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ABSTRACT This paper presents an X-band circularly polarized patch antenna with a simulated high gain
of 12.5 dBi and a simulated side-lobe-level of below −20 dB, within the bandwidth of 5.2%. This single
element antenna achieves high gain by exploiting the mode superposition of TM11 + TM13 (excited by a
circle of vias loading the cavity) and TM12 + TM14 (excited by the cavity itself) radiated from the two
apertures, respectively. A simple feeding network, consisting of a quadrature hybrid and a couple of 90◦

bent branches, is used in the design to excite RHCP or LHCP mode in the antenna cavity. A capacitive disk
feeding is implemented so that the antenna can be matched to the feeding network, and the super-positioned
fields inside the cavity are not disturbed by the feeding pins. This approach makes the design of a dual-sense
circularly polarized antenna with high gain easier since the array configuration is not needed. High gain,
in combination with a dual-sense circular polarization, makes the proposed antenna particularly attractive
for space applications involving small satellites. With the proposed design, it is possible to employ only one
antenna rather than two (RHCP and LHCP), thus saving space on the aircraft, which is clearly a limited
resource.

INDEX TERMS Circular patch, circular polarization, high gain, sidelobes suppression, small satellites.

I. INTRODUCTION
The access to the space segment is nowadays easier than
ever, thanks to the recent advances done in miniaturization
technology. As a matter of fact, the number of space mission
involving small satellites in their different sizes is exponen-
tially increasing [1]. Despite this recent growth, the con-
cept of small satellite is not new. The relatively low cost
of mass production and low launch cost are the main rea-
son why small satellites are so attractive for small private
companies or universities. In addition, the flexibility of this
approach is another key aspect, which makes possible thanks
to modern technologies, different kinds of missions like earth
observation, remote sensing and of course communications.
Although this comes with several challenges to face. Indeed
the limited power on-board and the limited amount of area
available are the main critical aspect of this kind of approach
to space. The design of the antenna system is essential and
different constraints must be taken into account from mission
to mission.

The associate editor coordinating the review of this manuscript and
approving it for publication was Yang Yang.

For instance in [2], [3], transparent antennas are presented.
This particular characteristic allows the allocation of the
antenna on top of a solar panel, in order to save space on
the platform. An S-band antenna system for earth observation
is presented in [4]. This antenna shows a square window
which is designed in order to accommodate the imaging sys-
tem in the center. For downlink communications, deployable
monopole or planar patch antennas working in UHF and
S-band have been extensively employed, because of their
lightweight and low-cost characteristics. For higher bit-rates,
X-band is becoming more and more common [5] but, it is
well-known that the aforementioned type of antennas in their
classical configuration cannot provide the gain needed [6].
Increasing the aperture area of an antenna by employing an
array configuration is a commonly used method to increase
the gain. Besides the needs of relatively high gain, circularly
polarized antennas are preferred since radio waves propagat-
ing through the ionosphere are subject to the FaradayRotation
Effect [7]. In [8]–[12] several circularly polarized arrays are
presented. Often, both RHCP and LHCP polarizations are
desired [13]–[16], which means that in some cases, two dif-
ferent antennas must be employed, so a doubled area is used.
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In [13], [14] dual circularly polarized dual band antennas are
proposed. With this approach, however, only one polarization
per band can be achieved. In [15] an aperture antenna is
presented. Dual circular polarization is achieved, in this case,
by using a new relatively complex feeding scheme for a
four elements array. A low-profile circular patch antenna is
presented in [17]. High gain and SLL suppression in a sin-
gle element are the attractive characteristics of this antenna.
On the other hand, this element is linearly polarized so it
cannot be employed in several applications.

In this paper, a dual-sense circularly polarized planar
antenna is presented. Following the same working principle
exploited in [17], a high gain antenna with sidelobe sup-
pression has been designed. Unlike the array configuration
just mentioned, the proposed antenna is made by only one
element which in turn allows a simple feeding network to
be employed. By using a 90◦ hybrid, indeed, both RHCP
and LHCP have been achieved in the same operative band.
A capacitive feeding technique, in place of a traditional pin
technique, has been employed in the proposed design. It is
shown that by doing so, two main advantages are obtained.
The first advantage in terms of impedance matching of the
antenna to the feeding network. The second advantage in
terms of purity of the fields inside the cavity, which are no
longer disrupted by the feeding pin. This approach compared
with the previously reported CP antennas bring several advan-
tages, particularly for applications involving small satellites.
On one hand, employing a single element makes the design
of single band dual circularly polarized antennas easier since
just a simple feeding network is needed. On the other hand
the higher gain (compared with a conventional single element
patch antenna) achieved by this design by exploiting the
superposition of radiated fields, makes the antenna suitable
to be employed in small satellites applications (for instance
downlink communications). Thus avoiding dual band anten-
nas like in [13], [14], or relatively complex feeding network
like in [15]. This paper is organized as follows. Section II
describes the antenna configurations. In this section, the chal-
lenges faced to design this kind of antenna and the proposed
solution are presented. In section, III measured results and
comparison are shown. Conclusion and possible future appli-
cations are discussed in section IV.

II. ANTENNA CONFIGURATION
A. ANTENNA AND FEEDING NETWORK DESIGN
In Fig.1 the configuration of the proposed antenna is shown.
It has a 3 layers structure and the total dimension with regards
to the wavelength is 3.7λ. The antenna layer is printed on
a Roger 4350B with εr = 3.66, tan δ = 0.0037 and
thickness h1 = 1.524mm. It consist of a single circular
element of radius R1 = 27mm, with a circular slot of width
g = 0.8mm etched at the position rp = 11.03mm.A circle of
N = 20 grounded vias with non-identical diameter is placed
at the position rc = 8.7mm. The diameters of the vias are

FIGURE 1. Top view and side view of the proposed antenna layout. The
metallizations are represented in black, the substrates (Roger 4350B) in
grey and the glue film (Isola 370HR) in blue. Lines with the same dash
step belong to the same layer.

dsmall = 0.6mm, dmedium = 0.7mm and dlarge = 0.8mm.
With this choice the symmetry of the antenna in both E-plane
and H-plane is preserved, thus allowing better performance
in terms of polarization. The ground layer is printed on the
other face of the Roger 4350B. Two circular apertures with
diameter d1 = 3.4mm (Fig.1 and Fig.2a) are etched in
the ground plane at position s = 3mm along the x and y
axes. A couple of metallic disks with diameter d2 = 1.6mm
are then placed in s and connected to the feeding network
through a metallic pin. The feeding layer mainly consists
of a quadrature hybrid connected to two 90◦ bent branches.
This layer is printed on a Roger 4003C with εr = 3.55,
tan δ = 0.0027 and thickness h2 = 0.2mm which in turn is
glued to the ground layer through a thin film of Isola 370HR
shown in blue in Fig.1.

B. ANALYSIS OF THE FEEDING TECHNIQUE
A capacitive feeding technique has been chosen for the pro-
posed antenna as shown in Fig.2a. As mentioned before the
antenna cavity is fed through a couple of disks printed in the
same layer of the ground plane. A common approach, among
all, to achieve circular polarization is by exciting two orthog-
onal components with a 90◦ phase difference. The two disks
are thus orthogonally placed and the 90◦ phase difference is
provided by the quadrature hybrid. It is worthy to point out
now that, by the nature of the quadrature hybrid, a dual-sense
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FIGURE 2. Side view of the capacitive disk technique (a) made of a disk
capacitively coupled with the antenna layer, and the pin technique
(b) consisting of a pin going through the ground plane and connecting
directly the antenna to the feeding network. For simplicity some details
have been removed from this drawings.

FIGURE 3. Simulated real (a) and imaginary (b) parts of the antenna input
impedance for pin (solid line) and disk (dotted line) feeding technique.

circularly polarized antenna is obtained. There are two main
reasons for choosing a capacitive feeding technique over
a traditional feeding with a pin going through a circular
aperture in the ground plane and connecting the antenna
directly to the feeding network as shown in Fig.2b. The first
reason is related to the input impedance of the antenna. For
a patch antenna operating with the fundamental mode, it is
well known that the input impedance is maximum at the edge.
This is no longer true when high order modes are excited
in the cavity. In order to achieve high gain and improved
SLL suppression, the proposed antenna exploit a superpo-
sition of radiated fields. A superposition of TM11 + TM13
(radiating from the circular slot and from the outer aperture
respectively) is excited at lower frequency by the circle of
vias and a superposition of TM12 + TM14 (radiating from
the circular slot and from the outer aperture respectively) is
excited at higher frequency by the cavity itself. In this case,
the input impedance is maximum in a position between the
center and the edge, depending on which high order mode
is excited [18]. As a consequence of this, it is difficult to
match the antenna to the feeding network. Fig.3 shows the
real (a) and imaginary (b) part of the input impedance for
both the techniques. The pin technique (solid line) shows a
higher resistance and reactance compared to the capacitive
disk technique (dotted line). Moreover, the two degrees of
freedom (the diameter of the circular aperture in the ground
plane d1 and the diameter of the circular disk d2) given by this
solutionmakes the impedance matching of the antenna easier.
The second reason is related to the unwanted modes excited
in the cavity. In a real scenario, the pin technique excites
unwanted modes in the cavity [17]. This effect alters the
purity of the TM1x modes, which as said earlier, are exploited
in the proposed design to achieve high gain and sidelobe level

FIGURE 4. Z component of the E-field excited in the cavity by only one
port at 11 Ghz. The edges of the metallic parts are represented in black
and the feeding points are represented in red.

suppression. As said before, in applications where circular
polarization is needed, a couple of pins are placed inside the
cavity in orthogonal position in order to excite two orthogonal
polarizations.When a pure TM1x is excited this additional pin
(which excite the orthogonal polarization) lies in a zero-field
position. This is shown in Fig.4. The z components of the
E-field inside the cavity excited by only port A at 11GHz
is represented. In this situation is clearly shown that port B
is placed in a zero-fields area but when unwanted mode are
excited this no longer applies. Therefore as a direct conse-
quence, the two pins disrupt each other, narrowing down the
radiation performance and deteriorating the isolation between
the input port of the antenna. This effect can be mitigated
by using a capacitive technique which is intrinsically free of
metallic parts inside the antenna’s cavity. It is worth to point
out now, for a better understanding of the working princi-
ple of this antenna, that since only two modes are excited
inside the cavity, only two resonances are shown in Fig.3.
Consequently, each mode excited inside the cavity produces
a superposition of radiated fields from the two apertures of
the antenna.

III. ANTENNA PERFORMANCE
According to what presented in section II a prototype of the
proposed antenna has been realized and measured. The scat-
tering parameters, measured with a Keysigth N5227A PNA,
are shown in Fig.5. Both simulation and measurement show
a wide range where the |Sxx | is below −10 dB, with the
exception of Port 1 for the manufactured antenna, which
shows a small peak around 11GHz. Taking into account
S21, the simulated antenna shows an impedance bandwidth
of 5.2% from 10.7GHz to 11.27GHz highlighted in red
in Fig.5. The measured antenna shows an impedance band-
width of 3.6% from 11GHz to 11.4GHz, highlighted in
blue in Fig.5. Moreover, compared to the simulated results,
the manufactured antenna band appears to be shifted to a
slightly higher frequency. This discrepancy is related to a
poor manufacture of the antenna which is relatively sensitive
to the radius of the vias. This behavior has been observed
in [17] already, so the results are not repeated in this work.
The anechoic chamber shown in Fig.6 has been used to
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FIGURE 5. Measured (M) and Simulated (S) |S11|, |S22| and |S21|. The
impedance bandwidth of the manufactured antenna is highlighted in light
blue. Simulated |S22| is not shown for reasons of symmetry.

FIGURE 6. Measurement setup employed for the proposed antenna. The
probe is kept in a fixed position on the arm. The antenna under test is
placed on the platform. Rotating the platform the E-plane or H-plane
radiation pattern is measured.

FIGURE 7. Measured (M) and Simulated (S) Realized Gain (RG) and Side
Lobe Level (SLL) for port 1 and port 2. The impedance bandwidth of the
manufactured antenna is highlighted in light blue. For reason of
symmetry the simulated results for port 2 are omitted.

measure the radiation performances of the presented antenna.
In this setup, the probe is placed on the yellow arm and the
AUT is placed on the grey platform. By rotating the platform

FIGURE 8. Measured (M) and Simulated (S) Axial Ratio for port 1 and port
2. The impedance bandwidth of the manufactured antenna is highlighted
in light blue.

FIGURE 9. Measured (M) and Simulated (S) radiation patterns for E-plane
and H-plane at three different frequency points. Results are shown for
port 1 and port 2.

a full plane scanning is achieved. In order to measure both
E-plane and H-plane, the AUT is thus manually rotated by
90◦. Gains and SLL are presented in Fig.7, once again the
impedance bandwidth is highlighted in blue. The simulated
gain is 13 dBi. The measured gain is around 12.5 dBi, which
agrees with the simulated gain, with the only exception of
a shift toward slightly higher frequency. On the other hand,
simulation and measurement for the SLL seem to be rather
different. The simulated SLL is around −20 dB, whereas
the measured SLL is around −10 dB. However, the SLL
shown by the manufactured antenna is quite similar to the
one shown in [17] which is enough for the application. The
simulated cross-polarization for both ports shows a cross-pol
level around −18 dB at θ = 0◦, the worst case is around
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θ = 45◦ where the cross-pol level is 0 dB. Considering the
relatively low level of the worst case and the fact that is
outside the main beam area, the results are omitted. Results
for the axial ratio are presented in Fig.8. The simulated results
show an AR < 3 dB in a large band. The in-band axial ratio
level for port 1 is a bit high because of a peak around 11GHz.
On the other hand, measured results for port 2 show better
performance with an AR < 2 dB in the whole impedance
bandwidth. Due to the symmetry of the structure, the AR
for the two ports should be the same thus the differences
are due to imperfection in the manufacturing process. Fig.9
shows the realized gain of the manufactured antenna for both
ports in the two main planes compared with the simulated
results. The simulated results are shown in the band from
10.75GHz to 11.25GHz and the measured results are shown
in the band 11GHz to 11.4GHz due to the small shift to a
higher frequency. The first sidelobe seems to appear around
±50◦ for the measurement and around±110◦ for the simula-
tions, which could explain the difference between the curves
in Fig.7.

IV. CONCLUSION
In this paper, an X-band circular polarized patch antenna.
Simulations have shown a high gain of 12.5 dBi and a SLL
better than −20 dB, in a bandwidth of 5.2%. For this single
element antenna, the high gain has been achieved, by exploit-
ing a superposition of fields radiated from two apertures.
A simple feeding network consisting of a quadrature hybrid
and a couple of 90◦ bent branches have been used in the
proposed design, in order to excite RHCP or LHCP modes in
the antenna cavity. This approach makes the design of a dual
sense circularly polarized antenna with high gain easier since
the array configuration or other more complex solution are
not needed. Because of the advantages in terms of impedance
matching and modes purity, a capacitive feeding technique,
rather than a pin feeding technique, has been chosen to feed
the antenna. High gain, in combination with a dual-sense
circular polarization, make the proposed antenna particularly
attractive for space applications involving small satellites.
For instance, the proposed antenna could be employed for
downlink applications where, to the best knowledge of the
authors, two separate antennas arrays operating in the same
band (one for the RHCP and another one for LHCP) are
used. Consequently, space, which is clearly a very limited
resource on a small satellite, is saved. It is worth to point out
that, for practical reason, a high dielectric constant has been
chosen for the manufacturing of this antenna. This choice
limits the gain that otherwise would be up to 16 dBi [17]
which is considered enough for downlink applications in low
earth orbit.
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