2 � t3 − t1 − t4�=2: (1)

The distance R between sites A and B can be calculated from

R =
c
2
��t4 − t1� − �t3 − t2��, (2)

where c is the speed of light.

2.2. Analysis of coding/decoding

The TRC system uses pseudo-random (PN) code to the spread
spectrum, and the PN code adopts them sequence, which is gen-
erated by a linear feedback shift register (LFSR). A five-stage
LFSR is adopted in this scheme with the initial state
�a4, a3, a2, a1, a0� = �0, 1, 0, 0, 1�, and the primitive polynomial is

f �x� = x5 � x2 � 1: (3)

The schematic of the m-sequence generator is shown in
Fig. 2(a), and the working state of five-stage LFSR is shown in
Table 1. In order to facilitate later data processing, we comple-
ment “0” after them sequence tomake the period of the PN code
25. The period of the PN code is 32 chips in this system, and the
sequence is 10010000101011101100011111001100. The number
of 0 and 1 is equal in the PN code sequence, and the autocorre-
lation peak appears when SF and EF are aligned. Otherwise, the
autocorrelation peak is close to zero. The process of data decod-
ing is shown in Fig. 2(b). FPGAB records the pulse arrival time

Fig. 1. Schematic of asynchronous two-way optical link. SPD, single-photon detector; LD, laser diode; SF, start of frame; EF, end of frame; FPGA, field programmable
gate array.

Fig. 2. (a) Schematic of m-sequence generator. (b) Flow chart of data decod-
ing process.
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and starts level sampling when SPDB receives the optical signal.
The transmitting time t1 of the first pulse in one frame of data of
LDA and the communication information can be demodulated
when SF and EF are aligned. Due to the error of single-timemea-
surement, we improve the measurement accuracy of the arriving
time t2 of the first pulse in one frame of data by averaging the
arrival times of multiple pulses. Suppose there are N pulses in a
frame of data, and the arrival time of each pulse is recorded as
t 0n �n = 1, 2; : : : , N�; t2 can be calculated by

t2 =
1
N

XN
n=1

�
t 0n −

�
t 0n − t 01
Ts

�
· Ts

�
, (4)

where Ts represents the sampling time of the single code, and
��t 0n − t 01�=Ts� is an integer function. We get t3 and t4 in the same
way, and a group of time events [t1, t2, t3, t4] can be obtained.
Finally, time difference and distance between sites A and B are
calculated from Eqs. (1) and (2).
In the decoding process, an SPD is used to improve the sen-

sitivity of the system, which conforms to the Poisson distribu-
tion. For one SPD with detection efficiency η, dead time Td ,
and dark count rate Cd , the probability of signal detection Ps

and noise detection Pb can be expressed as

Ps = e−Td�Cd�Cb� · �1 − e−μη�, (5)

Pb = 1 − e−Ts�Cd�Cb�, (6)

where Cb is the count rate of background light, Ts represents the
sampling time of single code, and μ is the average photon num-
ber per pulse. The transmission code is obtained by adding the
signal code and PN code by module 2. The 0 code and 1 code are
added with the PN code by module 2, and two
different sequences are obtained. Comparing the acquisition
sequence with these two sequences, the signal code is demodu-
lated by coincidence analysis. For the PN code with period
length of M chips, the BER of this system can be expressed as

BER = 1 −

2
4X

M
2

i=1

Pi
s�1 − Ps�M2−i ·

XM
2

j=M
2�1−i

�1 − Pb�jP
M
2−j
b

� 1
2

XM
2

k=0

Pk
s �1 − Ps�M2−k�1 − Pb�M2−kPk

b

3
5: (7)

3. Experimental Setup and Results

To verify the possibility of the TRC integration system, we con-
structed a free-space asynchronous two-way link over 1 km. As
shown in Fig. 3(a), the link is actually a folded atmosphere link.
Two identical setups are located at sites A and B on the same
side, respectively. The 850 nm LD is triggered by signals modu-
lated by the FPGA modulator (Xilinx, XC7A35TFGG484-2).
The angle of the laser after passing through the variable optical
attenuator (VOA) and collimator (COL) is adjusted by a mirror
(M) and incident on a plane M with a diameter of 101.6 mm on
the other side. The reflected light is detected by a self-developed
Si avalanche photodiode SPD (Si SPAD) with an active area of
500 μm in diameter at another site after passing through a filter
(F). The clocks of A and B are provided by the same crystal oscil-
lator. The setup was located at the Lanxiang Lake in Shanghai for
field experiment, and the photograph is shown in Fig. 3(b). The
SPD was put in a dark room in order to reduce the influence of
background noise. The distance from the plane M to the two
sites is ∼520m. The whole link realizes time comparison, abso-
lute distance measurement, and optical communication at the
kilometer level.
The TDC used in the TRC system was self-developed by our

research group based on an FPGA board with a time resolution
of about 91 ps. The precision of the TDC was tested to verify
whether the TDC can meet the time measurement requirements
of the system. The signal generator generated two signals. The
first arrival signal was used as the start signal, and the second
arrival signal was used as the stop signal. The TDC recorded
the time interval between the two signals. The precision of
the TDC is uncertain due to the influence of the internal noise,
so the standard deviation of a large number of measured values
at fixed time intervals under the same conditions is taken as the
standard to measure the precision. The measurement results are

Table 1. Working State of Five-Stage Linear Feedback Shift Register.

a4 a3 a2 a1 a0 Out a4 a3 a2 a1 a0 Out

0 1 0 0 1 1 0 0 0 1 1 1

0 0 1 0 0 0 1 0 0 0 1 1

0 0 0 1 0 0 1 1 0 0 0 0

0 0 0 0 1 1 1 1 1 0 0 0

1 0 0 0 0 0 1 1 1 1 0 0

0 1 0 0 0 0 1 1 1 1 1 1

1 0 1 0 0 0 0 1 1 1 1 1

0 1 0 1 0 0 0 0 1 1 1 1

1 0 1 0 1 1 1 0 0 1 1 1

1 1 0 1 0 0 1 1 0 0 1 1

1 1 1 0 1 1 0 1 1 0 0 0

0 1 1 1 0 0 1 0 1 1 0 0

1 0 1 1 1 1 0 1 0 1 1 1

1 1 0 1 1 1 0 0 1 0 1 1

0 1 1 0 1 1 1 0 0 1 0 0

0 0 1 1 0 0

Chinese Optics Letters Vol. 20, No. 10 | October 2022

100601-3



shown in Fig. 4, and the precision of the TDC was 67.7 ps. In the
TRC system, the laser pulse width was ∼1 ns, and the time jitter
of self-developed SPD was ∼870 ps. Therefore, the performance
of the TDC meets the requirements of the TRC system.
In experiment, the TRC system was located at the Lanxiang

Lake in Shanghai, with strong wind and high humidity at night.
The dark count rate of the SPD was ∼200 cps, the dead time was
50 ns, and the detection efficiency at 850 nm was ∼45%.
According to the analysis of coding in Section 2.2, the length
of the original PN sequence is 32 chips. In order to avoid the

influence of dead time, “0” is inserted after each chip of the origi-
nal PN sequence to form a spread spectrum sequence with a
length of 64 chips. The sampling time of single code was
80 ns, and the optical communication with data rate of
∼195.3 kbit=s was realized. Due to the defects in our darkroom
design, the street lights by the lake were bright at night, resulting
in 3 × 104 cps background noise. We compared 5000 groups of
data when the received signal intensity was 1.4 photons per pulse
at each site. The time comparison results after removing the
cable delay are shown in Fig. 5(a). The precision of time com-
parison is expressed by the standard deviation of multiple mea-
surement results under the same conditions, so the time
comparison precision in this TRC system was 162.4 ps. The stat-
istical histogram of distance measurement is shown in Fig. 5(b),
the average value of distance measurement was 1047.14 m, and
the ranging uncertainty was 48.3 mm. The BER of the TRC sys-
tem was 7.7 × 10−5, which was consistent with the theoretical
BER of 3.7 × 10−5 calculated by Eq. (7) under the same condi-
tions. Therefore, the TRC system is valid and feasible in both
theory and practice.

4. Conclusion

In this paper, a portable system of TRC integration based on sin-
gle-photon detection is demonstrated. The current demonstra-
tion distance is a 1.05 km asynchronous two-way link. A PN
sequence with a period of 32 chips is used for the spread spec-
trum. The data rate of optical communication is ∼195.3 kbit=s,Fig. 4. TDC performance test.

Fig. 3. (a) Schematic of asynchronous two-way optical link. (b) System takes
place at the Lanxiang Lake, Shanghai. SPD, single-photon detector; LD, laser
diode; FPGA, field programmable gate array; F, filter; M, mirror; VOA, variable
optical attenuator; COL, collimator.

Fig. 5. (a) Time comparison results. (b) Statistical histogram of distance
measurement.
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and the BER of 7.7 × 10−5 is realized under the condition of
3 × 104 cps background noise and the signal light intensity of
1.4 photons per pulse at the receiver. The ranging uncertainty
is 48.3 mm, and the precision of time comparison is 162.4 ps
under the comparison of 5000 groups of data. The transmitter
is a vertical-cavity surface-emitting laser (VCSEL) LD with a
power of about 9.1 μW in this TRC system, and the equivalent
receiving aperture is 0.5 mm. In the Taiji project for space gravi-
tational wave detection, the arm length in space is 3 million kilo-
meters. Take a telescope with 100 mm aperture for example.
When the signal light intensity is 1.4 photons per pulse at the
receiver, the laser power emitted only needs∼130mW to realize
3 million kilometers time comparison, absolute distance mea-
surement, and optical communication through this TRC sys-
tem[30]. In the succeeding work, the performance of the TRC
system can be greatly improved by using an ultra-stable narrow
pulse width laser, high-precision TDC, and SPD.
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