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Abstract—In a drone assisted wireless network, a drone is
deployed over a place of interest (PoI) to relay traffic between
the users at the PoI and a nearby wireless access point (WAP). To
alleviate the bottleneck in the fronthaul link between the drone
and the WAP, free space optics (FSO) is applied as the fronthaul
communications solution. However, due to the mobility of the
drone, a low cost and lightweight Acquisition, Tracking, and
Pointing (ATP) system is required to ensure the low pointing
loss for the FSO based fronthaul link. Although many high-
accurate ATP systems have been designed for the FSO system to
achieve, for example, ground-to-satellite communications, these
ATP systems have high weight and cost, and so may not be
suitable to be applied in the drone assisted wireless network,
which may not require such high pointing accuracy. In this paper,
we design and implement a novel low cost and lightweight gimbal-
based ATP system to mitigate the pointing loss for the FSO
based fronthaul link in a drone assisted wireless network. We
experimentally evaluate the performance of the ATP system and
observe that the designed ATP system can have a low pointing
loss of the FSO based fronthaul system, especially when the drone
is at a low speed with a proper beam divergence angle.

Index Terms—Free space optics, ATP, drone.

close to the users to provide high-speed wireless links. Yet,
due to the long distance and high traffic load, the fronthaul link
between the drone and the WAP may become the bottleneck to
significantly reduce the network throughput. To alleviate the
bottleneck, free space optics (FSO) is applied as the fronthaul
solution [9]–[11], where an optical beam is transmitted from
an FSO transmitter at the WAP to an FSO receiver at the drone
carrying data streams. Compared to RF communications, FSO
has the following advantages. 1) FSO has a higher link
capacity over a longer distance. For instance, an FSO link
can offer a Gbps−Tbps data rate at the distance of several
kilometers [12]–[15]. 2) FSO is conducted over unlicensed
spectrum [16], thus having no spectrum licensing cost. 3) The
spectrum used by FSO does not overlap with that used by RF,
thus avoiding the interference from RF communications. 4)
FSO is secure as any interception/eavesdropping on an FSO
link can be easily identified owing to the fact that FSO applies
directional beams with narrow beam divergence [17], [18].

Fig. 1: The FSO based drone assisted wireless network.

One of the major challenges in applying FSO as the
fronthaul link in drone assisted wireless networks is high
mobility and limited payload/power capacity of the drones.
Specifically, FSO is a type of point-to-point communications,
and so any misalignment between an FSO transmitter and an
FSO receiver may significantly reduce the FSO link capacity.
Due to the high mobility of a drone, it is critical to design an
Acquisition, Tracking, and Pointing (ATP) system to mitigate
the misalignment between the FSO transmitter at the WAP
and the FSO receiver at the drone1. On the other hand, since
the drones have very limited payload and power capacity,
the ATP system should not increase too much weight or

1Note that it is necessary to implement two FSO based fronthaul links
between the drone and the WAP to achieve full-duplex communications, and
so both the drone and WAP should have the same equipment, i,e, an FSO
transmitter, an FSO receiver, and the corresponding ATP system. However,
to better understand the designed system, we only describe the system for
downlink communications from the WAP to the drone.

I. INTRODUCTION

Vast wireless access points (WAPs) deployment provides 
almost seamless wireless connections and Internet services 
to users. However, current wireless networks are vulnera-
ble to natural disasters and burst traffic d emands [1], [2]. 
For example, a football stadium (when a football game is 
happening) may become a hotspot area, where many users 
may generate massive traffic t o s tress nearby WAPs t hat may 
not be able to provide sufficient c apacity [3]. A lso, w hen a 
natural disaster strikes an area where all the networks and 
power infrastructures could be severely damaged, the victims 
in the disaster struck area cannot communicate with the first 
responders to conduct effective rescues [4]–[6].

To improve resilience of wireless networks in handling the 
burst traffic d emands a nd e mergency c ommunications, drone 
assisted wireless networks have been proposed, where a drone 
is equipped with a small cell base station or a portable WAP 
to quickly and flexibly be deployed over any places of interest 
(PoI), such as sporadic hotspots and disaster struck areas [7],
[8]. As shown in Fig. 1, the drone is a flying n ode t o relay 
traffic between the users and a WAP. A drone can be deployed
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power at the drone side. Although many high-accurate ATP
systems have been designed for the FSO system to achieve,
for example, the ground-to-satellite and satellite-to-satellite
communications, these ATP systems have high weight and
cost, thus not suitable to be applied in drone assisted wireless
networks. Moreover, the FSO based fronthaul link does not
require such high-accurate ATP due to, for example, the rela-
tively short distance between a WAP and a drone. Motivated
by this, we design and experimentally test the performance
of a cost effective and lightweight ATP system for FSO based
fronthaul communications in drone assisted wireless networks.
The major contributions of the paper are listed as follows.

• We design a cost effective and lightweight ATP system,
which comprises a beacon at the drone, a camera mounted
on a gimbal at the WAP, and a controller at the WAP. We
develop a fast but accurate image processing algorithm
to derive the relative position of the drone based on
the captured image, and employ the proportional integral
derivative (PID) algorithm to control the gimbal.

• We experimentally evaluate the performance of the de-
signed ATP system in terms of the beam displacement
and pointing loss of the FSO link.

• We observe that the designed ATP system can achieve
low pointing loss for the FSO based fronthaul system,
especially when the drone is in a low speed with proper
beam divergence angle.

The rest of the paper is structured as follows. The related
work is summarized in Section II. We explain our designed
ATP system in Section III. In Section IV, we describe our ex-
perimental setups and analyze the experiment results. Section
V provides a summary of the paper.

II. RELATED WORK

ATP is essential in an FSO system if the narrow beams are
used to carry data streams. In general, ATP can be classified
into gimbal-based, mirror-based, and hybrid. In the gimbal-
based ATP system, after deriving the drone’s position based
on the received beacon signal from the drone, a mechanical
rotary gimbal, which carries an FSO transmitter, will adjust its
movement in the Pan and Tilt directions to ensure the optical
beam from the FSO transmitter can be received by the target.
The gimbal-based ATP system can adjust its FSO transmitter
over a wide angular range of motion, which is necessary for
drone assisted wireless networks since drones may move in a
wide space [19], [20]. However, the drawback of the gimbal-
based ATP system is low pointing resolution (in the range of
µrad), thus unable to provide accurate movement control [21].

The mirror-based ATP system uses fast steering mirrors
(FSMs) to adjust the direction of an optical beam. That is,
based on the received beacon from the drone, an FSM would
adjust its angle to enable the optical beam to be reflected to
the right direction towards the FSO receiver at the drone. As
compared to the gimbal-based ATP system, the mirror-based
ATP system has limited angular range of motion, which may
not be suitable for acquisition and tracking the beacon from
the drone [22]. However, due to the high pointing resolution

of an FSM (in the range of sub-µrad), the mirror-based ATP
system has fine-grained and high-speed control [23].

The hybrid ATP system combines the gimbal-based and
mirror-based solutions. That is, the mirror-based ATP system is
mounted on a rotary gimbal, and so after receiving the beacon
signal, the controller would adjust the gimbal’s movement to
achieve a coarse-grained pointing, and tune the FSM to achieve
a fine-grained pointing [24]. As compared to the previous
two methods, the hybrid ATP system can provide both wide
angular range of motion and high pointing resolution, but it
has a higher weight, cost, and power consumption as well as
complicated control of coordinating the movement of the gim-
bal and FSM. Normally, the hybrid ATP has been widely used
in the FSO system for long distance communications (e.g.,
ground-to-satellite and satellite-to-satellite communications) or
high-speed train communications [25]. However, the necessity
of applying the hybrid ATP to the FSO based fronthaul system
in a drone assisted network is still unclear.

In this paper, we implement a new gimbal-based ATP sys-
tem, where a camera is used to capture the image containing
the beacon signal, a fast but accurate image processing algo-
rithm is designed to extract the relative position of the drone,
and the PID algorithm is used to control the gimbal based
on the derived information. We experimentally evaluate the
performance of the ATP system and expect that the designed
ATP system can achieve low pointing loss for the FSO based
fronthaul system in a drone assisted network, especially when
the drone is in a low speed with proper beam divergence angle.

III. SYSTEM MODELS

To achieve high link capacity, the FSO based fronthaul link
applies a narrow beam to carry data streams from a WAP to
a drone. Hence, any misalignment from an FSO transmitter at
the WAP and an FSO receiver at the drone may lead to high
pointing loss [26], which can be described as the displacement
between the center of the optical beam at the FSO receiver
and the center of the FSO receiver’s aperture as shown in
Fig. 1, thus significantly reducing the link capacity. Denote
d = (dx, dy) as the corresponding displacement, where dx
and dy are the displacements in Pan and Tilt, respectively.

To alleviate the pointing loss, ATP is necessary to be used
in the FSO based fronthaul system. As shown in Fig. 2, the
ATP system comprises a beacon signal (e.g., an infrared light)
at the drone, a camera/CMOS sensor mounted on a gimbal at
the WAP, and a controller, where the beacon signal is used
to indicate the location of the drone, the camera is to capture
the image containing the beacon signal from the drone and
forward the image to the controller, and the controller is to
derive the displacement between the center of the beacon beam
and the center of the camera’s Field-of-View (FoV), denoted as
δ, calculate the corresponding angular velocity of the gimbal
based on the PID algorithm, and send the angular velocity to
the gimbal, which adjusts its axes accordingly to minimize δ.
Specifically, there are four major functions in the controller.

1) Down sampling: Once the controller receives an FoV
image from the camera with N × M resolution, it
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Fig. 2: The configuration of the designed ATP system.

decreases the sample rate of the image by a factor of κ
to generate a new FoV image with N ′ ×M ′ resolution.
The reason of conducting down sampling is to reduce the
latency of the image processing in next two steps.

2) Image filtering: The RGB image is the converted into
a binary image, whose pixels have only 0 or 1 intensity
values, i.e., xnm ∈ {0, 1}, where xnm is the intensity
value for the pixel in row n (1 ⩽ n ⩽ N ′) and column
m (1 ⩽ m ⩽ M ′) of the binary image.

3) Identifying the displacement δ: The beam spot of the
beacon in the binary image could be a circle, ellipse, or
any irregular shape. Denote (n∗,m∗) as the center of the
beam spot for the beacon, which is estimated based on

n∗ = argmax
n

{∑M ′

m=1 xnm |1 ⩽ n ⩽ N ′
}
.

m∗ = argmax
m

{∑N ′

n=1 xnm |1 ⩽ m ⩽ M ′
}
.

(1)

Therefore, δ = (δx, δy), i.e., the displacement (in pixels)
between the center of the beacon beam (n∗,m∗) and the
center of the camera’s FoV

(
N ′

2 , M ′

2

)
, is{

δx = n∗ − N ′

2 .

δy = m∗ − M ′

2 .
(2)

4) PID Controll: The controller then calculates the angular
velocity of the gimbal v = (vx, vy) based on the PID
algorithm, i.e.,[

vx
vy

]
= kp

[
δx
δy

]
+ ki

[ ∫
δxdt∫
δydt

]
+ kd

[ dδx
dt
dδy
dt

]
= kp

[
δtx
δty

]
+ ki

[ (
δtx + δt−1

x + · · ·+ δt−w1
x

)
∆T(

δty + δt−1
y + · · ·+ δt−w1

y

)
∆T

]
+ kd

[
δtx−δt−w2

x

∆T
δty−δt−w2

y

∆T

]
, (3)

where kp, ki, and kd are the 2 × 2 matrices representing
the proportional, integral, and derivative gains in the
Pan and Tilt directions, respectively, which are estimated
based on the field test,

(
δtx, δ

t
y

)
and

(
δt−i
x , δt−i

y

)
are

the current and previous ith displacement measurement,
respectively, w1 and w2 are the time window size to
calculate the integral and derivative of the displacement,
respectively, and ∆T is the response time of the ATP
system, i.e., the period between two displacement mea-
surements. The derived angular velocity v = (vx, vy) will
be sent to the gimbal to adjust its axes accordingly.

The four functions have low complexity, and each of them
can be executed by the server (Dell XPS-8930 with i7-8700
CPU and 16 GB RAM) in less than 1 ms. The execution
time can be further reduced if a more powerful server or a
dedicated hardware (e.g., an FPGA board) is applied. Hence,
the response time of the ATP system ∆T is mainly determined
by the response time of the camera system, which is defined
as the minimum delay of a motion clip that can be clearly
captured and transmitted to the controller. The response time
of the camera system of our designed testbed, which will be
described in Section IV, is 19 ms.

Note that the displacement δ = (δx, δy) measured based
on Eq. (2) is different from the displacement d = (dx, dy)
between the center of the optical beam at the FSO receiver
and the center of the FSO receiver’s aperture (as illustrated in
Fig. 1). However, δ can be easily mapped into d based on


dx

2l tan θx
2

= δx
N ′

dy

2l tan
θy
2

=
δy
M ′

⇒



dx

l =
2δx tan

θx
2

N ′︸ ︷︷ ︸
Angle of displacement in Pan ϵx

,

dy

l =
2δy tan

θy
2

M ′︸ ︷︷ ︸
Angle of displacement in Tilt ϵy

,

(4)
where l is the distance between the FSO transmitter and FSO
receiver, and θx and θy are the angle of the FoV for the camera
in the Pan and tilt directions, respectively, as shown in Fig. 3.
Given δ and θ = (θx, θy), it is easy to derive that d increases

as l increases based on Eq. (4). Here, we define ϵx =
2δx tan θx

2

N

and ϵy =
2δy tan

θy
2

N as the angle of displacement in the Pan and
Tilt directions, respectively, and apply ϵx and ϵy to indicate
the pointing error for our designed ATP system. Note that ϵx
and ϵy do not change with respect to l.

Fig. 3: Mapping from δ into d.
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IV. EXPERIMENTAL EVALUATION

We will evaluate the performance of the designed ATP
system by setting up a small scale testbed. As shown in Fig. 4,
at the drone side, in order to accurately control the movement
of the beacon/drone, we mount a beacon on a high-accuracy
rotation stage. The beacon signal is first reflected by a wall,
and then propagates to the camera on the WAP. Since the
beacon is placed very close to the wall, we assume that the
beacon signal is transmitted from the wall. As compared to
the method of emitting beacon signal directly to the WAP
without being reflected by the wall (which is difficult to
accurately control the movement of the beacon), our design
can accurately control the movement of the beacon/drone on
the wall by adjusting the rotation angle and speed of the
rotation stage. At the WAP side, a camera and a laser source
are mounted on a DJI gimbal, where the lase source is to
emulate the optical beam carrying data to the drone2, and the
camera is to capture the FOV image containing the beacon
signal and send the captured image to the controller via the
video capture card. The controller is to process the captured
image and calculate the angular velocity of the gimbal.

Fig. 4: The configuration of the ATP testbed.

TABLE I: Equipment in the testbed

Name Equipment

Camera Sony AX-53
Beacon 10mW 650nm
Gimbal (for camera and laser source) DJI Ronin-S
Rotation stage (for beacon) Thorlabs DDR100
Controller Dell XPS-8930

TABLE II: Experiment parameters

Parameter Value

Proportional gain (kp) [1.075,0;0,1.15]
Integral gain (ki) [1.925,0;0,2.443]
Derivative gain (kd) [0.19,0;0,0.172]
Original resolution of the camera (M ×N ) 1280×720
Down sampling factor (κ) 5
Angle of FoV in Pan and Tilt (θx and θy) 9.85 and 5.54 mrad
Time window for the displacement integral (w1) 76ms
Time window for the displacement derivative (w2) 19ms

2Note that the laser source in the experiment is to visually demonstrate
the laser beam on the wall can be adjusted corresponding to the movement
of the beacon on the wall. It is not used for measuring the pointing error.
Please check the video via the link below for the demo. https://drive.google.
com/file/d/1N3q4WA1zX1BzFhVMNIX5vgT7W9 YS08g/view?usp=sharing.

Fig. 5: The designed ATP testbed.

We move the beacon on the wall by adjusting the rotation
stage and calculate (ϵx, ϵy) based on Eq. (4) during every
time interval ∆T = 19 ms. In each round, the beacon on
the wall follows a line trajectory with the angle of 0.7328 rad,
where the beacon moves from the original to ending points
of the line with velocity k m/s, and then reverses back to the
original point with velocity −k m/s, where a negative velocity
represents a reverse direction. The beacon keeps following the
same trajectory but increasing velocity k from 1 to 14 m/s over
rounds. So, in each round, there are two acceleration periods
(from 0 to k/ − k m/s) and two deceleration periods (from
k/ − k m/s to 0) with 35/-35 m/s2 acceleration/deceleration.
The corresponding demo video can be found in Footnote 2.

Figs. 6 and 7 show the angle of displacement over time
when v = 2 m/s and v = 10 m/s, respectively. From the
figures, we can find that the angle of displacement ϵx/ϵy for
the designed ATP system oscillates when the beacon velocity
k does not change, and ϵx/ϵy may significantly change when
the beacon is in the acceleration and deceleration periods. In
addition, ϵx/ϵy is the minimum when k = 0 and increases
as k increases. For example, |ϵx| is always less than 1 mrad
when k = 2 m/s in Fig. 6. Yet, |ϵx| is mostly larger than
2 mrad when k = 10 m/s in Fig. 7. Moreover, the angle of
displacement in Pan (i.e., |ϵx|) is smaller than that in Tilt (i.e.,
|ϵy|). This is probably because the mechanical design of the
DJI Ronin-S gimbal, where the Pan axis is much stable than
the Tilt axis, thus having higher accurate control.

To avoid the performance uncertainty during the acceler-
ation and deceleration periods, we measure the angle of dis-
placement |ϵx| and |ϵy| when the beacon is in a constant speed.
Figs. 8 and 9 are the box plots of the angle of displacement
in the Pan and Tilt directions, respectively, under different
constant speeds. The results in the figures demonstrate that
|ϵx| and |ϵy| increase as k increases. Based on the results in
Figs. 8 and 9, we then calculate the average displacement ∥d∥
between the center of the optical beam at the FSO receiver
and the center of the FSO receiver’s aperture (as shown in
Fig. 1) by varying the distance l and beacon velocity k, where
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Fig. 6: The angle of displacement when k = 2 m/s. Fig. 7: The angle of displacement when k = 10 m/s.

∥d∥ =
√

(dx)
2
+ (dy)

2, and dx and dy are calculated based
on Eq. (4). It is not surprising to see that the displacement
∥d∥ is monotonically increasing with respect to the beacon
velocity k and distance l between the drone and the WAP.

We further analyze the average pointing loss of the FSO link
by applying the designed ATP system. Normally, the pointing
loss can be estimated by [27]

hpoi = exp

−
2
√
2d2ρrx exp

(
− π(ρrx)2

2(ρrx beam)2

)
(ρrx beam)

3
erf

( √
πρrx

√
2ρrx beam

)
 , (5)

where ρrx and ρrx beam are the radii of the FSO receiver’s
aperture and the optical beam at the FSO receiver’s aperture,
respectively, as illustrated in Fig. 1, and erf() is the Gauss
error function. Normally, ρrx beam ≈ l × ζ

2 , where ζ is the
divergence angle of the optical beam. Assuming ρrx = 5
cm, Figs. 11, 12, and 13 show the value of hpoi by applying
the designed ATP system when ζ equals 2, 1, and 0.1 mrad,
respectively. From the figures, we can find that given l,
hpoi is monotonically non-increasing as k increases3, which
is easy to understand since the displacement ∥d∥ increases
once k increases. However, it is interesting to observe that
given beacon velocity k, the changes of hpoi over distance
l is complicated, depending on the divergence angle ζ. For
example, in Fig. 11, hpoi is monotonically non-decreasing as
l increases given k. This is because if a large divergence angle
ζ = 2 mrad is applied, the radius of the optical beam ρrx beam

increases much faster than ∥d∥ over l, and so a larger ρrx beam

can reduce the pointing loss caused by the displacement. On
the other hand, if a smaller divergence angle ζ = 0.1 mrad
is applied, as shown in Fig. 13, ρrx beam increases much
slower than ∥d∥ over l, and so a larger ρrx beam cannot reduce
the pointing loss anymore. Hence, hpoi is monotonically non-
decreasing as the distance l increases given k.

From Figs. 11-13, we can also derive that the designed ATP
system is enough to generate low pointing loss to establish the

3Note that a smaller value of hpoi indicates a larger pointing loss.

FSO based fronthaul link when 1) a large divergence angle
optical beam is applied to carry data and the velocity of the
drone, i.e., k, is not high (e.g., less than 5 m/s) as shown in
Fig. 11, or 2) a small divergence angle optical beam is used
and the distance between the drone and the WAP is short (e.g.,
less than 400 m) as shown in Fig. 13. Otherwise, a fine-tuned
ATP system is needed to reduce the pointing errors.

V. CONCLUSION

In this paper, we have designed a cost effective and
lightweight ATP system for the FSO based fronthaul link in
drone assisted wireless networks. We have developed a fast
but accurate image processing algorithm to derive the relative
position of the drone, and employed PID to control the gimbal.
We have experimentally evaluated the performance of the ATP
system, which can achieve low pointing loss, especially when
the drone is in a low speed with proper beam divergence angle.
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