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Abstract: An electromagnetic immune Free Space Optical Communication (FSOC) system for an
Unmanned Aerial Vehicle (UAV) command and control link is introduced in this paper. The system
uses the scheme of omnidirectional receiving and ground scanning transmitting. It has a strong anti-
turbulence ability by using a large area detector and short-focus lens. The design of omnidirectional
communication improves the ability of anti-vibration and link establishment. Pure static reception
has no momentum effect on the platform. The receiver is miniaturized under no use of a gimbal
mirror system, beacon camera system, Four-Quadrant Photodetector (QPD) and multi-level lens
system. The system can realize omnidirectional reception and the communication probability in 1 s is
greater than 99.99%. This design strengthens the ability of the FSOC system, so it can be applied in
the UAV command and control, the satellite submarine communication and other occasions where
the size of the platform is restricted.

Keywords: FSOC system; omnidirectional communication; miniaturization

1. Introduction

Compared with traditional optical fiber communication and microwave communi-
cation, FSOC has the advantages of high communication speed, strong anti-interference
ability, high security and small size [1,2]. It has many applications in the civil emergency
information transmission, the information security transmission under electromagnetic
interference and the space information network construction [3–5]. Related researches
have been carried out in References [6–16]. Besides, UAV has the advantage of flexi-
ble deployment and is developing rapidly in the direction of miniaturization and high
speed [17,18]. However, UAV command and control systems are facing challenges on
interference made by a Wireless Fidelity (Wi-Fi) signal and its own interference made
to other facilities, typically the influence in the airport. Using the FSOC system on the
UAV helps enhance the communication ability and eliminate the strict condition on the
electromagnetic environment, which brings huge impact to the UAV’s communication
mode [18].

The FSOC system applied in UAV also faces many challenges. First, FSOC inevitably
faces the problem of atmospheric turbulence, and UAV produces serious atmospheric tur-
bulence in the flight process, which significantly damages the communication probability.
Second, if the UAV loses its tracking during flight, it is difficult for normal FSOC equipment
to complete the link establishing in a short time, which may cause the UAV to go out of
control. Third, the moment of inertia generated by the rotation of the FSOC system during
the search process could disturb the flight of UAVs.
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Many methods have been proposed to apply FSOC equipment on UAV. In Refer-
ence [17], the integrated optical module helps to support both the signal beam and the
beacon beam. This scheme can reduce volume to a certain extent, but the static transmission
distance is only 50 m. In Reference [19] and Reference [20], adaptive optics technology
is used to compensate the atmospheric disturbance in real time. They realize the demon-
stration experiment of low-power and high-speed air to ground laser communication.
However, the equipment is so heavy that can only be carried by P68 aircraft, which can
carry 680 kg. A precious tracking system based on fast steering mirror is adopted in
Reference [21]. The scheme also reduces the intensity jitter at the cost of increasing the
volume and complexity of the receiver, but it cannot work in the vibration environment
because of the poor anti-vibration performance of the fast steering mirror.

In this paper, a scheme of omni-directional receiving is proposed, which can realize
anti-jamming UAV command and control. It has the following advantages:

1. Large area detectors and short focus lenses are used at the receiving end, which
greatly improve the anti-turbulence ability of the system;

2. An omni-directional receiving communication mode is adopted, thus enhancing its
abilities for anti-vibration and link establishing;

3. The receiver adopts the pure static receiving mode, which does not affect the momen-
tum of the platform and help the UAV free from flying interference;

4. The receiver of the UAV can be miniaturized for it eliminates the gimbal mirror
system, the beacon camera system and the QPD or the multi-level lens system.

Because the command and control center on the ground has no need to be miniaturized,
it can use the gimbal mirror system and some other large devices to transmit the command
and control information directionally. Moreover, because the communication is a one-way
link, no receiving device in required on the ground, as shown in Figure 1. Therefore, the
design of the command and control center on the ground is not discussed in detail here.
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2. Principle

The communication performance of the system is analyzed in this section. Refer-
ence [22] calculates the outage probability in stratospheric FSOC system by Rician factor,
inter-high-attitude platform distance and misalignment-induced fading. Since the UAV
command and control does not need continuous communication, the connectivity probabil-
ity within 1 s is calculated to characterize the communication quality. When the Gaussian
beam transmitting in the turbulence, the irradiance strength at receiver is not a fixed
value. The irradiance probability distribution function (PDF) is generally accepted to be
lognormal, and takes the form of [23]:
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where σ1(r, L) is the scintillation index of Gaussian beam and 〈I(r, L)〉 is the irradiance
of beam in normalized radiation medium, and the I0〈I(r, L)〉 is the mean irradiance. The
mean irradiance of Gaussian beam takes the form of:
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where the W(L) is the radius of Gaussian spot and the W0 is the waist radius. The k is
wave number, and the σ1

2 is the Rytov variance which has the following relationships with
refractive index structure constant Cn
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The parameter Λe and Θ shown in the equation can be written as:

Λe =
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)
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) , (6)
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. (7)

The R(L) = L
[
1 +

(
πW0

2

Lλ

)]
is the radius of curvature. Using the above formula, the

PDF of irradiance is obtained. According to Reference [23], values of Cn
2 near the ground

in warm climates generally vary between 10−14 to 10−12 m−2/3. So Cn
2 is selected as

10−13 m−2/3. Therefore, the PDF of irradiance is shown as below, under the conditions
where the transmitting angle is 1 mrad, the alignment error r = 0, the transmitting optical
power is 1 W and the communication distance L = 1 km:

p(I) =
1

1.98× I
exp

[
− (ln I + 0.089)2

1.25

]
. (8)

The relationship between the probability distribution function of irradiance and
irradiance is shown in Figure 2.
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According to Reference [24], the coherence time of typical weak atmospheric turbu-
lence is 1–10 ms, while the time of sending a single packet of data in the system is less than
1 us, so it can be concluded that there will be no sudden change in the time channel in the
process of sending a packet of data. When the receiving area S = 1 cm2 and the detection
sensitivity w = 10 µW, the minimum irradiance that can be detected by the receiving end is

Imin = w/S = 0.1 W/m2. (9)

So the communication probability of a single packet is

P =
∫ ∞

Imin

p(I)dI = 54.27%. (10)

The relationship between the number of times n that the system sends the same data
packet in 1 s and the communication probability of the system in 1 s is as follows:

Pt=1s = 1− (1− P)n = 1− 0.4573n. (11)

The function image is shown in Figure 3.
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The communication rate of the system is 1 Mbps, and the length of each packet is 1
Kb. So, the same packet can be sent 1000 times in 1 s. The communication probability of
the system in 1 s is:

Pt=1s = 1− P1000 = 99.99%. (12)

According to the calculation, although the UAV will be affected by the atmospheric
turbulence in the flight process, the probability of the UAV receiving the command in 1 s is
greater than 99.99%. The reason is that the coherent time is much longer than the sending
time of single packet data, and the command and control data packet is sent repeatedly in
a short time. Moreover, the communication performance of the system is good.

3. Design

The receiving sub modules are composed of short focus lenses, optical filters, detectors
and amplification circuits, as shown in Figure 4. The signal light transmitted in space
converges to the back of the filter after passing through the short-focus lens. By doing so, it
can make the normal incident light spot larger in case of burning the filter and detector.
What is more, the detector can receive more oblique incident light energy. It also enables
the effective reception of optical signals in the range of 0–30◦ incident angle. The signal
light is collected by the detector after passing through the filter. The detector converts the
signal light into current signal. Then the receiving sub module outputs the signal to the
core board circuit in the form of voltage signal after two-stage amplification circuit.
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Since the window angle of a receiving sub module is only 30◦, multiple receiving
sub modules are needed to realize field of view splicing. According to the calculation,
12 receiving sub modules can realize 360◦ × 30◦

(
θ‖ × θ⊥

)
circular reception, and 52 re-

ceiving sub modules can realize real omnidirectional reception. These sub modules are
fixed in different positions of the spherical support and work independently to achieve
omnidirectional receiving function, as shown in Figure 5.

Each voltage signal is input to the core board circuit after the amplifying and the
converting to digital signal by Analog-to-Digital Converter (ADC). Field Programmable
Gate Array (FPGA) selects the strongest input signal while monitoring multiple signals in
real time, and it is the command and control signal which is needed. If the signal strength
of one channel exceeds the signal being collected in the detection process, and the strongest
signal is similar to the signal being collected, the current strongest signal is used to replace
the previous signal to make sure that the command and control signal being collected is
the strongest one from all signals. The whole system continues monitoring the signal in the
whole process.
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According to the structural design of field of view splicing, if the whole system
vibrates due to external influence, the incident signal light will move from one receiving
sub module to another. In this process, the light received by the former module gradually
becomes weak, and the light received by the latter module gradually becomes stronger,
and the two are very similar. When the output signal strength of the latter exceeds that of
the former, the signal collected by the whole system will also be switched to ensure that
the collected command and control signal is the strongest effective one. Therefore, the
influence of external vibration on the whole system can be compensated by the design of
the system. The process of switching command and control signals in the system is realized
by FPGA program design. During the process of FPGA, the pure static switching can be
realized without generating the moment of inertia and interference to the flight process of
UAV, which ensures the flight safety of UAV.

Because of the omnidirectional receiving design, the optical signal transmitted can
be effectively received in any direction. Once the communication link being connected is
interrupted, the receiver of omnidirectional receiving can receive the retransmitted link
signal from the ground control center quickly, which can realize the fast link establishment.
It will not occur when the receiver cannot receive the signal effectively for lacking of
alignment at the receiver when the link is interrupted.

When the parallel light passes through the short focus lens, due to the influence of the
non-uniform temperature distribution in the environment, the lens will undergo thermal
deformation. It will cause the wave-front distortion of the parallel light, and result in the
intensity and weakness of the focused spot [25]. Compared with the optical fiber or small
area detector, the large area detector can receive a larger range of signal light. This kind of
distorted signal has less influence on the large area detector, which makes the system have
stronger anti-turbulence ability.

4. Experiment

A prototype was built to demonstrate the omnidirectional receiving ability. The
light received by the receiving sub module converges on the filter through a short focal
lens. When the incident light angle is moved, the relationship between the light intensity
received by the detector and the departure angle is described as:

P1 = P0 cos(θ− 15◦)0◦ ≤ θ ≤ 30◦ (13)



Photonics 2021, 8, 163 7 of 10

where P0 is the intensity of the normal incident light, and θ is the angle between the
incident light and the normal incident light when the incident light is moved. When the
light moves, the spot received by the detector will first move from the edge to the center of
the detector, and then gradually move out of the detector. Therefore, the ratio of the spot
area on the detector to the whole spot area S/S0 will first increase, then remain unchanged,
and finally decrease. The light intensity received by the detector is:

P = P1 ×
S
S0

(14)

The output electrical signal of the module is proportional to the intensity of the
incident light. When the incident light is moved, the relationship between the output
voltage of the receiving sub module and the departure angle can be denoted as:

U = U0 cos(θ− 15◦)× S
S0

0◦ ≤ θ ≤ 30◦ (15)

where U0 is the output voltage at normal incidence. In Figure 6, the relationship between
the departure angle and the output voltage theoretically is represented by the blue line. At
the same time, the output voltage of a receiving sub module at different departure angles
from 0◦ to 30◦ is actually tested as shown by the orange line in Figure 6. It can be seen
from Figure 6 that when the signal light is obliquely incident at 0◦ to 8◦ and 22◦ to 30◦, the
theoretical data are in good agreement with the measured results. When the signal light is
approximately normal incidence at 8◦ to 22◦ the theoretical data have a little deviation from
the measured results, and the closer the signal light is to normal incidence, the greater the
deviation is. This is because the filter will affect the oblique incident signal light. With the
increase of the incident angle, the central wavelength and passband of the filter will move
to the short wave direction [26]. Therefore, in order to ensure the signal quality of oblique
incidence, the window wavelength of the filter of the receiving sub module is slightly
biased to the short wave direction. In this way, the wavelength of the signal light and the
window wavelength of the filter cannot be completely matched in normal incidence. This
will make the filter have some attenuation to the signal and make the measured result
lower than the signal strength of the theoretical data. However, because the light intensity
of normal incidence is stronger than that of oblique incidence, the receiving sub module
can still receive good signal even the filter has attenuation effect.
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Then, the loss in the switching process of the combined optical system is analyzed.
Since the window angle of each receiving sub module is 30◦, 12 modules are used to
achieve 360◦ × 30◦

(
θ‖ × θ⊥

)
circular reception. Consequently, when the direction of the

incident light moves on the annular band, the relationship between the output voltage and
the offset angle of the combined optical system changes periodically with a period of 30◦.
The image of each cycle is the same as that of a single receiving sub module.

In Figure 7, theoretically, the relationship between the departure angle and the output
voltage is represented by the blue line. At the same time, the output voltage of the system at
different departure angles from 0◦ to 180◦ is tested as shown by the orange line in Figure 7.
The inconsistent performance of each receiving sub module in Figure 7 is caused by manual
errors in circuit welding, packaging, etc. Although there are errors in the experiment,
when the departure angle changes continuously, the prototype can continuously output
the signal. It shows that although loss exists in the switching process, it does not have a
serious impact on the signal reception and output of the whole model.
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Compared with the directional receiver in Reference [27], the system can realize omni-
directional reception. The system can be miniaturized without the acquisition-tracking-
pointing, the erbium-doped fiber amplifier or the beaconing light system, and the system
has stronger anti-turbulence capability than the directional receiver. However, due to the
limited performance of large area detector, its communication rate is far lower than that of
the directional receiver. Therefore, the system is suitable for some occasions where there is
no need for high communication rate, but it needs to be miniaturized and omnidirectional.

5. Conclusions

An electromagnetic immune UAV command and control system based on FSOC is
established. The system adopts the scheme of omnidirectional receiving. It has strong
anti-turbulence ability with large area detectors and short focus lenses. The design of
omnidirectional communication improves the ability of anti-vibration and link establish-
ment. Pure static receiving has no momentum effect on the platform. The receiver is
miniaturized without the gimbal mirror system, the beacon camera system, the QPD or
the multi-level lens system. This work enables the FSOC system to be applied to UAV
command and control, satellite submarine communication and other occasions requiring
small FSOC equipment.
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