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Abstract: This study presents the study of beamforming capabilities of arrays installed on a non-conductive unmanned aerial
vehicle (UAV). The main purposes of this study are the application of a beamforming algorithm by including the airframe in the
optimisations and the study of simplifications of the aircraft model, so as to allow performing full-wave simulations, even though
the UAV is much larger than the operating wavelength. To validate the simplified electromagnetic model, antenna arrays have
been designed and installed onto the UAV. Radiation pattern measurements demonstrate that the proposed simplifications
yielded very good radiation pattern predictions and can be used as guidelines for simulation of other kinds of non-conductive
aircrafts.

1 Introduction
The technical advances on communication systems have allowed
the design of unmanned aerial vehicles (UAVs) for several
applications, such as georeferencing of urban and rural areas,
precision agriculture, search and rescue in disaster scenarios,
border monitoring, traffic management or simply as a hobby. These
UAVs can be controlled remotely or programmed to perform
planned flights using global positioning system [1–3].

The flight range of some UAVs is limited by visual contact,
which is not suitable for several applications. In order to overcome
this limitation, a reliable communication link between the ground
station and the UAV must be established, which is primarily
dependent on the installed performance of the antennas.

Installed performance of antennas on aircraft is an important
aspect on the aircraft design and has been studied since decades
[4]. In [5], the influence of the airframe on the radiation pattern of
various antenna models, such as monopoles, axial and
circumferential slot antennas, is analysed. Recently, in [6], a four-
port antenna installed on a small UAV (SUAV) has been studied.
The SUAV was made of conducting material and operated as
radiating element itself with different characteristic modes (CM).
Such technique makes the aircraft to act as a dipole that can be
polarised according to the phases impressed to each of the four
feeding ports. Vogel et al. [7] also used the CM technique to
analyse a small passenger jet aircraft. The resulting radiation
pattern resembles that of a dipole antenna, which has the
disadvantage of radiating nearly half of the power to the sky, hence
being inefficient for air-ground communication.

Installed performance of patch antennas has been analysed in
[8], where scaled models have been used to characterise the
radiation properties of a 4 × 4 array for satellite navigation
systems. The scaled aircraft models were covered with conductive
paint. In [9], a linear antenna array is designed to operate at 1.27 
GHz for circularly polarised synthetic aperture radar sensor
mounted onto the bottom of an UAV.

In [10], an omnidirectional dual-polarised antenna to be
installed on airplane is presented, but the influence of the airframe
on the radiation pattern was not considered. The antenna was
installed on the top of the fuselage, which may cause
communication disruption in air-to-ground links during the flight,
since there is normally a null in the radiation pattern below the
aircraft.

Few contributions report on UAVs composed of dielectric
materials. In [11], only a simplified model is considered, whilst the

steering capability of an array installed on a functional UAV is
studied in [12]. In this last paper, the antennas operate at 2.4 GHz
and, at this frequency, the length of the airframe corresponds to
6.61λ0 and the wingspan to 9.14λ0, where λ0 is the wavelength in
free space. Hence, the UAV dimensions are not very large
compared to the operation wavelength. The beam steering is
achieved without optimisation of the sidelobes, since no amplitude
tapering is considered.

This paper is dedicated to the accurate analysis and
measurement of the performance of antenna arrays installed on a
non-conductive UAV. In order to accelerate the analyses,
simplifications of the electromagnetic model are proposed and
validated by simulations. Another aspect is the consideration of
pattern optimisation for different beamforming conditions by
taking into account the influence of the airframe on the array
performance. The optimisations are done by applying the particle
swarm optimisation (PSO) technique for arrays operating at 5.8 
GHz. Accurate results have been achieved by analysing the
problem with full-wave techniques. Since the UAV exhibits
wingspan of roughly 36λ0, where λ0 is the wavelength in free space
at 5.8 GHz, it is a model much larger in terms of electrical
dimensions than the UAV analysed in [12]. Installed performance
simulations of non-conductive UAVs with such large electrical
dimensions are not trivial and can be assessed provided that special
care is taken, as it will be addressed in the next sections. Moreover,
the experimental characterisation of the designed array has been
carried out with a complete and full-scale model, in contrast with
[12], whereby only part of the UAV has been used for the radiation
pattern measurements.

The paper is structured as follows. Section 2 presents analyses
of the tridimensional aircraft model, whereby simplifications for
the application of the finite-element method are proposed. Section
3 presents the antenna array theory, PSO formulation and radiation
pattern synthesis for different proposals. Section 4 describes the
design of the feeding system to provide the optimum amplitudes
and phases for the array elements for the case of omnidirectional
pattern in the yaw plane. The fabricated arrays have been mounted
onto the UAV and far-field measurements have been carried out.
Measured and simulation results are discussed finally in Section 5.

2 Simplified model for the non-conducting UAV
In order to perform optimisations, it is important to have an
accurate model that is a trade-off between geometrical complexity
and simulation accuracy. As suggested in [4], the electromagnetic
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model of the airframe should have only as many details as needed
for the accurate determination of the radiation properties of the
installed antennas.

The mechanical model was designed originally with a CAD
software. For the electromagnetic simulations, the airframe has
been imported into ansys HFSS electromagnetic simulator. A
photograph of the UAV and its CAD model are shown in Figs. 1a
and b, respectively. As it is usually the case, the UAV is composed
of many parts and materials, such as wood, polyethylene and
aluminium, as pointed out in Fig. 1c. The electromagnetic
constitutive parameters of these materials are summarised in
Table 1. 

All the parts that compose the mechanical model are important
for the fabrication of the UAV, but many of them do not influence
strongly the installed performance of antennas. Therefore, a
simplified model for the airframe can be obtained, so as to reduce
the complexity and size of the mesh needed for the electromagnetic
simulations. For instance, alleys, bolts, the thin plastic coating that
covers part of the aircraft (such as wings and stabilisers), fixation
hinges of movable surfaces (such as flaps, elevator and rudder) and
many types of glue used in the construction can be removed.
Additionally, the shape of some parts of the airplane was
simplified. A summary of the modifications of the CAD model is

given in Fig. 2, where the original and the simplified parts of the
aircraft are shown in detail. 

In order to assess the impact of the geometrical simplifications
in terms of computational time and overall mesh size, simulations
have been carried out using the finite element boundary integral
method available in the HFSS package. For this purpose, a single
monopole has been placed in the position shown in Fig. 1c, which
has been chosen due to the proximity of the antenna to some of the
simplified parts (e.g. tires, engine and the tail wheel). The mesh
sizes for both original and simplified models are summarised in
Table 2, where the overall simulation times are also given. The
number of mesh elements (tetrahedra) needed to model the original
and simplified airframes are listed too. 

With the geometrical simplifications, a reduction of roughly
30% in the total number of mesh elements (tetrahedra) has been

Fig. 1  Dielectric UAV model
(a) Photograph of the real UAV during the take-off, (b) Electromagnetic model in
Ansys HFSS, (c) Original CAD model including components, materials and
dimensions (height along the z-axis: 605 mm or 11.7λ0)

 
Table 1 Electromagnetic properties of the materials used to
fabricate the UAV

Relative
permeability

Relative
permittivity

Conductivity, S/m

wood 1 1 0
aluminium 1.000021 1 3.8 × 107

polyethelyne 1 2.25 0
 

Fig. 2  Original and simplified parts of the UAV
(a) Front wheel support, (b) Engine, (c) Tires, (d) Servomotor

 
Table 2 Comparison of mesh sizes and simulation times for
the original and the simplified model for the UAV

Original model
(tetrahedra)

Simplified
model

(tetrahedra)

Reduction,
%

front wheel
support

6313 2528 59.96

engine 56,217 447 99.20
servomotor 30,533 676 97.79
tires 12,322 1140 90.75
wing structure 16,702 4207 74.81
number of
tetrahedra for the
simplified parts

122,087 8998 92.63

number of
tetrahedra for the
complete
airframes

377,444 264,355 29.96

simulation times 38 h 54 min 13 s 9 h 02 min 43 s 76.75
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achieved, which resulted in a reduction in simulation time of 77%.
The resulting radiation patterns are shown in Fig. 3, where it is
evident that only very small deviations can be noticed between the
patterns. Due to this result, the simplified aircraft model has been
considered accurate enough for the analyses that follow. 

3 Mathematical background for optimisation of
antenna arrays installed on UAVs with PSO
Two antenna arrays have been designed and are depicted in Fig. 4a.
Each array is composed of three monopoles, which are fed by
microstrip lines, and is installed on the bottom surface of each
wing. This position aims at avoiding the nulls present in the yaw
plane pattern shown in Fig. 3a. 

3.1 Calculation of the radiation pattern in matrix notation

For the radiation pattern synthesis, a linear antenna array with
elements placed along the x-direction will be considered.
According to the classical array theory, the total electric field
radiated by an antenna array composed of M elements is given by

Earray(r, θ, ϕ) = ∑
m = 1

M
AmEm(r, θ, ϕ)ejk0d(m − 1)sinθcosϕ, (1)

where Em is the electric field radiated by the mth array element, Am
is a complex beamforming coefficient attributed to the mth
antenna, d is the uniform spacing between adjacent elements, k0 is
the propagation constant in free space and r is the radial distance
from the origin of the coordinate system to an observation point in
the far-field region. Equation (1) is the mathematical representation
for the classical array theory, which is based on the assumption that
the patterns of the individual elements are identical, whereby no
mutual coupling takes place and the array is considered to exist in
free space. However, by taking mutual coupling and the structure
of the airplane into account, this assumption is not valid anymore.

Fig. 3  Radiation patterns for the original and the simplified UAV models
(a) Yaw plane (θ = 90∘), (b) Roll plane (ϕ = 0∘), (c) Pitch plane (ϕ = 90∘)

 

Fig. 4  Antenna arrays installed onto the dielectric UAV
(a) Schematic (bottom view), (b) Schematic, (c) Transition between a monopole and
the microstrip line
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In order to include these effects in the pattern synthesis, (1) has to
be modified to

Earray(r, θ, ϕ) = G ∑
m = 1

M
Am emθ(θ, ϕ)θ^ + emϕ(θ, ϕ)ϕ^ , (2)

where G is the Green's function of the free space, emθ and emϕ
represent the radiated electric field components of the mth antenna
along θ and ϕ, respectively.

In the proposed approach, the term between the brackets must
be calculated with a full-wave electromagnetic simulator. Since
electromagnetic simulators calculate radiation patterns for discrete
values of θ and ϕ, (2) must be transformed to a discrete form. For
each direction (θg, ϕb) of the calculated pattern, (2) can be written
as

Earray(θg, ϕb) = Ae(θg, ϕb), (3)

where Earray and A are vectors with dimensions 1 × 2 and 1 × M,
respectively, whereby

A = [a1∠ψ1 a2∠ψ2…am∠ψm…aM∠ψM] (4)

and e stands for an M × 2 matrix defined as

e(θg, ϕb) = [e1(θg, ϕb) e2(θg, ϕb)…
…em(θg, ϕb)…eM(θg, ϕb)]T (5)

with

em(θg, ϕb) = [emθ(θg, ϕb) emϕ(θg, ϕb)], (6)

where the symbol [ . ]T indicates the transpose of a vector and
1 ⩽ m ⩽ M. In (3), the radial dependency governed by G in (2) has
been suppressed, since the synthesis is done considering the
elemental patterns already in the far-field region. Therefore, the
pattern shape does not vary with respect to r. In (4), aς and ψς stand
for the amplitude and phase of the beamforming coefficient of the
ςth array element.

3.2 Mathematical background for the PSO implementation

The PSO is an evolutionary algorithm that profits from the
principles of a swarm of bees [13, 14]. The bees fly around looking
for flowers, hence their position changes over the time with
varying speed. When a bee finds a place with high concentration of
flowers, it calls the whole swarm to this location. The main three
concepts involved in this process are: the movement of the bees,
the memory of the locations with flowers found by each bee and
the social interaction of the swarm, whereby the location of the
highest concentration of flowers is informed to all the components
of the swarm. The above behaviour can be converted into an
optimisation problem by considering each bee as a particle and the
best location as the optimum solution to the optimisation problem.

The optimisation algorithm must find the terms of the excitation
vector A that synthesise the specified pattern. The PSO is started
with the random generation of k particles to compose the initial
swarm. Each particle contains all the variables that must be
optimised (in this case, amplitudes and phases of the M
beamforming coefficients). The method is based on the iterative
update of each particle's position using the following representation
for each variable:

νn
k = wνn − 1

k + C1rand( . ) pbest
k − pn − 1

k

+C2rand( . ) gbest − pn − 1
k ,

(7)

with

pn
k = pn − 1

k + νn
k, (8)

where w is the inertia, C1 and C2 are coefficients associated with the
particle's self-confidence and with the particle's trust in the swarm,
respectively. The terms νn − 1

k  and νn
k are the last and the updated

speed, pn − 1
k  and pn

k are the last and the updated position value of the
kth particle, rand( . ) is a uniformly distributed random scalar value
between 0 and 1, pbest

k  is the best position found by the kth particle
and gbest is the best position found by the swarm.

In the optimisation of an antenna array with PSO, a particle
stands for a potential set of beamforming coefficients needed to
synthesise the desired pattern. In matrix form, (7) and (8) can be
rewritten as

Vn
k = wVn − 1

k + C1rand( . ) Pbest
k − Pn − 1

k

+C2rand( . ) Gbest − Pn − 1
k ,

(9)

Pn
k = Pn − 1

k + Vn
k, (10)

where Pn
k and Vn

k are vectors described, for this application, by

Pn − 1
k = [a1 ψ1 a2 ψ2…

am ψm…aM ψM],
(11)

Vn
k = [Δa1 Δψ1 Δa2 Δψ2…

Δam Δψm…ΔaM ΔψM],
(12)

where Vn − 1
k  and Vn

k are the last and the updated speed vectors, and
Pn − 1

k  and Vn
k are the last and the updated position vectors of the kth

particle for M antennas. Each value corresponds to a dimension
into the search space. After the last iteration, the variables of Gbest
correspond to the optimum values of the vector A as described in
(4).

The particle's ability to serve as a solution to the optimisation
problem must be evaluated by the particle's fitness, which is
defined primarily as the deviation of the synthesised pattern
Earray(θg, ϕb) from the specified mask S(θg, ϕb).

An additional issue must be taken into account during the
optimisation of the excitation coefficients, since patterns to be
synthesised have two particular parts: the first region defines the
main beam, whereas the second one contains the sidelobes. In the
former, the main beam generally should follow a desired contour,
whereas simple level control is sought in the latter. Finally, the
particle's fitness is calculated by

fitness = ∑
j = 1

2 ξj
N j

∑ S(θg, ϕb) − Earray(θg, ϕb) , (13)

where ξj denote the weight and N j represent the total number of
samples in the jth region, with j = 1 for the main beam and j = 2
for the region of the sidelobes.

The fitness as calculated by (13) takes into account only the
radiation properties of the antenna under optimisation. However, in
some applications, the minimisation of the effects of mutual
coupling may also be a target. In this case, (13) must be modified
accordingly so as to minimise impedance mismatch at the input of
each array element.

4 Radiation pattern synthesis and feeder design
In order to compute the embedded patterns, the monopoles have
been integrated into the simplified UAV model as detailed in
Fig. 4c. Microstrip technology allows reducing size, weight,
manufacturing costs and complexity of the feeder. The laminate
Taconic RF-60A (dielectric constant εr = 6.15 and thickness of
0.79 mm) has been chosen for the design of the feeder, since it
yields a thin and compact structure suitable for UAV applications.

During the optimisation of the radiation patterns in the yaw
plane, the PSO has been set up with the parameters: C1 = C2 = 0.5,

4 IET Microw. Antennas Propag.
© The Institution of Engineering and Technology 2018



w = 0.7, k = 50 and ξ1 = 5ξ2. The search ranges for amplitudes and
phases of the beamforming coefficients were 0 to 1 and 0∘ to 360∘,
respectively. The maximum number of iterations was set to 40.

4.1 Pattern synthesis for operation with switched beams

Considerable gain increase can be achieved with the two arrays by
using beam switching. The whole yaw plane can be properly swept
by steering the main beam to only six ϕmax directions: 90°, 135°
and 180° with array 1, whilst keeping array 2 inactive, and 0°, 45°
and 90° using the array 2 (with array 1 inactive). The optimum
coefficients for these six pointing angles have been optimised with
the PSO and are listed in Table 3. These beamforming coefficients
have been introduced into the HFSS model and the resulting
radiation patterns are presented in Fig. 5. Hangover between
adjacent beams must occur as soon as the gain in the line-of-sight
direction goes below 4 dBi, so as to avoid communication
disruption. 

4.2 Pattern synthesis for omnidirectional radiation

Another approach to achieve reliable communication between the
UAV and the ground station is to consider an omnidirectional
radiation pattern at each side of the UAV. In this case, the pattern to
be synthesised for each array should follow a half-circumference
contour in the angular range of 90∘ ≤ ϕ ≤ 270∘ for array 1 and
−90∘ ≤ ϕ ≤ 90∘ for array 2. Under these conditions, the resulting
beamforming coefficients are listed in Table 4, which yielded a
fitness value equal to 1.404. The beamforming coefficients have
been introduced in HFSS and the resulting patterns are shown in
Fig. 6. 

By analysing Figs. 5a, 5c and 6a, larger gain can be achieved
with beam switching with the expense of increasing the complexity
of the feeder system, which must be adaptive so as to choose the
correct pointing angle and the best set of excitation coefficients to
be impressed at the array terminals. For this purpose, there is the
need to use discrete components, such as PIN diodes [15, 16] or
circuits composed of phase shifters and variable gain amplifiers

Table 3 Optimised excitation coefficients and fitness function values for the case of beam switching (m is the element number
according to Fig. 4a)
m Excitation coefficients

ϕmax ϕmax ϕmax ϕmax ϕmax
0° 45° 90° 135° 180°

1 0.566∠172° 0.81∠181° 0.28∠0° 0 0
2 0.616∠0° 0.3∠70° 0.72∠321° 0 0
3 0.548∠165° 0.5∠0° 0.632∠281° 0 0
4 0 0 0.28∠0° 0.81∠181° 0.566∠172°
5 0 0 0.72∠321° 0.3∠70° 0.616∠0°
6 0 0 0.632∠281° 0.5∠0° 0.548∠165°

Fitness Value
0.9734 2.186 3.4342 2.186 0.9734

 

Fig. 5  Optimised radiation patterns for the case of beam switching
(a) Yaw plane for operation of array 1, (b) Elevation cuts in the direction of maximum radiation for array 1, (c) Yaw plane for operation of array 2, (d) Elevation cuts in the direction
of maximum radiation for array 2
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controlled by a logic unit [17]. By making a trade-off between
system complexity and performance, the case of omnidirectional
pattern has been chosen for fabrication and validation of the
proposed approach for the analysis of installed performance.

4.3 Feeder design

Using Ansys HFSS, the Z-parameters for the two arrays integrated
onto the UAV CAD model have been computed and are equal to

Z = Z11 Z12

Z21 Z22
, (14)

where the elements Zi j are 3 × 3 submatrices, where Z11, Z12, Z21 and
Z22 are represented by (15)–(18), respectively. For i = j, the
elements in the main diagonal of Zi j stand for the self-impedances;

the remaining elements of Zi j are the mutual impedances existing
between the monopoles inside each array. The submatrices Zi j for
i ≠ j quantify the mutual coupling between arrays 1 and 2

Z11 =
28.1 − j2.5 2.2 − j15.9 −1.7 + j7.8
2.2 − j15.9 28.4 − j10.9 1 − j14.6
−1.7 + j7.8 1 − j14.6 28.3 − j10.9

Ω . (15)

Z12 =
−0.01 + j0.02 0.1 − j0.1 0.01 − j0.03

0.1 − j0.1 0.1 − j0.04 −0.1 − j0.1
−0.04 − j0.02 −0.1 − j0.1 −0.04 + j0.3

Ω . (16)

Z21 =
−0.04 − j0.02 0.1 − j0.1 −0.01 + j0.02

0.1 − j0.1 0.1 − j0.04 −0.1 − j0.1
0.01 − j0.03 −0.1 − j0.1 −0.04 + j0.3

Ω . (17)

Table 4 Beamforming coefficients and resulting input impedances for omnidirectional radiation
m Excitation coefficients Zin, Ω
1 0.24∠0∘ 6.9 − j1
2 1.00∠249∘ 36.1 − j6.9
3 0.15∠161∘ 102.5 − j53.9
4 0.24∠0∘ 6.8 − j1.1
5 1.00∠249∘ 36.2 − j6.9
6 0.15∠161∘ 102.4 − j54
 

Fig. 6  Optimised installed performance for omnidirectional radiation
(a) Yaw plane, (b) Roll plane, (c) Pitch plane
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Z22 =
28 − j2.6 2.2 − j16 −1.6 + j7.6
2.2 − j16 28.2 − j11.1 0.8 − j14.6

−1.6 + j7.6 0.8 − j14.6 28.2 − j11
Ω . (18)

By inspecting (16) and (17), it comes out that Z12 ≅ Z21 ≅ 0; hence
the coupling between the arrays can be neglected in the feeder
design. The submatrices Z11 and Z22 are approximately the same
due to the symmetry of the model. This allows the design of one
feeder that is applicable for both arrays.

After importing the individual pattern of each monopole, the
PSO has been run. The resulting excitation coefficients are listed in
Table 4. The feeder has been designed based on the classical
single-stub matching technique to transform the input impedances
(Zin values listed in Table 4) into completely real values: 33 Ω for
antennas 2 and 5, and 50 Ω for the remaining monopoles. After this
step, the power dividers were designed to deliver the desired power
distribution to the antennas. The resulting impedance at the feeder
input is well adapted to 50 Ω, so as to allow easy integration with
standard RF components.

This design can still include some degree of flexibility for the
antenna operation. The pattern can be switched to account for only
one side of the UAV, if arrays 1 and 2 are supposed to work
independently, or both arrays can be interconnected, hence
resulting in the omnidirectional pattern in the yaw plane. For the
latter case, the sketch shown in Fig. 7a can be used, whereby an
180∘ hybrid is used as a combiner. The resulting layout of the
feeder designed for array 1 is detailed in Fig. 7b. For array 2,

antennas 1, 2 and 3 in Fig. 7b should be replaced by antennas 4, 5
and 6, respectively. The prototype of the feeder for antenna 1 is
shown in Fig. 7c. The measured reflection coefficient is shown in
Fig. 7d, whereby the curve demonstrates that the impedance
matching is very good in the operating band, indicated by the
dotted lines, and the achieved bandwidth is much larger than
required. 

5 Validation of the installed performance
The fabricated array has been installed onto the UAV as shown in
Fig. 8a. The radiation pattern measurement has been carried out
according to the setup described in Figs. 8b and c. The comparison
between computed and measured results for the yaw plane when
only array 1 is active is presented in Fig. 9. Good agreement has
been obtained, hence validating the proposed approach for the
assessment of installed performance of antennas on dielectric
UAVs. 

6 Conclusion
The main purpose of this work was to propose an approach and to
demonstrate its accuracy for the assessment of installed
performance of antennas installed on dielectric UAVs with
dimensions much larger than the wavelength. The installed
performance can be improved by using an optimisation technique,
which has been demonstrated by the implementation of the PSO.
Accurate predictions can be achieved by using full-wave
techniques, which could be applied after simplifications of the

Fig. 7  Feeder design in microstrip technology
(a) Schematic interconnection between arrays 1 and 2, (b) Layout of the feeder for array 1, (c) Fabricated prototype, (d) Measured reflection coefficient
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original UAV model were done, in order to reduce the
computational effort.

The proposed approach has been demonstrated by designing
and installing an antenna array onto a dielectric UAV. Radiation

pattern measurements validate the numerical predictions of the
proposed approach.
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