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Abstract. Free-space optical communication (FSO) can achieve fast, secure, and license-free communication
without physical cables, providing a cost-effective, energy-efficient, and flexible solution when fiber connection
is unavailable. To achieve FSO on demand, portable FSO devices are essential for flexible and fast
deployment, where the key is achieving compact structure and plug-and-play operation. Here, we develop
a miniaturized FSO system and realize 9.16 Gbps FSO in a 1 km link, using commercial single-mode-fiber-
coupled optical transceiver modules without optical amplification. Fully automatic four-stage acquisition,
pointing, and tracking systems are developed, which control the tracking error within 3 μrad, resulting in an
average link loss of 13.7 dB. It is the key for removing optical amplification; hence FSO is achieved with direct
use of commercial transceiver modules in a bidirectional way. Each FSO device is within an overall size of
45 cm × 40 cm × 35 cm, and 9.5 kg weight, with power consumption of ∼10 W. The optical link up to 4 km is
tested with average loss of 18 dB, limited by the foggy test environment. With better weather conditions and
optical amplification, longer FSO can be expected. Such a portable and automatic FSO system will produce
massive applications of field-deployable high-speed wireless communication in the future.
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Free-space optical communication (FSO) has received increas-
ing attention as an alternate to fiber communication for high-
bandwidth wireless data transmission,1–4 and it can be built in
different scales for various applications. In a space-wide scale,
FSO is the key to establishing high-speed satellite internet like
Starlink for global network coverage.5–9 In the near-ground low-
altitude scale, FSO is also attractive for its capability of provid-
ing high-data-rate, license-free and high-security connection in
a relatively small region for applications, including last-mile
connection, disaster recovery, and military communication.10–16

In these flexible communication scenarios, a portable and plug-
and-play FSO system is essential. To establish FSO links, flex-
ible, fast, and fully automatic acquisition, pointing, and tracking
(APT) systems are necessary, which requires a complex sensing
system and processing algorithm for fast pointing status detec-
tion and automatic tracking loop feedback. On the other hand,
the portability is also important for flexible field deployment on
demand, which requires the FSO system to be miniaturized, in-
tegrated, and lightweight for easy handling. However, it can be
challenging to pack APT systems in small sizes while keeping
high tracking accuracy for sufficiently low link loss, especially
over some distance. One common method is to use optical am-
plifiers like erbium-doped optical fiber amplifiers (EDFAs)17–20

to compensate for the high link loss, but that inevitably increases
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system complexity, power consumption, and weight to some ex-
tent, as some of the samples shown in Table 1.

Here we demonstrate FSO at 1 km distance with a data rate of
9.16 Gbps using a pair of commercial fiber-optical communi-
cation transceiver modules without optical amplification. Low
average link loss of 13.7 dB, for the coupling into a single-mode
fiber (SMF), is measured using our FSO devices, which is key
for this demonstration of bidirectional optical communication.
Such low link loss is enabled by the low-diffraction optical
design, fully automatic four-stage closed-loop feedback control,
and the motion stabilization system in our APT units. Without
the need for optical amplifiers, a single FSO device only weighs
9.5 kg, within a size of 45 cm × 40 cm × 35 cm and power con-
sumption of ~10 W. Through integration of multisensors and the
development of a corresponding algorithm, automatic, fast, and
accurate acquisition and fine-tracking can be achieved within
10 min. Such an FSO device can be used in a pair for a single
link or more pairs for multiple links in a plug-and-play manner
to establish FSO channels in minutes, and thus fulfills the de-
mand of field-deployable high-speed data transmission.

The scheme of our FSO communication is shown in
Fig. 1(a), and a pair of FSO devices are used at two nodes with
separation between 1 and 4 km. Alice is fixed at the top floor in
our building, and Bob is loaded on a radio-controlled electric
vehicle (RCEV) so that it can move around to change the

FSO link distance for the experiments, as shown in Fig. 1(b).
At both ends, our FSO devices feature identical optical aperture
and mechanical design, as shown in Fig. 1(c). Each FSO device
consists of an optical transceiver module, an APT unit and its
control electronics, and both the transceiver module and the con-
trol electronics are sealed in a box for outdoor operation. Both
FSO nodes are SMF-coupled, so that bidirectional optical com-
munication can be achieved by the direct use of commercial
optical transceiver modules. We choose the optical aperture of
90 mm in diameter and study the diffraction loss of the FSO link
as a function of link distance. The result is shown in Fig. 1(d)
and <12.7 dB low diffraction can be calculated within a link
distance of 10 km, considering the internal transmission of
our optics.

Figure 2(a) shows the design of an FSO device. The blue part
on the left shows the schematic of the optical part in an APT
system, which is mounted on the three-axis gimbal stage for
coarse tracking and active stabilization. The optical antenna
is in a reflective Cassegrain design with 90 mm optical diameter
and scale factor of 10:1, which is followed by the fine tracking
optics. Three beacon laser (BL) diodes are used for the three-
stage optical tracking, where BL0 (940 nm) and BL1 (638 nm
for Alice, 660 nm for Bob)/BL2 (808 nm for Alice, 852 nm for
Bob) are for the coarse tracking and first/second-stage fine
tracking, respectively. Three complementary metal oxide semi-
conductor sensors (CMOS), CMOS0 and CMOS1/CMOS2, are
used to generate the error signals for coarse tracking and first/
second-stage fine tracking, respectively. The divergent angles of
the three BLs are designed to be overlapped with each other
so that APT process can be achieved stage by stage. While the
beacon beam from BL0 and CMOS0 are placed off-axis from
the signal beam, the beacon beam from BL1 and BL2 are con-
centric to the signal beam. The beacon beam from BL2 is from
the same fiber as the FSO signal, and a wavelength division
multiplexer (WDM) filter is used to separate this BL and com-
munication signal. This fiber is connected to the optical trans-
ceiver module, with an optical circulator in between, for the
separation of the up/down link optical signals.

With Bob moving on the RCEV, the FSO link can be estab-
lished within 10 min using our APT systems once settled. The
operation schematic of the APT system is shown in Fig. 2(b); its
left part shows the mechanism of the active stabilization, initial
acquisition, and coarse tracking processes using a three-axis
gimbal in the APT system. The active stabilization is achieved
using the rotational angular acceleration signal from an inertial
measurement unit (IMU). This active stabilization isolates the
APT system from the mechanical vibration during the FSO and
ensures link stability. In the initial acquisition loop, the IMU is
used to record the geomagnetic direction, the acceleration and
angular acceleration, and a real-time kinematic (RTK) module is
used to record the absolute position of the FSO device. By shar-
ing these parameters between Alice and Bob, the relative angles
between the two FSO devices, and thus pointing angles for both
FSO devices, can be calculated by the designed algorithm. Then
the initial acquisition is performed by feeding the pointing
angles between Alice and Bob to the three-axis gimbal. After
that, CMOS0 can detect the coarse tracking beam from BL0 in
the opposite communication node for the error signal generation
and takes over the control of the three-axis gimbal. Then the
APT systems are ready for the fine optical tracking. CMOS1
detects the fine-tracking beam from BL1 and feeds back the
error signal into FSM1, and a second-stage fine tracking is

Fig. 1 (a) Scheme of our FSO. (b) Picture of the 1 km experimen-
tal field. (c) Picture of the FSO devices. Alice is fixed in the build-
ing and Bob is loaded on an RCEV. (d) Diffraction loss of our FSO
system. Red, diffraction loss only; blue, diffraction loss with loss
of optics.
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performed using CMOS2 and FSM2 in a similar mechanism to
further increase the tracking accuracy on top of the first-stage
fine-tracking loop, as shown in the right part of Fig. 2(b).
The detailed parameters of the APT system are shown in
Table 2.

We first measure the performance of the APT system in a
1 km FSO link. Figure 3(a) shows a tracking error with only
coarse tracking open in a 120 s measurement, and the average
error is 24 μrad, with standard deviation of 34.6 and 20.9 μrad
for pitch and azimuth direction, respectively. Then we conduct
a measurement of fine-tracking performance, with the result
shown in Fig. 3(b). Only coarse tracking is open in the first
30 s, and the fine-tracking control is activated in the following
60 s. The result shows that once the first- and second-stage
fine tracking is tuned on, the average tracking error is reduced
rapidly from 24 to 3 μrad, with standard deviation of 2.9
and 3.9 μrad for pitch and azimuth direction, respectively. We
measure the optical transmission loss using this FSO link, with
results shown in Fig. 4(a). An average link loss is measured to
be 29.3 dB with only first-stage fine tracking turned on (blue
curve). The red curve shows the link loss with the second-stage
fine tracking turned on and it reaches 13.7 dB, with standard
deviation of 1.4 dB.

Then we use a pair of standard commercial fiber-optical
transceiver modules for the FSO measurement. Both modules
are rated at 10 Gbps, where the transmitter optical subassembly
(TOSA) and receiver optical subassembly (ROSA) modules
are both SMF-coupled in each module, as shown in Fig. 4(b).
We first test the performance of these modules by direct
fiber connections between Alice and Bob in their TOSA
and ROSA ports, respectively. Using adjustable optical attenu-
ators, identical losses can be applied for both links. The
data rate is measured following the transmission control pro-
tocol via the software “open-source tool iperf3” (ESnet and
Lawrence Berkeley National Laboratory).21 As shown in
Fig. 4(c), the average data rate is measured at 9.27 Gbps during
a 100 s test, and a maximum link loss exceeds 24.1 dB to
reach such full bandwidth operation using these modules.
Through the 1 km FSO link, the average data rate is measured
to be 9.16 Gbps in a 100 s test, with a standard deviation of
0.24 Gbps. Hence, an almost identical data rate is achieved in
the FSO link.

We further measure the APT performance in a 4 km FSO
link, where the average link loss is measured to be 18 dB with
standard deviation of 2.8 dB, as shown in Fig. 5. Compared
with the 1 km link, the average link loss increases 4.3 dB.

Fig. 2 (a) Design of FSO device. L, lens; IF, interference filter; DM, dichroic mirror; WDM, wave-
length division multiplexer; TOSA, transmitter optical subassembly module; ROSA, receiver
optical subassembly module; CMOS, complementary metal oxide semiconductor; BL, beacon
laser; and FSM, fast steering mirror system (i ¼ 1; 2). (b) Operation schematic of the APT system
for acquisition, coarse tracking (left), and fine tracking (right).
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The maximum loss is 27.8 dB, which exceeds the tolerable
maximum loss of the transceiver module. Hence, stable FSO
link can hardly be achieved. Our experiment was conducted
during the foggy winter in Nanjing with the air visibility gen-
erally around 4 to 5 km, which corresponds to absorption
loss of ∼4 dB at a 4 km distance.22 With better air quality or
more sensitive optical transceiver module, we believe our FSO
system can achieve optical communication at 4 km or longer
distances.

In this work, we demonstrate 1 km FSO with a data rate of
9.16 Gbps using a pair of commercial fiber optical transceiver
modules without optical amplification. This result shows that an
FSO network may be achieved using standard fiber communi-
cation devices and network technology. Compact FSO devices
are developed, with weight of only 9.5 kg. It is fast-field deploy-
able and can be installed on an RECV for quick link change and
FSO established within 10 min. We test our FSO link up to
4 km, and a maximum loss of 27.8 dB is measured. At such
a loss level, FSO with the same high data rate can be expected
at a longer range to a few kilometers with the use of EDFAs. In
this experiment, we only test the FSO with both nodes fixed.
Actually, our FSO system can also work when the RCEV is
moving slowly and hence a mobile FSO link might be expected
in a following study. Besides the classical FSO application, our
compact APT systems can also be used to establish low-loss
quantum links for transmission of quantum information.23,24

Table 2 Performance of the APT system.

Component Value

Coarse-tracking
mechanism

Type Three-axis motorized

Gimbal stage

Tracking range Azimuth: �90 deg

Pitch: �60 deg

(With roll fixed)

Coarse-tracking
sensor

Type CMOS

FOV 0.04 rad * 0.04 rad

Size and
frame rate

288 * 288 pixels
and 1 kHz

BL0 Power 1 W

Wavelength 940 nm

Divergence 35 mrad

Fine-tracking
mechanism

Type FSM

Range �212 μrad

Fine-tracking
sensor

Type CMOS

FOV 13 mrad * 10 mrad

Size and
frame rate

288 * 288 pixels
and 1 kHz

BL1 Power 5 mW

Wavelength 638 nm and 660 nm

Divergence 6 mrad

BL2 Power 5 mW

Wavelength 808 nm and 852 nm

Divergence 6 mrad
Fig. 3 Performance of the APT system measured with 1 km
separation. (a) Coarse tracking error. (b) Fine tracking error.

Fig. 4 (a) Link loss for 1 km FSO. (b) Picture of the optical trans-
ceiver modules. (c) Communication bandwidth measurement for
the module test and FSO. Red, direct connection test; blue, 1 km
FSO test.
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The data that support the findings of this study are available
from the corresponding author on reasonable request.
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