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ABSTRACT Results of theoretical investigation, numerical simulation, constructive development and
experimental measurements of new compact biconical antenna for UAVs are presented in this article.
Peculiarity of designed antenna consists in low diffraction lobes in its radiation pattern. This feature was
achieved by using dielectric disc in the center region of antenna’s structure between conducting cones.
Operating frequencies of antenna in the microwave range ensure protection from electronic jamming
systems with quasi-isotropic antennas. Due to high attenuation of radiated electromagnetic waves at
microwave frequencies, only directed antennas can create effective jamming of UAV in this band. Such
possibility of adverse impact on UAV control system is excluded by low diffraction lobes of applied
antenna and a priori unknown operation frequency of wireless control system. Measured results showed that
at operating frequency designed antenna with coaxial-to-waveguide transition has VSWR equal to 1.6,
maximal value of gain is 6.3 dBi. Measured diffraction lobes of radiation pattern in range of elevation angle
—30—+30° from the antenna’s axis are less than —20 dBi. Designed compact biconical antennas were

successfully used in new UAV control systems for military applications.

INDEX TERMS Biconical antenna, diffraction, microwave antenna, omnidirectional antenna, radiation

pattern, side lobes, unmanned aerial vehicle.

. INTRODUCTION

NTENNAS with horizontally undirected radiation and

reception of signals are commonly used in wireless
control systems for terrestrial [1], aerial [2], and marine
vehicles [3]. Dynamically developing engineering landscape
of systems applying unmanned aerial vehicle (UAV)
solutions requires reliable wireless communication for
control, data transmission and navigation. One can mention
relevant  applications including reconnaissance [4],
surveillance [5] and management [6] in modern areas of
agriculture [7], security systems [8], measurements [9],
disasters prediction [10], infrastructure inspection [11],
logistics [12], and delivery [13]. In addition to listed civil
applications, robust performance of wireless communication
system of UAV can have paramount influence on military
missions’ success [14].

From points of view of convenience and simplicity
antennas with omnidirectional radiation pattern [15], [16] are
the best choice for communication with vehicles including
UAV. Vehicle’s mobility leads to variations in on-board
antenna’s position, direction and inclination angle relative to
the base station or an operator’s antenna. Under these
conditions only antenna with wide angular width of radiation
pattern in both E- and H-planes is a suitable solution.
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Recently, biconical antenna designs have become effective
alternative to simple omnidirectional half-wave dipoles [17],
[18], [19]. Principal advantages of biconical antenna include
possibilities to provide various required frequency
bandwidths from narrow to ultrawide ones. Besides,
application of addition polarizer allows biconical antenna to
receive or transmit signals carried by electromagnetic waves
with different polarizations except of cross-polarization [20],
[21], [22]. Polarization transformers in waveguide
technology typically include diaphragms [23], [24], posts
[25], [26], and their combinations [27]. In contrast to
commonly used waveguide polarization converters [28],
polarizer of biconical antenna is placed over the whole
aperture and contains layers of inclined conducting strips on
a substrate from dielectric material [20], [21], [22]. The third
feature of biconical antenna is a blockage of radiation in
directions upward and downward relative to horizontal plane
by conducting cones. This property of biconical antenna
makes it a unique candidate for wireless systems of military
UAVs with protection from jamming.

Electronic warfare systems for protection from aerial
strikes by combat drones transmit electromagnetic
interferences by quasi-isotropic antennas of clover [29] or
turnstile type [30], [31]. As a result, occurring jamming
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represents a serious threat for aerial operation. It can severely
disrupt UAV’s wireless communication with operator or base
station, leading to signal failures or critical loss of flight
control.

The application of a biconical antenna on board of UAV
automatically provides spatial protection from jamming by
conducting surfaces in the structure, making its design an
ultimate choice for combat UAVs. In addition, this can be
effectively combined with other anti-jamming methods. For
example, wide operating frequency band of biconical antenna
provides possibility of simultaneous communication in
multiple channels, which allows implementing advanced
signal processing methods [32], [33] and frequency hopping
techniques [34] that would reduce the adverse influence of
the jamming interference.

Engineering technique for protection from jamming,
which was suggested and developed by the authors, consists
in conversion of UAV control signals up to the microwave
carrier frequency, communication of an operator and UAV at
this frequency, and reverse down frequency conversion by
on-board electronic equipment of UAV. This solution makes
each combat UAV more expensive in 1.5-2 times, but
probability of successful strikes under jamming conditions
would sufficiently rise. Technical requirements for developed
antenna include compact design, low weight, value of
voltage standing wave ratio (VSWR) less than 2 at operating
frequency of 22 GHz, moderate gain of antenna within
values of 5-8 dBi, and diffraction lobes of radiation pattern
in range of elevation angle —30—+30° from the antenna’s axis
of symmetry less than —14 dBi.

Il. STRUCTURE OF BICONICAL ANTENNA WITH LOW
DIFFRACTION LOBES OF RADIATION PATTERN

Geometrical model of the developed compact biconical
antenna is presented in Fig. 1. Total view of the antenna is
shown in Fig. 1 (a), and its axial section is demonstrated in
Fig. 1 (b). In addition, Fig. 1 (b) illustrates main elements of
antenna’s structure, which include two metal conical surfaces
(1) and (2), dielectric disc (3), feeding coaxial transmission
line (4), and cylindrical dielectric spacer (5). As it is seen in
Fig. 1, antenna’s diameter and height are equal to 120 mm
and 41 mm, respectively.

For the possibility of manufacturing of real antenna design
the materials of its elements were chosen at the stage of
numerical simulation. Calculations of the designed antenna’s
matching and radiation characteristics were performed using
software CST Microwave Studio.

Metal of conducting conical surfaces and of coaxial line
conductors is copper, although it was modeled as perfect
electric conductor (PEC). Calculations of electromagnetic
characteristics of an antenna with components made from
PEC are much faster compared to modeling of metal with
losses, and obtained results are practically identical in the
microwave frequency range. Two fabricated copper conical
surfaces are presented in Fig. 2. One of them contains inner
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conductor of feeding coaxial transmission line and matching
bead. Another conical surface is integrated with outer
conductor of the coaxial line.

120 mm
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FIGURE 1. Total view (a) and axial section (b) of biconical antenna.

FIGURE 2. Two conical surfaces fabricated from copper.
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Teflon was chosen as material of dielectric disc (3) due
to its hardness, stability, low losses, and simplicity of
mechanical processing. According to results from [35], in
numerical simulation process Teflon disc’s permittivity was
equal to 2.

Dielectric spacer (5) must be transparent for microwave
range radiation, possess light weight and protect antenna
from adverse weather conditions. Consequently, the most
suitable material for spacer fabrication is Polyurethane
foam. Based on results from [36], in numerical calculations
Polyurethane foam’s permittivity was equal to 1.2.
Fabricated Teflon disc and Polyurethane foam spacer are
demonstrated in Fig. 3.

FIGURE 3. Fabricated Teflon disc and Polyurethane foam spacer.

lll. NUMERICAL RESULTS OF MATCHING AND
RADIATION PERFORMANCE OF ANTENNA WITH LOW
DIFFRACTION LOBES

A parametric optimization was carried out to obtain
minimal diffraction lobes of antenna’s radiation pattern at
operating frequency 22 GHz. Construction limitations of
optimization included fixed diameter on cones (120 mm),
which is determined by UAV platform sizes. To provide
rigidity of antenna structure, thickness of Polyurethane
foam spacer was fixed at the value of 10 mm.

Three geometrical parameters were altered during the
minimization of diffraction lobes. They are biconical
antenna’s height, Teflon disc height, and disc’s diameter,
which automatically determined gap between conducting
conical surfaces. Obtained optimal sizes (for the operating
frequency of 22 GHz) are presented in Table I.

TABLE I. Sizes of Biconical Antenna with Minimal Diffraction Lobes

Size Numerical value, mm
Diameter of antenna 120
Height of antenna 41
Diameter of Teflon disc 84
Height of Teflon disc 3
Diameter of circular hole in Teflon disc 4.4
Diameter of conducting matching bead 4.4
Height of conducting matching bead 1.5
Gap between conducting cones 3
Thickness of polyurethane foam spacer 10
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Fig. 4 presents numerically modeled functions of VSWR
versus frequency for developed microwave biconical
antenna with sizes listed in Table 1. Simulation model was
shown before in Fig. 1 and it didn’t include coaxial-to-
waveguide transition. As it is seen in Fig. 4, theoretical
values of VSWR are less than 1.5 in the range of
frequencies from 20 to 24 GHz. At the operating frequency
of 22 GHz simulated VSWR of antenna without transition
is equal to 1.3.

Simulated and measured VSWR

2.0
19 e Simulated without transition
1-8 = « « Mcasured with transition

1.0 f
20 21 22 23 24
Frequency, GHz

FIGURE 4. Simulated and measured VSWR of biconical antenna.

Calculated E-plane gain radiation pattern (in dBi) of
developed antenna at the operating frequency of 22 GHz is
shown in Fig. 5. In addition, results for the biconical
antenna without a dielectric disc are also presented. Shown
in Fig. 5 radiation patterns demonstrate the reduction of
diffraction lobes for antenna with suggested dielectric disc
for elevation angles from 60 to 90° (identical to elevation
angle variation —30—+30° from the antenna’s axis of
symmetry) by more than 5 dB. Besides, first-order side
lobes of radiation pattern (at elevation angle 6 = £28°) are
absent for the antenna with dielectric disc. Simulated results
show that maximal gain of antennas with and without
dielectric disc are equal to 6.3 and 6.6 dBi, respectively.

Simulated and measured E-plane radiation patterns (dBi)
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FIGURE 5. Simulated and measured E-plane gain radiation patterns.
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IV. THEORETICAL EXPLANATION OF DIFFRACTION
LOBES IN RADIATION PATTERN OF BICONICAL
ANTENNA

Values of elevation angles 0, corresponding to maximum of
n-th order diffraction lobe of the radiation pattern can be
estimated using electromagnetic waves theory. Electric
field vectors and propagation process of diffracted
electromagnetic ~ wave in biconical antenna are
schematically demonstrated in Fig. 6. For convenience of
analysis and illustration all dielectric parts are excluded
from the structure. Two auxiliary designations are used in
the Fig. 6. Size d stands for the diameter of biconical
antenna, and 0 denotes elevation angle with respect to the
horizontal plane.

-
-z
-
-
-
-

dcos(e) avefront -

1
————— =3
E \(\_ ________ Je

Direction of diffracted wave propagation
FIGURE 6. Propagation of diffracted electromagnetic wave in biconical
antenna.

At any frequency, radiation of biconical antenna is absent
in directions downward and upward along its symmetry
axis. This is explained by mutual compensation of
horizontal projections of electric field vectors from opposite
parts of antenna for any azimuthal angle. For example, it is
seen in Fig. 6 that horizontal components of E; and E,
field vectors compensate each other because they have
opposite directions and equal absolute values.

Another situation occurs for electromagnetic waves
propagating in direction, which is inclined with respect to
antenna’s axis. In_this case, far-field opposite electric field
vectors E; and E, can compensate or amplify each other
in transversal direction depending on type of resulting
interference, which can be constructive or destructive. After
reaching the position of Ej; field vector, wave maintains its
phase shift with respect to the wave with E; vector because
they propagate starting from the same wavefront. The kind
of interference and absolute value of resulting far-field
vector of electric field is determined by the additional phase
shift between waves with electric fields E; and E,, which
occurs as the result of inclined propagation.

. Phase shift between the phasors of electric fields E3 and
E , can be calculated by the following formula:

Ap =pBdcos@®), (1)

where § denotes wave number of electromagnetic waves in
air. It is defined by the known expression [37]:
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where f stands for wave’s frequency, and ¢ denotes the
speed of electromagnetic waves in air.

Having substituted (2) in (1), we obtain formula for the
phase shift as a function of frequency f and elevation angle
0 as follows:

Ap= ?d cos(®) . 3)

As it is seen in Fig, 6, constructive interference of waves
with electric fields £} and E; occurs in case of direction
change of vector E, to the opposite one after having
passed the distance dcos(®) . This means that vectors E,
and Ej are antiphase and phase difference (3) is as follows:

Ap=2n-Dm , 4)

where n stands for a natural number.

Having performed substitution of (4) in (3), we obtain
expression for determining of values of elevation angles 6,
corresponding to maximum of z-th order diffraction lobe of
the radiation pattern (starting from the axial direction):

0 2n-1)c

, =arccos——— | (5)

2/d

Developed biconical antenna has diameter d = 120 mm
and operating frequency f = 22 GHz. Using formula (5),
elevation angles of maximum of 5 closest to antenna’s axis
diffraction lobes of radiation pattern were calculated.
Besides, the elevation angles and values of these local
maxima were calculated numerically using software CST
Microwave Studio. Comparison of obtained theoretically
and simulated results is presented in Table II.

TABLE I I. Elevation Angles and Values of Maxima of Diffraction Lobes for
Antenna with 120 mm Diameter at Frequency of 22 GHz

Order of diffraction lobe
(starting from biconical 1 2 3 4 5
antenna’s axis)
Elevation angle
calculated by 86.7 80.2 73.5 66.6 59.2
formula (5), ©
Elevation angle
calculated numerically
for antenna with
dielectric disc, °
Elevation angle
calculated numerically
for antenna without
dielectric disc, °
Maximum of diffraction
lobe for antenna with -19.0 -183 -148 -139 -126
dielectric disc, dBi
Maximum of diffraction
lobe for antenna without -92 -114 88 7.4 =5.7
dielectric disc, dBi

85.3 77.1 70.4 63.6 56.8

86.1 71.3 70.3 63.7 56.8
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It is seen from Table II that developed theoretical
approach allowed calculating of elevation angles 0, with the
accuracy of 0.6—1.4°. Elevation angles of maxima of higher
order diffraction lobes are calculated with the accuracy of
3°, This can be explained by the presence of dielectric
bodies in antenna structure, including dielectric disc and
cylindrical spacer. They possess dielectric effect of field
concentration at microwave frequencies. This results in
angular shift of diffraction lobes closer to horizontal plane
by 3°. On the whole, presented theoretical approach
provides simple and correct physical explanation of
diffraction on conical surfaces of the antenna with
satisfying correlation of elevation angles corresponding to
maxima of diffraction lobes.

Table II presents paramount results for values of maxima
of diffraction lobes. Comparison of results for biconical
antennas with and without dielectric disc shows significant
reduction of diffraction lobes for the first design. Addition
of dielectric disc results in lowering of the first (from axis)
diffraction lobe by 10 dB compared to the antenna without
disc. In the same time, each of higher order lobes is reduced
by 6-7 dB.

Consequently, introduced dielectric disc is a key element
of novel compact biconical antennas with protection from
jamming and/or detection through diffraction lobes of
radiation pattern. Similar function can be performed by a
cylindrical dielectric lens of the hyperbolic profile [38],
[39], but its fabrication is more complicated and more
expensive in several times. Besides, mass of dielectric lens
is greater compared to more compact dielectric disc, which
can also be decisive factor for antenna’s application on the
board of a UAV.

V. MEASURED CHARACTERISTICS OF DEVELOPED
BICONICAL ANTENNA WITH LOW DIFFRACTION
LOBES

Structural elements of designed microwave biconical
antenna were demonstrated in Fig. 2 and 3. Assembled
fabricated antenna is presented in Fig. 7. Shown design
contains connected waveguide-to-coaxial transition. In
cross-section, applied rectangular waveguide has inner
width and height equal to 11 and 5.5 mm, respectively.
When antenna is applied on board of the UAV control
system, rectangular waveguide port is connected directly to
frequency converter.

VSWR of fabricated antenna as function of frequency
was measured using microwave scalar network analyzer
from rectangular waveguide port. Obtained experimental
results for VSWR are illustrated in Fig. 4 by dashed line. It
is seen that in frequency range 20-24 GHz measured
VSWR of biconical antenna with transition is less than 1.8.
At antenna’s operating frequency of 22 GHz measured
VSWR is equal to 1.6.

Photo of the experimental setup for measurement of
designed antenna’s radiation pattern in E-plane is presented
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in Fig. 8. As it is seen, back wall of laboratory is lined with
absorbing materials to prevent reflections.

FIGURE 8. Experimental setup for measurement of E-plane radiation
pattern.

Shown in Fig. 8 measurement setup includes tested
biconical antenna (1), frequency converter (2), detector
section (3), and accurate angular rotator (4). Using this
setup we have measured E-plane radiation pattern of
fabricated biconical antenna at the operating frequency of
22 GHz. Determination of biconical antenna’s gain was
made by comparing its received signal with signal received
by a reference pyramidal horn antenna.

Obtained experimentally E-plane radiation pattern of
fabricated biconical antenna is presented in Fig. 5 by dotted
curve. Maximal value of measured gain is 6.3 dBi.
Measured values of diffraction lobes are less than —20 dBi
in range of elevation angle —30—+30° alteration from the
antenna’s axis (angles from —90° to —60° and from 60° to
90° in Fig. 5).
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Therefore, measured characteristics of fabricated

biconical antenna confirm its good matching performance
and low level of diffraction lobes of radiation pattern at the
operating frequency of 22 GHz.

VI. CONCLUSION

A new compact biconical antenna with low diffraction
lobes of radiation pattern was developed, simulated,
fabricated and tested experimentally. Theoretical analysis
of diffraction phenomenon and occurrence of near-axial
radiation lobes was carried out. Suggested antenna includes
a dielectric disc between its conical conducting surfaces.
This element provided decrement of the first (from axis)
diffraction lobe by 10 dB compared to the antenna without
disc. In addition, each of higher order lobes was lowered by
6-7 dB. At the operating frequency of 22 GHz fabricated
antenna provides VSWR equal to 1.6 and maximal value of
gain equal to 6.3 dBi. Measured diffraction lobes of
radiation pattern in range of elevation angle —30—+30° from
the antenna’s axis are less than —20 dBi. Developed
compact biconical antennas were successfully applied in
modern UAV control systems with protection from
jamming.
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