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ABSTRACT This paper presents a small-size, low-profile antenna for anti-attacking systems that work
against unmanned GNSS-guided attacking vehicles to protect a vital area. The proposed antenna has the
ability to handle, theoretically, a peak power up to 157.7 kW. It has a cylindrical shape with a diameter
of 75.4 mm and a height of 12.8 mm on a low-cost FR-4 substrate. This small size allows the integration
of the proposed antenna with any portable system that prevents the attacks of GNSS-guided vehicles. The
proposed antenna covers the whole GNSS frequency band with a fractional impedance bandwidth of 32.5%
(1.16–1.61) GHz and a fractional axial ratio bandwidth of 37.6% (1.1–1.61) GHz utilizing a sandwiched
structure. This broadband performance is realized using capacitive feeding. The proposed design maintains
circularly polarized radiation over a wide elevation angle of 132◦ and a 360◦ azimuth angle which makes
the proposed design suitable for GNSS anti-attacking systems.

INDEX TERMS Anti-attacking, circular polarization, high power, omnidirectional, sandwiched, unmanned
vehicles.

I. INTRODUCTION
Recently, the Global Navigation Satellite System (GNSS) is
widely used in both civilian and military applications. The
deployment of an anti-attacking system against unmanned
attacking vehicles (UAVs) guided by GNSS is the most
essential step used to safeguard vital targets and/or areas
against these UAVs. This is achieved by primarily radiating a
high-power circular-polarized (CP) wave with a wide spatial
coverage around the protected area as a measure to flood the
front end of the GNSS-based UAV and worsen its signal-to-
noise ratio and hence lose its trajectory [1]. Therefore, many
efforts have been done into designing CP antennas for such
systems.

The presented antenna in [2] is CP with a low profile and
an omnidirectional radiation pattern. However, it suffers from
a narrow fractional impedance bandwidth (FIBW) (16.6%)
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and a fractional axial ratio bandwidth (FARBW) (14.8%)
due to utilizing a direct coaxial feed. The authors in [3]
improved the FIBW and the FARBW to 57.8% and 31%
respectively at the cost of the antenna size and gain. In [4],
the proposed antenna was designed to allow reconfigurable
right-hand/left-hand (RH/LH) CP by utilizing PIN diodes
with high gain. Unfortunately, the main drawback was its
narrow FIBW (19.8%) and FARBW (25.2%). It is also worth
noting that all these previously reported designs utilized
Rogers RT/Duroid 5880 as a substrate which makes those
designs quite costly in case of mass production. To minimize
the antenna size, a few reported designs [5], [11] were
implemented by adding meander-line configurations. So, a
quadrature-phase difference can be executed between a part
of the antenna radiating vertical linear polarization and the
other part radiating horizontal polarization by meander-line
configurations as in [5]. The phase difference in [6] can
be implemented using a top plane with extending stubs
and a bottom plane that is identical to the top plane but
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with a mirror. As demonstrated in [7], the phase difference
is caused by the vertically suspended pins that guide
vertical polarization and the horizontal parasitic strips of
the antenna that guide horizontal polarization. Waveguide-
based arrays feature high gain, low dielectric losses, and
high-power handling capacity. In order to accomplish dual-
band operation using three frequency-selective surfaces,
a substrate has been integrated into a waveguide to achieve
high gain (5:6 dBic) and the CP antenna, as demonstrated
in [8]. The antenna in [9] is guided to be CP by loading four
circular patches with different radii and L-shaped connected
shorting strips onto the corners of the patch. This antenna
is fed by a capacitive probe feeding to compensate the
considerable probe inductance. Although a high gain is
achieved, noticeable drawbacks of high cost (Taconic RF-60
substrate), large size and narrow FIBW (5.9%) and FARBW
(2.44%) have been reported. The authors in [10] covered
the Wi-MAX band. The design benefits from a lower Q-
factor (radiation), high radiation efficiency, and higher gain
because it employs a dielectric resonator antenna (DRA).
It also makes use of dual L-shaped slots in the ground
plane to generate orthogonal modes in a rectangular DRA
excited to produce a wide CP bandwidth. In [11], a FIBW
of 16.8% is achieved by a low-cost mushroom structure
with four metal columns for the vertically polarized mode,
while the horizontally polarized mode is achieved using a
zero-phase-shift line loop. Unfortunately, the antenna has
a narrow FARBW (3.13%) and low gain (0.1 dBic). The
antenna in [12] supports (RH/LH) CP at the same frequency
band by generating vertically polarized waves using slot loop
formation and horizontally polarized waves using monopole
stubs. Thus, a CP wave is created. It features high gain
for both polarizations, but it suffers from very narrow
FARBW and FIBW (2%). In [13], a tri-band omnidirectional
CP antenna with LHCP at the first band and RHCP at
the two other bands was designed based on Taconic TLY
as a substrate. Unluckily, all of these bands suffer from
being quite narrow indicating that the antenna can only
be used in specific wireless communication systems. The
proposed unidirectional antenna in [14] is based on an
RHCP single substrate integrated magneto-electric dipole
(MED) and is intended for lightweight wireless transceivers
used in satellite communication or the sub-6 GHz band.
It features high efficiency and gain but suffers from narrow
FIBW (13%) and FARBW (2.5%). The presented antenna
in [15] is characterized by a broad frequency band for
overlapped fractional bandwidth (53.4%) and it supports
CP across the entire frequency band. Unfortunately, it has
several drawbacks, including having a small maximum gain
(0.9 dBic), a large size (0.4λ0×0.4λ0×0.5λ0), limited CP
coverage across the elevation angle (only ±50) and a high
cost using Rogers substrates.

To guarantee CP radiation over a large spatial coverage, the
AR should maintain typically a value below 3dB over wide
azimuth and elevation angles. Therefore, omnidirectional
CP antennas are typically used to cover 360◦ in azimuth

[2], [3], [4], [5], [6], [7], and [11]. However, quite a few
reported designs as in [3], [4], and [6] have confirmed their
small AR across elevation coverage angles of 70◦ in [3], 40◦

in [4] and 90◦ in [6] classifying them as the AR half power
beam widths (ARHPBWs).

Concerning the power handling capability (PHC) of an
antenna, many researchers have considered it as a challenging
issue. So, not a few numbers of reported designs have used
large metallic surfaces to improve the PHC of their antennas
as in [16], [17], [18], and [19]. As a result, theoretically,
a PHC of 1.16GW is achieved in [16], 1 GW in [17], 1.29GW
in [18] and 22.9 MW in [19].

All these designs suffer from large size, heavy weight and
high cost. Some other antennas that are concerned with high
PHC use reflect array antennas as in [20] and [21].

In this paper, a novel CP antenna is proposed to be
utilized in a GNSS anti-attacking system. The antenna has
a compact size of 0.34λ0×0.34λ0×0.05λ0 (where λ0 is the
free space wavelength at the central frequency), a FIBW of
32.5% and a FARBW of 37.6%. According to [22], Fig. 1(a)
is the simplest way to show that the antenna is designed
to simultaneously cover the most common frequencies of
the GNSS applications working across the frequency band
from 1.16 to 1.61 GHz.The antenna is able to handle,
theoretically, a peak power up to 157.7 kW and maintain
CP radiation over a wide elevation angle of 132◦ and a
360◦ azimuth angle to ensure the maximum available spatial
coverage against attackers from various directions. A possible
protection scenario against UAVs using the proposed antenna
is illustrated in Fig. 1(b).

II. THE PROPOSED ANTENNA
A. ANTENNA STRUCTURE
The structure of the proposed antenna is depicted in Fig. 2.
The antenna consists of three stacked circular layers (layer A,
layer B and layer C) arranged from top to bottom. The three
layers are concentric and lie on the XY plane. Each layer is
made of a low-cost FR-4 laminate with a relative permittivity
εr = 4.4 and a dissipation factor of 0.025.
The three layers have thicknesses of h1, h2 and h1 and radii

Rp, R2, and Rp all respectively. A copper gear-shaped patch
is printed on the top side of layer A with a thickness of t .
The gear-shaped patch has N poles and an inner circle of a
radius R1. Each pole has an arc-shaped edge with a length
of S and every two adjacent poles are separated by a tapered
slot which has a length of (Rp-R1). A rotated replica of the
gear-shaped patch is printed on the bottom side of layer C
with a relative spin angle ϕN around the Z-axis. Thus, the
three layers are sandwiched between the two gear-shaped
patches. Each pole on layer A and its counterpart on layer
C form a horizontal bowtie dipole. Therefore, the arc length
S was initially designed to be λ0/4 (where λ0 is the free-space
wavelength at the central frequency). N aluminium shorting
vias are connected between the top and the bottom patches
and uniformly distributed around the centre of the layers.
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FIGURE 1. (a) GNSS frequency band; (b) Illustrative scenario of the
spatial coverage provided by the proposed antenna.

TABLE 1. The optimized dimensions of the proposed antenna.

The vias are distanced by Rv from the centre of the layers
and have a relative spin angle around the Z-axis of ϕN /2 with
respect to both the top and the bottom patches. Each via has
a cylindrical shape with a radius r . Layer B has a circular
copper feeding patch on its top side with a radius of R3.

The overall height of the antenna was initially designed
to be λg/8 where λg is the guided wavelength at the central
frequency and equal to λ0/

√
εr . The antenna is fed through

a 50� coaxial port attached at the centre of the layers where
its inner is connected to the feeding patch on layer Bwhile its
outer is connected to the lower gear-shaped patch on layer C .
It is worth noting that a small circular cut is introduced at the
centre of the lower gear-shaped patch to avoid any electrical
connection to the inner of the feeding port. The optimal
parameters of the antenna are tabulated in TABLE 1. The
antenna has been designed and simulated using Ansoft HFSS.

FIGURE 2. The proposed antenna: (a) Exploded structure; (b) Top view;
(c) Side view.

B. ANTENNA PRINCIPLE OF OPERATION
The antenna is fed through a coaxial port where its outer is
connected to the bottom gear-shaped patch and its inner is
connected to the feeding patch on layer Bwhich consequently
feeds the top gear-shaped patch due to the proximity coupling
across layers A. Thus, the surface current distributions across
the two gear-shaped patches are of the same magnitude and
in opposite directions.

The proximity coupling between the feeding patch on
layer B and the top gear-shaped patch creates a capacitive
loading on the antenna input impedance. However, the paral-
lel shorting vias between the two gear-shaped patches intro-
duce an inductive loading to the antenna input impedance.
These capacitive and inductive loadings generate two rela-
tively independent resonant frequencies across the antenna
operating frequency band, the lower-resonant frequency
(LRF) and the upper-resonant frequency (URF) at 1.22 GHz
and 1.44 GHz, respectively as shown in Fig. 3. These two
resonant frequencies are dedicated where the imaginary
part of the antenna input impedance is zero. The LRF and
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FIGURE 3. The antenna input impedance (a) Re and Im (b) Smith chart.

URF can be independently controlled to achieve a broad
FIBW of 32.5% as going to be discussed later in the next
section.

The CP is, basically, created by generating two orthogonal
linearly polarized waves (vertical and horizontal) with a
quad-phase shift. The vertically polarized (V-pol) wave is
introduced by the two inner circles at the centre of the two
gear-shaped patches while the horizontally polarized (H-pol)
wave is introduced by the upper and lower poles of the two
gear-shaped patches where each pair of opposite poles acts
as a horizontal bowtie dipole. Therefore, at the initial phase
of the design, R1 was set to λg /4 such that the diameter of
the inner circle (2R1) equals half of the guided wavelength as
shown in Fig. 4 while the arc length of each pole of the bowtie
dipoles S was set to λ0 /4. Hence, the outer radius of layers A
and C can be calculated as:

Rp = S
N
2π

=
Nλ0

8π
(1)

The length of each slot is Rp - R1 and can be derived as:

Rp − R1 =
Nλ0

8π
−

λg

4
= λ0

(
N
8π

−
1

4
√

εr

)
(2)

For N = 8 and εr = 4.4, the slot length ≈ 0.2λ0.
The quad-phase shift between the V-pol andH-pol waves is

introduced by the relative spin angle between the two patches
(ϕN ) which is linked to the number of poles as ϕN = 360/N.
So, in the proposed antenna ϕN equals 45◦ as a result of

FIGURE 4. The graphical representation of the initial design.

FIGURE 5. The electric field directions at (a) phase = 0◦; (b) phase = 90◦;
(c) phase = 180◦; (d) phase = 270◦.

having 8 poles (N = 8). As the quad phase-shift between the
V-pol and H-pol waves is an essential parameter to radiate a
CP wave, the AR of the proposed antenna is sensitive to the
value of ϕN as going to be discussed later in the next section.
It is worth noting that the sense of rotation of the spinning
angle ϕN dedicates the sense of rotation of the CP radiated
waves (i.e., if ϕN = -45◦, an LHCP wave will be generated).

Fig. 5 shows a section in the XZ plane of the radiated
E-field at different feeding phases (0◦, 90◦, 180◦ and 270◦).
It can be clearly noticed from the sense of rotation of the
E-filed that the antenna supports a good RHCP radiation with
almost equal field strength and 90◦ phase rotation at the two
perpendicular axes [2], and [3].

Fig. 6 shows the current distributions at 0◦, 90◦, 180◦

and 270◦ at the centre frequency (1.4 GHz) across the
top gear-shaped patch. It is clear that the antenna has a
radial current distribution at 0◦ and 180◦ while having an
orthogonal tangential current distribution at 90◦ and 270◦

which guarantees good CP radiation.

III. RESULTS
A. PARAMETRIC STUDY
Number The characteristics of the proposed antenna in terms
of reflection coefficient and AR will be discussed in this
section. For parametric study and antenna optimization,
the Ansoft High-Frequency Structure Simulator (HFSS) is
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FIGURE 6. The current distributions at (a) phase = 0◦; (b) phase = 90◦;
(c) phase = 180◦; (d) phase = 270◦.

FIGURE 7. The effect of varying RP on reflection coefficient and AR.

used. The following are the primary factors that affect the
performance of the proposed antenna:

1) RP (OUTER RADIUS OF THE ANTENNA)
The operational frequency band of the proposed design can be
simply switched to another by changing the outer radius of the
antenna. As shown in Fig. 7, this parameter has a considerable
impact on the LRF with a slight effect on the URF. When
swept upward, the frequency band is transferred to a lower
band. However, changing RP has a noticeable effect on the
AR at the higher frequencies while almost no changes at the
lower frequencies. The value of RP has been optimized to be
75.4 mm.

2) R1 (RADIUS OF THE CIRCLE OF THE GEAR-SHAPED
PATCH)
This parameter has themost influence on the length of the slot
and has a substantial impact on the URF.When the radius of a

FIGURE 8. The effect of varying R1 on reflection coefficient and AR.

FIGURE 9. The effect of varying ϕN on reflection coefficient and AR.

small patch is expanded, the URF is shifted to a lower value.
From Fig. 8, when R1 = 49.6 mm, the antenna works at its
optimal performance with regard to covering the majority of
GNSS application frequencies.

3) ϕN(THE SPIN ANGLE BETWEEN THE TWO GEAR-SHAPED
PATCHES)
The two orthogonal linear polarizations of the same magni-
tude are excited at the desired frequency band when the spin
angle ϕN equals 360/N. That results in excellent broadband
impedance matching and CP radiation as shown in Fig. 9.
Thus, the value of spin angle ϕN is highly sensitive while
constructing the CP antenna.

4) N (NUMBER OF POLES AND SHORTING-VIAS)
This parameter is studied by altering the quantity and position
of the shorting vias. They act as parallel inductors. Therefore,
when their number increases, their equivalent inductance
decreases, and the antenna impedance goes more capacitive
and vice versa as shown in the Smith chart in Fig. 10(b).When
it comes to AR, the number of vias and poles is crucial. After
optimizing the value of N, the proposed antenna can achieve
a FARBW of 42.8% at N = 8, as shown in Fig. 10. A balance
between the horizontal and vertical polarizations can be
obtained by carefully tweaking the dimensional parameters.
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FIGURE 10. The effect of varying N on. (a) Reflection coefficient and AR,
(b) Smith chart.

FIGURE 11. The prototype of the proposed antenna: (a) Layer A; (b) Layer
B; (c) Layer C; (d) assembled structure.

B. FABRICATION AND MEASUREMENTS
To validate the idea after optimizing the antenna parameters,
a prototype has been fabricated and measured. Layers A,
B and C along with the assembled structure are depicted in
Fig. 11. The prototype has been fabricated and assembled in

FIGURE 12. The measurement setup of the proposed antenna in an
anechoic chamber.

FIGURE 13. The simulated and measured for reflection coefficient and
realized gain of the proposed antenna.

FIGURE 14. The simulated and measured axial ratio and efficiency of the
proposed antenna.

Benha Electronics Company and measured in a Microwave
and Antenna laboratory at the Faculty of Engineering in Ain
Shams University using Agilent Vector Network Analyzer
N9918A (VNA) and an anechoic chamber as shown in
Fig. 12.

1) REFLECTION COEFFICIENT AND REALIZED GAIN
Fig. 13 shows the simulated and measured reflection
coefficient and realized gain. The antenna covers the whole
GNSS frequency band from 1.16 GHz to 1.61 GHz with
a reflection coefficient better than -10 dB (VSWR ≤ 2)
achieving an FIBW of 32.5%. The two resonant frequencies
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FIGURE 15. Measured the AR of the proposed antenna at various
frequencies across the elevation angle.

FIGURE 16. The simulated and measured radiation patterns: (a) XZ plane,
1.2 GHz; (b) XY plane, 1.2 GHz; (c) XZ plane, 1.4 GHz; (d) XY plane,
1.4 GHz; (e) XZ plane, 1.6 GHz; (f) XY plane, 1.6 GHz.

(LRF and URF) are slightly shifted due to fabrication
tolerances. The antenna achieves a maximum gain of 2.1 dBic
at the XY plane (θ = 90◦, φ = any).

FIGURE 17. The simulated E-field distributions of the proposed antenna
array at Pin = 1W.

FIGURE 18. (a) The simple block diagram of the power handling test
setup; (b) the overall test setup of the proposed antenna; (c) a Microsemi
1214-800p power amplifier module.

2) EFFICIENCY AND AXIAL RATIO
The total efficiency of the proposed antenna is shown
in Fig. 14. Based on the measured realized gain and
directivity, the antenna has an efficiency of 85±5% across
the operating frequency band. The AR against frequency
is measured at the X-axis and illustrated in Fig. 14.
However, the AR is almost identical in the whole XY plane
(θ = 90◦, φ = any) due to the symmetry of the antenna
structure around the Z-axis. It is evident that the antenna
offers a good AR below 3 dB throughout the operating
frequency band. The simulated AR covers an FARBWof 42.8
% (from 1.1 to 1.7 GHz) while the measured AR covers an
FARBW of 37.6% (from 1.1 to 1.61 GHz). This slight shrink
in the FARBW may be due to the fabrication tolerances.
However, the whole GNSS frequency band is covered with
good CP radiation in both cases. The overlapped fractional
bandwidth (FBW) between FIBW and FARBW is 32.5%
(1.16 GHz to 1.61 GHz) which is broad enough to cover all
GNSS bands.
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TABLE 2. A comparison of the proposed antenna to CP omnidirectional antenna reported designs.

To guarantee an efficient CP performance over a wide
spatial coverage (not only at the XY plane), the AR is
measured over the elevation angle (θ) at various frequencies
and presented in Fig.15. It is clear that the proposed antenna
maintains its AR below 3 dB over a wide elevation angle of
132◦ (from 2◦ to 134◦) at the central frequency (1.4 GHz).

3) RADIATION PATTERNS
Fig. 16 shows the normalized simulated and measured
right-hand CP (RHCP) and left-hand CP (LHCP) radiation
patterns in the XZ plane (V-plane) and XY plane (H-
plane) respectively at 1.2 GHz, 1.4 GHz and 1.6 GHz.
Due to the symmetry of the antenna structure, the proposed
antenna radiates a stable omnidirectional CP radiation pattern
throughout its operating frequency band. The antenna has a
uniform 360◦ coverage in the H-plane and 8-shape patterns
in the V-plane. The cross-polarization discrimination ratio
(XPD) of the radiation patterns is better than 16.5 dB. XPD is
defined as the ratio between the co-pol (RHCP) and cross-pol
(LHCP) and is linked to the AR by [23]:

XPD (dB) = 20 log10 (
AR+ 1
AR− 1

) (3)

4) POWER HANDLING CAPABILITY
The maximum handling power is calculated according to the
square relationship between power and electric field intensity
as [24], [25]:

Pmax = (
Ebr
Emax

)
2
Pin (4)

where:

Pmax : the max power capacity
Pin: the input power
Ebr : the electric field breakdown threshold (20

Mv/m for FR4-epoxy at L-band) [26]
Emax : the max electric field intensity when Pin is

applied.

By applying a 1W input power at the excitation port through
simulation, the maximum field intensity that appears across

the whole structure is Emax = 50348.4 V/m as shown in
Fig. 17. Therefore, Pmax , theoretically, equals 157.7 kW
which makes the proposed antenna an excellent candidate for
a high-power GNSS anti-attacking system.

It is worth noting that this theoretical value is much far to
be practically applied. So, to validate the performance of the
proposed antenna at high input power, practically, a test setup
has been set as shown in the block diagram in Fig. 18(a).
A signal source has been adjusted to generate a signal at a
frequencywithin the frequency band of the proposed antenna.
Then, the generated signal is fed to a high-power amplifier
which is biased using aDC power supply. The amplified high-
power signal is, subsequently, fed to the proposed antenna.

The test setup has been implemented using a pulsed signal
source that generates a signal at 1.3 GHz with a 10%
duty cycle. All the cables have been considered during the
calibration phases before the measurements. A Microsemi
1214-800p power amplifier module (which gives an 800w
peak output power) has been used to amplify the pulsed
signal. This setup gives the highest output power available
in our lab at that frequency band. The 800w-pulsed signal is
fed to the proposed antenna. The whole setup is presented in
Fig. 18(b) while the amplifier module is shown in Fig. 18(c).
The overall system has run for a few minutes without any
notable failure or degradation in performance and no change
in all the previous results of the antenna.

IV. COMPARISON
To justify the performance of the proposed antenna, a
comparison to reported designs of omnidirectional CP
antennas, based onmeasured results, is tabulated in TABLE 2.
It is obvious that the proposed antenna outperforms all the
other reported designs in terms of the overlapped FBW. The
proposed antenna also has a relatively high realized gain and
a relatively small size. Moreover, the proposed antenna offers
the widest axial ratio half-power beamwidth (ARHPBW)
which demonstrates the largest CP spatial coverage. These
features in addition to its high PHC make the proposed
antenna suitable to be used as a CP radiator in a GNSS anti-
attacking system.
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V. CONCLUSION
The antenna, which incorporates a circular disc with centre
feeding, is optimized for performance. A design approach
for a novel omnidirectional circular polarized antenna is
proposed, studied to cover the whole GNSS frequency band
(1.16–1.61) GHz and validated by fabricating a prototype
as well as measuring its parameters. The proposed design
offers an omnidirectional pattern with a maximum gain of
2.1 dBic and a low profile suitable to be implemented in
portable systems that prevent the attacks of GNSS-guided
vehicles. Moreover, the LRF shifts up and merges with the
URF to realize a broad bandwidth with two resonances to
cover almost the whole GNSS frequency band. The antenna
bandwidth can be improved at the cost of the antenna size by
increasing its height. However, if we take the application of
the proposed antenna into account, the achieved bandwidth
is sufficient to cover the whole GNSS system. Therefore,
there is no need to increase the antenna size for out-of-band
signal coverage. The antenna can handle a high power of
up to 157.7 kW while maintaining CP radiation over a wide
span of angles (132◦ in elevation and 360◦ in azimuth). Thus,
the proposed antenna is a good candidate for an anti-attack
system against UAVs guided by GNSS to safeguard vital
targets.
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