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Abstract— Free space optics (FSO) provides high-capacity
optical wireless communications. To maintain an FSO link with
a moving node, a beam should be steered toward it. As the FSO
link distance gets shorter, it becomes difficult to maintain the link.
This is because the beam radius has not largely expanded yet
at shorter transmission distances and the received optical power
decreases as the receiver moves away from the center of the beam.
In this letter, we address an adaptive beam divergence control
method to expand the range of the FSO link distance within
which the FSO link can be maintained. Theoretical evaluation
results show our method expanded the minimum FSO link
distance to 5 m in assumed use cases, though it was at least 20 m
with a fixed beam divergence. Furthermore, we confirmed the
range of the beam divergence angle and the divergence changing
interval in our method were feasible.

Index Terms— Free space optics, mobile systems, beam
divergence.

I. INTRODUCTION

FREE Space Optics (FSO) is an optical wireless com-
munication technology that provides high-capacity and

license-free communications using an optical beam propagat-
ing in the air. FSO does not require optical fibers between
communication nodes, so it can be flexibly applied to various
use cases such as communications between nodes on building
roofs [1]. FSO technology has been studied for both fixed
and moving nodes. In sixth generation (6G) mobile networks,
numerous antennas using high-frequency bands (e.g., tera-
hertz) are expected to be deployed on various fixed nodes such
as traffic lights and signboards as well as moving nodes such
as trains and drones. FSO is a promising solution to provide
high-capacity mobile fronthauls for these antennas [2].

Assuming use cases where FSO is applied to moving nodes,
an FSO node should steer its output beam so that the power
level of the FSO signal exceeds the minimum receiver sensi-
tivity at the receiver’s aperture of its pair FSO node [3]. The
beam steering control comprises tracking the pair FSO node’s
position and changing the beam direction corresponding to
the transition of the pair FSO node’s position. The position is
tracked on the basis of position detection using, for example, a
position sensitive detector [4]. The beam direction is changed
by a rotating structure such as a gimbal or a voice-coil mirror.
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The gap between the center of the beam receiver and the center
of the beam is called the pointing error [5]. In general, the
beam steering control is executed at a constant interval [6]. The
pointing error occurs during the beam steering interval unless
the moving FSO node moves fully along the axis of the beam
transmission. In order to avoid disconnecting an FSO link, the
received optical power should be kept large enough even if
the maximum pointing error occurs. We define the maximum
pointing error within which an FSO link can be maintained as
allowable pointing error.

When the transmission distance is shorter, the beam radius
has not largely expanded yet, so the allowable pointing error is
smaller. As the allowable pointing error decreases, the pointing
error that occurs during the beam steering interval easily
exceeds the allowable pointing error. This means that the FSO
link becomes more likely to be disconnected when the moving
FSO node nears its pair FSO node, which restricts the range
of the distance within which the FSO link can be maintained.
We define the range as the “link range”.

In some 6G use cases, the distance between FSO nodes
dynamically changes. In an example, a ground station com-
municates with a drone that inspects facilities such as bridges,
traffic roads, and so on. In this use case, the link distance
changes during the inspection and a wider link range is
desirable. The link range is expanded by shortening the beam
steering interval or increasing the allowable pointing error.
If the beam steering interval is shortened, the pointing error
that occurs during the interval becomes smaller, but high-cost
hardware has to be implemented for shorter beam steering
interval. For increasing the allowable pointing error, one way is
to implement a beam receiver with a larger radius, which is dif-
ficult to be mounted on a moving FSO node because of severe
restrictions in size, weight, and consumption power [7]. The
other way is to utilize a beam with a larger divergence angle at
the transmitter. However, a beam with a divergence angle fixed
at a larger value shortens the maximum FSO link distance.

In this letter, we address an adaptive beam divergence
control on the basis of the FSO link distance to expand the
link range. The beam divergence control has been studied for
various purposes [8], [9], [10], [11], [12]. In [11], the beam
divergence angle is controlled for the coarse and fine tracking
eliminating the beacon. In [8], [10], and [12], the beam diver-
gence angle is adjusted optimally for the system performance
according to the amount of the pointing error caused by
vibrations and beam wandering. A result in [9] shows that
the adaptive beam control achieves better performance through
both short and long distances compared with the performance
achieved by the fixed beam. However, [9] did not evaluate
the performance in a moving speed of FSO nodes. We focus
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Fig. 1. Beam steering control to maintain an FSO link.

on the pointing error during the beam steering interval, which
changes on the basis of the moving speed of FSO nodes. For
applying the adaptive beam control to various use cases in 6G,
we evaluate the required beam divergence angle considering
the moving speed of FSO nodes. Furthermore, we evaluate
the required interval to change the beam divergence angle,
and confirm that the interval is feasible.

II. ADAPTIVE BEAM DIVERGENCE CONTROL

Figure 1 shows the beam steering control for maintaining
an FSO link between a fixed FSO node and a moving FSO
node. For ease of understanding, only a beam from the fixed
FSO node is illustrated, though this method can be applied
to bi-directional communications. The beam is steered on
the basis of the moving FSO node’s position at the constant
interval �t . Assuming t0 is a timing of the beam steering, the
moving FSO node is located at the center of the beam at t0.
We also assume the moving FSO node moves at the constant
velocity v0. The magnitude of v0’s component orthogonal to
the beam axis isv. The pointing error gradually increases until
just before t0+�t because the beam direction does not change
until then. The maximum pointing error nearly equal to v�t
occurs just before t0 + �t . If the allowable pointing error at
the current FSO link distance is larger than v�t , the FSO
link can be maintained. In order to evaluate whether the FSO
link can be maintained with the maximum pointing error v�t ,
we assume the moving FSO node moves only orthogonally to
the beam axis.

Figure 2 shows the conventional and our methods.
We assume that, at t1, the beam is steered and the moving
FSO node is located at the center of the beam. From t1 to
t1 + �t , the moving FSO node moves orthogonally to the
beam axis at the constant velocity v while keeping the FSO
link distance z1. We assume the allowable pointing errors at
z1 in the conventional and our methods are same and larger
than v�t , so the FSO link is maintained in both methods until
t1 +�t . From t1 +�t to t2, the moving FSO node approaches
the fixed FSO node along the beam axis, so the FSO link
distance gets shorter from z1 to z2. We assume t2 as the timing
of the beam steering. From t2 to t2+�t , the moving FSO node
moves orthogonally to the beam axis again at the constant
velocity v. In the conventional method, the beam divergence
angle is fixed to θ1 to transmit enough power to maintain
the FSO link through the maximum distance determined in
advance. However, if the allowable pointing error gets smaller
than v�t at z2 as the FSO link distance gets shorter, the FSO
link is disconnected between t2 and t2 + �t . Therefore, the
link range is less than z2 − z1. Meanwhile, in our method,
the beam divergence angle increases to θ2 at t2 so that the
allowable pointing error at z2 is larger thanv�t . Since the
received optical power increases as the transmission distance
gets shorter, there is room to increase the beam divergence
angle. Therefore, the FSO link is maintained even when the
FSO link distance gets shorter. The link range is improved
more than z2 − z1.

Fig. 2. Conventional method and our method.

For changing the beam divergence, a beam divergence
control component should be added compared with the
conventional method. The component is, for example, a simple
position controller [13]. If we expand the link range with the
conventional method, multiple beam transmitters of different
beam divergence angles are needed, which increases the imple-
mentation cost and complexity.

We assume v0, �t , the radius of the beam receiver R, and
the required link range are known in advance. The positions of
each FSO node are obtained by the global positioning system
(GPS). The FSO link distance z is calculated by exchanging
their positions via, for example, a link using a radio frequency
band. The beam divergence angle should satisfy

P (z, R, v0�t) > Pnec, (1)

where, P (z, R, v0�t) is the received optical power with z, R
and v�t , and Pnec is the received optical power necessary
to maintain the FSO link. P (z, R, v0�t) is calculated as
follows [14]. We assume that the beam is a Gaussian beam
that expands in a circle. The beam radius is calculated by

w (z) =
√(

λ

πθ

)2

+ θ2z2, (2)

where, w (z) is the beam radius [m] after the propagation
through z, λ is the wavelength [m], and θ is the beam
divergence angle [rad]. The beam power after propagation
through z is calculated by

P (z) = Pt − γ

1000
z, (3)

where, P (z) is the power [dBm], Pt is the transmission power
[dB] and γ is the propagation loss [dB/km]. γ is calculated
by

γ = 13

V

(
λ

550

)−q

, (4)

where V is visibility [km] and q is defined according to the
Kim model [15]. Beam intensity, I (z, r) [W/m2], is calculated
by

I (z, r) = 2P (z)

π {w(z)}2 e
−2 r2

{w(z)}2 , (5)

where r [m] is the radial distance from the center of the beam.
In order to calculate the received optical power when the

pointing error M [m] occurs, P (z, R, M) [W], we introduce
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Fig. 3. Calculation of received optical power. (a) In case of R > M. (b) In
case of R < M.

the following calculations in this letter as

P (z, R, M)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

∫ R−M

0
2πr I (z, r) dr +

∫ R+M

R−M
2 (π − α) r I (z, r) dr

(R > M)∫ M+R

M−R
2 (π − α) r I (z, r) dr

(R < M),

(6)

where α is described by

α = acos
R2 − r2 − M2

2r M
. (7)

In (6), every beam intensity inside the beam receiver is
integrated by using a circle C with the origin O that is the
center of the beam and the radius r as shown in Fig. 3.
r increases from 0 to R + M . The relationship between R
and M can change in our evaluation since M depends on the
moving speed of the FSO nodes. In order to calculate the
received optical power for any given pointing error, two cases
of R > M and R < M are described in (6). In the case of
R > M in Fig. 3 (a), when r < R − M , all beam intensities
on the circumference of C are integrated because all of them
are involved in the beam receiver. After r exceeds R − M , the
beam intensities on the circumference of C that are involved
in the beam receiver are only integrated. In the case of R < M
in Fig. 3 (b), when r < M − R, none of the beam intensities
on the circumference of C are involved in the beam receiver.
After r exceeds M − R, some beam intensities are involved in
the beam receiver, which are then integrated to the received
optical power.

The divergence angle is chosen so that Eq. (1) is satisfied.
Here, the frequency to change it should be minimized since
there is a required interval to change the beam divergence
angle. In our divergence angle control, some beam divergence
angles are chosen in advance. The link range of a chosen
divergence angle has a common range with that of the adjacent
chosen divergence angle, and the common range is set to be
enough larger than the moving distance within the required
interval to change the beam divergence angle. The FSO link
distance is calculated in real time, and one of the beam
divergence angles whose link range covers the link distance is
chosen. The link range in our method is the union of the link
ranges based on the chosen beam divergence angles, which
is larger than the link range based on a single fixed beam
divergence angle in the conventional method.

III. THEORETICAL EVALUATIONS

We verified the expansion of the link range with use cases
in 6G where the antenna was mounted on the moving FSO
node and the required transmission rate was 100 Gbit/s. In our
evaluations, we assumed Pnec = −18 [dBm] [16], λ =
1,550 [nm], Pt = 10 [dBm], R = 6 mm, and �t = 1 [ms] [6].
Terrestrial use cases are assumed, but the link distance is at

Fig. 4. Received optical power (V = 20 km, v = 100 km/h).

most 200 m. In such cases, the effect of turbulence can be
ignored since it is significantly small as shown in [17].

A. FSO With Moving Antenna on Drone

In this subsection, a ground base station was assumed to
communicate with an antenna mounted on a drone whose v
was 100 km/h. In this case, the maximum pointing error (v�t)
was 27.8 mm. We set the target link range to 5–200 m.

First, let V be 20 km (in clear weather). The received
optical power with v�t is shown in Fig. 4. The link range
at each beam divergence angle had an upper limit and a
lower limit. The upper limit existed because the received
optical power became smaller than Pnec as the link distance
got longer. The lower limit existed because the allowable
pointing error got smaller than v�t as the link distance got
shorter. In the conventional method, the maximum FSO link
distance of 200 m was achieved with the beam divergence
angle below 1 mrad. The link range was 20–200 m at 1-mrad
beam divergence angle. On the other hand, the different link
ranges at various beam divergence angles could be merged in
our method. As shown in Fig. 4, the link range was expanded
to 5–200 m by merging the link ranges of 20–200 m at 1 mrad
and 5–60 m at 3.4 mrad. 3.4 mrad was the smallest beam
divergence angle at which the FSO link could be maintained
through the minimum FSO link distance of 5 m. The range
of the beam divergence angle of 1–3.4 mrad was feasible
according to [13].

We define the required interval to change the beam diver-
gence angle as Tθ . According to [12], the feasible Tθ is 7 ms
or greater, so the feasible vTθ is over 0.2 m. In order to change
the beam divergence angle while the moving FSO node is in
the link range, the link ranges based on the beam divergence
angles before and after the change should have a common
range larger than 0.2 m. The link range at 1 mrad and that
at 3.4 mrad had a common range of 40 m, which was much
larger than 0.2 m. In terms of the range of the beam divergence
angle and the change of the beam divergence angle while
maintaining the FSO link, the feasibility of our method was
confirmed.

Next, let V be 0.5 km (in fog). The received optical power
with v�t is shown in Fig. 5. Because V was shorter than
that in the previous case, the upper limit of the link range
at each beam divergence angle was shorter than that in the
previous case. The required beam divergence angle to achieve
the maximum FSO link distance of 200 m was 0.4 mrad, at
which the link range was 45–200 m. With our method, the link
range was expanded to 5–200 m by merging the link ranges
of 45-200 m at 0.4 mrad, 10–85 m at 1.8 mrad and 5–40 m at
3.4 mrad. The range of 0.4–3.4 mrad was feasible [13]. The
link range at 0.4 mrad and that at 3.4 mrad had no common
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Fig. 5. Received optical power (V = 0.5 km, v = 100 km/h).

Fig. 6. Received optical power (V = 20 km, v = 150 km/h).

Fig. 7. Received optical power (V = 0.5 km, v = 150 km/h).

range, so the additional angle of 1.8 mrad was utilized, which
maximized the minimum of the common range. The minimum
common range was 35 m, which was much larger than 0.2 m,
so the feasibility was confirmed.

B. FSO With Moving Antenna on Train

In this subsection, a ground station was assumed to com-
municate with an antenna on a train. The antenna provided
high-capacity radio links for passengers on the train, whose v
was 150 km/h. In this case, the maximum pointing error (v�t)
was 41.7 mm. We set the target link range to 5–100 m.

First, let V be 20 km. The received optical power with
v�t is shown in Fig. 6. The required beam divergence angle
to achieve the maximum FSO link distance of 100 m was
1.8 mrad, at which the link range was 55–100 m. With our
method, the link range was expanded to 5–100 m by merging
the link ranges of 20–110 m at 1.8 mrad and 5–30 m at 6 mrad
in our method. The range of 1.8–6 mrad was feasible [13]. The
link range at 1.8 mrad and that at 6 mrad had a common range
of 10 m, which was much larger than the required value of
0.3 m for maintaining the FSO link while changing the beam
divergence angle, so the feasibility was confirmed.

Next, let V be 0.5 km. The received optical power withv�t
was shown in Fig. 7. The required beam divergence angle
to achieve the maximum FSO link distance was 1.4 mrad,
at which the link range was 25–100 m. With our method, the

link range was expanded to 5–100 m by merging the link
ranges of 25–100 m at 1.4 mrad and 5–30 m at 6 mrad in our
method. The range of 1.4–6 mrad was feasible [13]. The link
range at 1.4 mrad and that at 6 mrad had a common range of
5 m, which was much larger than the 0.3 m. Therefore, the
feasibility was confirmed.

IV. CONCLUSION

We addressed the adaptive beam divergence control method
to expand the range of the distance at which an FSO node
maintained an FSO link with its pair FSO node. Theoretical
evaluation results showed our method expanded the minimum
FSO link distance to 5 m when a moving FSO node moved at
a speed of at least 100 km/h in all assumed use cases, though
the minimum FSO link distance in the conventional method
that employed a fixed beam divergence was at least 20 m.
Furthermore, we confirmed our method could be achieved with
the feasible range of the beam divergence angle of 0.4–6 mrad
that covers all assumed use cases and the feasible control
interval of the beam divergence angle of 7 ms.
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