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Abstract: We propose a new free-space optical (FSO) communication system for moving platform
tracking, which can achieve high precision aiming and tracking. Our prototype system consists of
three parts. As a coarse sighting structure, the electro-optical pod module is used for target searching
and coarse sighting in the initial stage. As a precise aiming structure, the precise targeting loads
module located inside the electro-optical pod module uses miniaturized tubular folding optical path
technology for high-precision alignment and tracking. The bottom module of the system is used for
communication. In the tracking process, the control unit uses spot offset collected by CCD to perform
decoupling calculation and then compensates the offset by swinging tracking and aiming structure.
We did track experiments on a mobile platform. The experiment successfully tracked a moving target
at 100 m distance, and the tracking error was less than 1 mrad. The proposed system can provide
stable communication links between the mobile platforms.

Keywords: free-space optical communication; optical communications; acquisition; tracking and
pointing; mobile stations

1. Introduction

Free-space optical (FSO) communication has the advantages of a high communication
rate, large communication capacity, and strong anti-interference ability. It is an important
way of wireless high-speed communication and broadband information transmission in
the future, and it is one of the most potential communication methods [1–5]. Because
the geometric path losses increase as the beam divergence increases, FSO communication
usually uses narrow beams, where the divergence angle of the transmitted beam is less
than or equal to milliradians (mrad). The use of narrow beams increases the receiving
power density and improves the link margin in various weather conditions, but because of
the small footprint of the beam at the receiver, its alignment is also more difficult [6–10].
When at least one of the communication parties is mobile, it becomes more difficult to meet
this demand.

At present, many research studies increase the acquisition, pointing, and tracking
systems to overcome the influence of relative motion and platform vibration on the align-
ment accuracy of the visual axis and control the tracking alignment error of the visual axis
within the allowable range [11–15]. A mirror-based acquisition, pointing, and tracking
(ATP) system is proposed. The results of field experiments show that the FSO system based
on the mirror ATP mechanism can maintain the optical link between the ground and the
vehicle traveling at 270 km/h for more than 6 ms [16]. Ref. [17] presents a scheme that
uses a simple scan mirror and receiver with a single photo detector to achieve tracking
function. This scheme can track targets at a speed of 40 mm/s within a 2 m distance in
an angle range of ±30◦. However, this study only completed the principal verification
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but did not complete the system development. A MEMS retroreflector mirror as the main
component of an ATP mechanism on an unmanned aerial vehicle (UAV) is proposed for an
air-to-ground FSO communication system. The ground station of this FSO communications
system consists of a gimbal and an FSM. The hybrid ATP mechanism on the ground, using
a gimbal and FSM, provides coarse and fine pointing. It is capable of positioning the beam
at 0.0064◦ resolution to track the UAV [18]. However, the research has only completed
the development of the subsystem, and the test of the integrated system has not been
carried out.

In addition, a unique hierarchical two-level technique of pointing control system
is proposed in Ref. [19] for an intersatellite laser communication and ranging link. The
lower level controls the gimbals of the optical head of the electro-optical transceiver; the
higher level is a fast closed loop that simultaneously controls the beamwidth and direction.
Representative simulation results are given in this paper, but there is still a long way to go
before the scheme is actually put into use. In order to reduce the volume and weight of the
FSO communication system, a ground-to-train FSOC system based on a mirror actuator
is designed [16,20]. Thanks to the beacon light and quadrant photo detector (QPD), it can
track the target within ±20 degrees. This scheme removes the mechanical stabilization
system and camera tracking system but still reserves the beacon system. Thus, the volume
finally reduces to a certain extent. Ref. [21] proposes a relatively simple system with about
20 degrees receiving angle, which removes the beacon system and reserves servo motors.
Compared with Ref. [16], this scheme has a wider tracking range but slower tracking speed.

With the development of free-space optical communication technology, its application
range and market are more and more extensive. This increase in applicability is particularly
evident on mobile platforms. Therefore, a flexible new FSO system is needed that can
maintain the optical path connection between these transceivers on mobile platforms. In
this paper, an FSOC system based on electro-optical pod and fast mirror is proposed and
implemented. The system captures the light spot through the coarse sighting structure
electro-optical pod and realizes alignment and tracking through the internal precision
structure precise targeting load. On the moving platform, the system collects the spot miss
in real time through the internal detector and compensates the miss by controlling the
coarse sight structure and the precision sight structure so as to realize the high-precision
alignment. The system also adopts a miniature tubular folding optical path design, which
effectively reduces the volume of the equipment and ensures the tracking speed and
tracking range.

2. Design of FSO Communication System for Mobile Platform

We propose a new FSO communication system that has the high-precision tracking
capability of about 1 mrad and the high data rate of about 1 Gb/s between moving
platforms. Figure 1 shows the architecture of an FSO communication system based on
an electro-optical pod and a fast steering mirror (FSM). The FSO system is composed of
an electro-optical pod module, a precise targeting load module, and a communication
processing module. The system adopts coarse-precise composite axis tracking technology.
The electro-optical pod module is responsible for scanning and acquisition as the coarse
sight structure. The precise targeting load module is used as the precise sight structure
for pointing and tracking, which is installed inside the electro-optical pod module. The
detachable communication processing module, which can receive, transmit, encode, and
decode data, is located at the bottom of the electro-optical pod module.

The electro-optical pod can acquire the target through image recognition in the field
of view according to the scan-specified path, complete rough alignment of the visual axis,
and extract light spot information. Immediately after initial capture is completed, a laser
beam will pass through the upper window of the electro-optical pod module into the
precise targeting load module. Precise targeting loads first collect the laser spot information
through an internal sensor and calculate the offset of the visual axis. Based on the offset
of the visual axis at the current moment, the offset at the next moment will be predicted.
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Then, coarse and precise structures are controlled to compensate for the offset every 20 ms.
Finally, high-precision alignment of the visual axis is realized, and stable communication
of the spatial optical link is guaranteed.
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Figure 1. Design of the high-precision FSO communication system for mobile platforms. The precise
targeting load module is located in the spherical turret of the electro-optical pod module. The
spherical turret has image recognition, can be rotated ±45◦ around the horizontal axis, and covers
±45◦ of field of view in the pitch flat. (a) Overall appearance of the system. (b) Explosion view of
the system.

Figure 2 shows the design of the precise targeting load module. The module adopts
a transceiver coaxial design. As shown in Figure 3, receiving and transmitting optical
paths share a primary mirror system, and they are separated and coupled through dichroic
mirrors. The design of the primary mirror system is shown in Figure 4a using the Ritchey–
Chretien (R–C) afocal telescope. Figure 4b shows the design of the tubular folding optical
path inside the module. All optical components are folded around the R–C primary mirror,
effectively reducing the volume and weight of the load.
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The R-C primary mirror is coaxial with the upper window of the electro-optical
pod, which is used for optical communication (shown in Figure 3). R-C telescope system
concentrates on receiving beam and diverges transmitting beam. Both FSM and planar
reflectors are used to turn optical paths. In addition, FSM can adjust the direction of
the optical path. Dichroic mirrors are highly reflective of the receiving beam and highly
transparent to transmitting light. A beam splitter separately divides a part of receiving
light to CCD for collecting spot offset. The control unit will adjust the deflection angle
of FSM1 (precise sight) and the deflection angle of the electro-optical pod (coarse sight)
according to this spot offset.

As shown in Figure 3, inside the precise targeting loads module, the received light is
first focused by the RC telescope system and then then changed direction through FSM1.
After that, part of the receiving beam is split to the CCD for collecting the optical axis offset
when passing through the beam splitter. The rest of the beam passes through the planar
reflector to change the direction again, is reflected to the FSM2 mirror in the dichroic mirror,
and finally enters the collimator at the receiving end after adjusting the direction by FSM2.
The transmitting optical path also adopts the same optical path structure. However, the
direction of the transmit beam is not changed by the dichroic mirror, and it is not divided
by the beam splitter. Therefore, the transmitting light diverges through the RC telescope
system after changing the light path direction twice by the planar reflector and FSM1.

3. Prototype of FSO Communication System for Mobile Platform

According to the system design introduced in Section 2, Figures 5 and 6 show the
prototype of the FSO communication system for mobile platforms. Table 1 shows the link
budget of the system. When the communication distance is 2 KM, the beam divergence
angle is 1 mrad, and the receiving diameter is 60 mm, the geometric loss caused by
transmission is 36 dB. After considering the atmospheric transmission loss and the transmit–
receive coupling loss, the system also has a link margin of 12 dB, which fully meets the
needs of kilometer-level communication.
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Table 1. Link budget of system.

Parameter Value

Transmitted optical power +33 dBm
Transmitting antenna coupling loss −5 dB
Loss of atmospheric transmission −2 dB

Geometric loss −36 dB
Receiving antenna coupling loss −6 dB

EDFA previa filter loss −2 dB
Received optical power −30 dBm

System margin 12 dBm

Table 2 shows the prototype specifications. Due to the design of the common aperture
transceiver, the wavelength of receiving light is different from the transmitting light for
the same laser communication device in order to avoid receiving data sent by itself. At
the same time, in order to ensure normal communication between devices at both ends,
the transmitting wavelength of the device at the opposite end is the same as the receiving
wavelength of the device at the local end. The transmitted optical power through high-
power EDFA is optimal at +33 dBm (this value can be changed by configuration EDFA up
to +35 dBm), and the received optical power is at a minimum of −30 dBm. The precision
sight structure has a tracking range of ±26.2 mrad, consistent with the field of view of FSM.
The coarse sight structure has a tracking range of ±785.4 mrad, consistent with the field of
view of the electro-optical pod. The divergence angle of the laser emitted by the system is
0.5 mrad. The R-C telescope system has a primary mirror diameter of 60 mm, a primary
mirror multiple of 10, and a secondary mirror diameter of 12 mm. The field of view of the
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camera is 3 mrad, and the diameter of the spot on the CCD target surface is 100 um. The
angular resolution and the angular acceleration of FSM are 2.4 urad and 10000 rad/s², and
the mirror reflectivity is greater than 99.5%. Therefore, FSM can change the direction of the
optical path with low loss and quickly compensate for optical axis offset.

Table 2. Prototype specifications.

Elements Parameter Specification

Laser communication device

Wavelength 1540.56/1563.05 nm
Transmitted optical power +33 dBm

Received optical power ≥−30 dBm
Field of view of FSM ±26.2 mrad

Field of view of electro-optical pod ±785.4 mrad
Laser divergence angle 0.5 mrad

R-C afocal telescope
Primary mirror diameter 60 mm

Secondary mirror diameter 12 mm
Multiple of primary mirror 10

Camera

Field of view 3 mrad
Spot diameter on target surface 100 um

Pixel size 5 × 5 um
Resolution 320 (H) × 320 (V)

FSM

Mirror dimension φ20 × 3 mm
Angular resolution ≤2.4 urad

Angular acceleration ≥10,000 rad/s2

Mirror reflectivity >99.5%

The design of the tubular folding optical path increases the difficulty of coaxial align-
ment, so we need to carry out coaxial calibration of the system after prototype assembly
is completed. Firstly, the assembly error will lead to the tube light path not being coaxial
and the situation that the electro-optical pod is not coaxial with a precise targeting load. To
solve this problem, we use a parallel light tube, a rotating platform, and a gasket to carry
out the first step of coaxial adjustment. Secondly, the receiving end is not coaxial with the
tube optical path. In the calibration and debugging phase, we adjust the beam angle by
controlling FSM2 to ensure that the tube optical path is coaxial with the receiving end. This
angle information is written into the parameter package as the calibration origin of the
FSM2, so that the receiving end will be aligned once the system is turned on. In addition,
there are sensors at the receiving end for collecting light intensity information. The control
module will calculate the FSM2 control instructions in real time according to the collected
light intensity information [17], so as to avoid the constant drift of FSM2 and ensure the
coaxial axis of the receiving end.

Finally, there is translation and rotation when the camera is assembled, so there is
rotation deviation θ and translation deviation (a, b) between the camera coordinate system
xoy and the precise targeting load coordinate system x′oy′ (that is, the FSM1 coordinate
system). This relationship can be expressed by the following formulas:

x′ = x × cos θ − y × sin θ − a (1)

y′ = x × sin θ + y × cos θ − b (2)

Therefore, we can use the parameter array (sin θ, cos θ, a, and b) to describe this
deviation. In addition, since the spot deforms at the edge of the camera, the deformation
can also be corrected according to the coordinate translation and rotation. Hence, we block
the camera’s field of view, and each module uses a different array of parameters to correct
for errors caused by translation, rotation, and distortion. In the case of an external light
source, we control the FSM1 to carry out two-dimensional periodic motion in small steps
to scan the entire field of view of the camera. As shown in Figure 7, we will obtain the
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spot coordinates that correspond one-to-one to the FSM1 coordinates, which are calculated
from the spot information collected by the camera. The parameter array of error correction
can be obtained after nonlinear curve fitting for the data of different modules. During
the tracking process, we will use the FPGA in the control unit to calculate corrected spot
coordinates in real time through the correction array, which will correct the positioning
bias of the camera. As shown in Figure 8, after correcting the spot coordinates collected by
the camera, the positioning error of the camera edge is greatly reduced, and the positioning
overall error of the camera is reduced by one order of magnitude. In the above way, we
completed the coaxial calibration of the camera system for beam positioning. Thus far, the
coaxial debugging of the whole system has been completed.
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4. Field Experiments

We did field experiments in 2023 to prove that our system is feasible. Before the
tracking experiment of the moving platform, we first did the preliminary experiments
of single-ended swing tracking under static platform conditions. The two sets of FSO
communication systems are placed at two ends 20 m apart. Under the conditions of
initial alignment, the transmitter device is controlled to swing periodically between two
points with different horizontal and vertical coordinates. At the receiving end, the CCD
of the system collects spot off-target position information at a frequency of 200 HZ; FSM1
and the electro-optical pod compensate this spot offset at a frequency of 200 HZ and
50 HZ, respectively.

Figure 9 shows the results of tracking experiments under single-end swing conditions.
When the transmitter device swings periodically between two fixed orientations, the
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coordinates of the receiver device also swing periodically between two fixed orientations
under the control of the tracking program in order to align with the transmitter all the time
(Figure 9a,b). In the whole process mentioned above, the value of spot off-target collected
by CCD at the receiving end is within ±0.6 mrad (Figure 9c,d), that is, the receiver points
to the transmitter correctly during the entire single-end swing experiment. In addition, the
value of spot off-target is stable within ±0.3 mrad most of the time, and the value greater
than ±0.3 mrad appears in the form of periodic burrs. This is because when the position of
the transmitter changes, the position of the spot collected by the CCD of the receiver will
also appear to have a large offset. In addition, an overshoot phenomenon will occur when
FSM1 and the electro-optical pod are controlled to compensate for the offset. Therefore,
with the periodic position of the transmitter, the spot-off-target position collected by CCD
also appears periodic burrs.
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After the static tracking experiment, we carried out a dynamic experiment with the cart.
Figure 10 shows the dynamic experiment on the cart. Two sets of the FSO communication
systems were placed on carts 100 m apart. The signal sent by the transmitter is a pseudo-
random code generated by the FPGA and encoded using 8 B/10 B code to prevent channel
vacancy duration. After the systems are turned on, the carts are kept still, and the system
at both ends will automatically scan and align with the opposite system under the control
of the tracking program. When the optical power at both ends is stable and the system can
communicate normally, it indicates that the two devices are successfully aligned. After that,
the cart at the transmitter remains motionless, and the cart at the receiver is pushed back
and forth to test the dynamic tracking performance of the system.
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Figure 11 shows the test results of the receiver system in the dynamic tracking experi-
ment on the cart. It can be seen from the figure that due to the movement of the cart, the
FSOC system must change the direction of the beam to ensure alignment of the optical
link at both ends, so the coordinates of the receiver system change with the movement of
the cart. The change trend of the horizontal coordinate is consistent with the movement
trend of the cart first pushing forward and then pulling back. According to the change
of horizontal coordinate and the duration of change in Figure 11a, the average speed of
cart in two dynamic processes can be calculated as 2.11 m/s and 1.85 m/s, respectively.
During the experiment, because the ground is relatively flat, the change of vertical coor-
dinates is caused by the vibration noise in the movement, so its amplitude is small, and
the overall change trend is not large. The spot offset obtained by CCD is within ±1 mrad
(Figure 11c,d). Compared with the experiments of single-ended swing tracking, the spot
offset in the dynamic tracking experiment is significantly increased; that is, the system
alignment accuracy is reduced. This is caused by the dynamic lag error and vibration error
introduced in the movement of the platform.
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by CCD.

Figure 12 shows the data collected by the photoelectric detector in dynamic tracking.
This value is positively correlated with the light intensity received by the system. It
can be seen from the figure that the fluctuation range of the collected data is only about
3 dB, that is, the light intensity fluctuation in the dynamic tracking process is less than
3 dB, so the intensity fluctuation caused by the dynamic tracking process has little impact
on the system performance. Figure 13 shows the eye diagram in dynamic tracking. The
fluctuation of optical power due to the alignment error in the tracking process will lead
to the deterioration of the signal-to-noise ratio (SNR). This problem can be solved by
designing specific algorithms or adding filters of specific frequencies to hardware. Due
to the difficulty of the design and engineering application of the adaptive Zoom FSO
Communication System, the typical space-borne optical communication system is fixed
focus design. Typical space-borne optical communication systems are designed with fixed
focus optics. In fact, the divergence angle, communication distance, transmitting power,
and signal-receiving processing algorithm of the FSOC system jointly determine the bit
error rate (BER) and SNR of the system. However, theoretically, under the same conditions,
the larger the divergence angle, the more serious the deterioration of the system SNR
and BER.



Photonics 2024, 11, 900 10 of 11

Photonics 2024, 11, x FOR PEER REVIEW 10 of 12 
 

 

algorithms or adding filters of specific frequencies to hardware. Due to the difficulty of 
the design and engineering application of the adaptive Zoom FSO Communication Sys-
tem, the typical space-borne optical communication system is fixed focus design. Typical 
space-borne optical communication systems are designed with fixed focus optics. In fact, 
the divergence angle, communication distance, transmitting power, and signal-receiving 
processing algorithm of the FSOC system jointly determine the bit error rate (BER) and 
SNR of the system. However, theoretically, under the same conditions, the larger the di-
vergence angle, the more serious the deterioration of the system SNR and BER. 

 
Figure 12. Data collected by photoelectric detector in dynamic tracking. 

 
Figure 13. Eye diagram of tracking experiments between mobile platforms. 

We also did a vehicle-mounted experiment, but it failed. On the one hand, in the 
tracking process, the control unit of the system will predict the position of the light spot 
at the next time according to the current collected spot position data to achieve low error 
compensation. However, in the process of the dynamic test, the lateral vibration ampli-
tude of the vehicle is large because the vehicle cannot drill holes to install shock absorbers. 
The vibration in the motion of the vehicle is completely random. It cannot be compensated 
by prediction but also increases the error of the original spot prediction position as noise. 
All these lead to the deterioration of the tracking performance of the system. On the other 
hand, due to the limitation of the experimental site, the communication distance is rela-
tively close, and the relative motion speed is relatively large, which makes it easy for the 
spot to break away from CCD’s target surface and make tracking fail. 

We are now improving the system to achieve a longer distance tracking alignment 
and link communication of the FSO communication system under vehicle-mounted ex-
perimental conditions. In order to expand the application scenarios and conditions of the 
system in the future, we will also study the influence of the complex atmospheric envi-
ronment on the performance of laser communication systems and its improvement meth-
ods. 

5. Conclusions 
We developed a new free-space optical communication system between moving plat-

forms with a unique tubular folding optical path design and tracking mechanism. Our 
prototype achieved high-precision targeting and tracking on the mobile platform. On a 

Figure 12. Data collected by photoelectric detector in dynamic tracking.

Photonics 2024, 11, x FOR PEER REVIEW 10 of 12 
 

 

algorithms or adding filters of specific frequencies to hardware. Due to the difficulty of 
the design and engineering application of the adaptive Zoom FSO Communication Sys-
tem, the typical space-borne optical communication system is fixed focus design. Typical 
space-borne optical communication systems are designed with fixed focus optics. In fact, 
the divergence angle, communication distance, transmitting power, and signal-receiving 
processing algorithm of the FSOC system jointly determine the bit error rate (BER) and 
SNR of the system. However, theoretically, under the same conditions, the larger the di-
vergence angle, the more serious the deterioration of the system SNR and BER. 

 
Figure 12. Data collected by photoelectric detector in dynamic tracking. 

 
Figure 13. Eye diagram of tracking experiments between mobile platforms. 

We also did a vehicle-mounted experiment, but it failed. On the one hand, in the 
tracking process, the control unit of the system will predict the position of the light spot 
at the next time according to the current collected spot position data to achieve low error 
compensation. However, in the process of the dynamic test, the lateral vibration ampli-
tude of the vehicle is large because the vehicle cannot drill holes to install shock absorbers. 
The vibration in the motion of the vehicle is completely random. It cannot be compensated 
by prediction but also increases the error of the original spot prediction position as noise. 
All these lead to the deterioration of the tracking performance of the system. On the other 
hand, due to the limitation of the experimental site, the communication distance is rela-
tively close, and the relative motion speed is relatively large, which makes it easy for the 
spot to break away from CCD’s target surface and make tracking fail. 

We are now improving the system to achieve a longer distance tracking alignment 
and link communication of the FSO communication system under vehicle-mounted ex-
perimental conditions. In order to expand the application scenarios and conditions of the 
system in the future, we will also study the influence of the complex atmospheric envi-
ronment on the performance of laser communication systems and its improvement meth-
ods. 

5. Conclusions 
We developed a new free-space optical communication system between moving plat-

forms with a unique tubular folding optical path design and tracking mechanism. Our 
prototype achieved high-precision targeting and tracking on the mobile platform. On a 

Figure 13. Eye diagram of tracking experiments between mobile platforms.

We also did a vehicle-mounted experiment, but it failed. On the one hand, in the
tracking process, the control unit of the system will predict the position of the light spot
at the next time according to the current collected spot position data to achieve low error
compensation. However, in the process of the dynamic test, the lateral vibration amplitude
of the vehicle is large because the vehicle cannot drill holes to install shock absorbers. The
vibration in the motion of the vehicle is completely random. It cannot be compensated by
prediction but also increases the error of the original spot prediction position as noise. All
these lead to the deterioration of the tracking performance of the system. On the other hand,
due to the limitation of the experimental site, the communication distance is relatively
close, and the relative motion speed is relatively large, which makes it easy for the spot to
break away from CCD’s target surface and make tracking fail.

We are now improving the system to achieve a longer distance tracking alignment and
link communication of the FSO communication system under vehicle-mounted experimen-
tal conditions. In order to expand the application scenarios and conditions of the system in
the future, we will also study the influence of the complex atmospheric environment on
the performance of laser communication systems and its improvement methods.

5. Conclusions

We developed a new free-space optical communication system between moving
platforms with a unique tubular folding optical path design and tracking mechanism. Our
prototype achieved high-precision targeting and tracking on the mobile platform. On a
moving platform, the tracking error within 100 m distance is less than 1 mrad. In the
current prototype design stage, the weight of the precise targeting load module is 4 KG, and
the total weight of the system is 10 KG. We believe that this system is expected to provide
stable communication links between vehicle platforms and for two-way link connections
between high-altitude mobile platforms and ground.
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