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Abstract: The airborne relay system is an important support for improving the stability of communi-
cation systems in complex electromagnetic environments. As a key component of the airborne relay
system, the antenna needs to have characteristics such as high gain, dual circular polarization, wide
beam coverage, and miniaturization. Based on the septum circular polarizer, this paper proposes a
high-performance circularly polarized antenna structure suitable for airborne relay systems, named
AcpAS. The structure consists of a coaxial feed port, a coaxial-to-waveguide transition, a septum
circular polarizer, and a parabolic metal housing. Based on this structure, two antennas operating
at 19.6 GHz to 21.6 GHz and 29.2 GHz to 31.2 GHz are designed in this paper. Simulated and
measured results show that the two antennas have dual circular polarization characteristics, with
beam coverage range of more than +55° for gains higher than 0 dBi, and the radiation patterns
exhibit good symmetry and wide-beam coverage characteristics.
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1. Introduction

With the rapid development of informatization, communication equipment such as
wireless communication, satellite navigation, and radar systems are widely used, making
the electromagnetic environment increasingly complex. Especially in emergencies such as
natural disasters, accidents, or terrorist attacks, once the communication infrastructure is
damaged or overloaded, the stability of the communication system is greatly challenged.
This may lead to communication interruptions or delays, severely affecting rescue and
emergency response operations. Therefore, in complex electromagnetic environments or
emergency situations, emergency communication systems play a crucial role in ensuring
communication stability and providing network emergency support [1-3].

The airborne relay communication system is essential to the emergency communi-
cation system. The airborne platform, by carrying real-time information distribution or
airborne forwarding payloads, can support the real-time distribution of information, relay
signals, and expand the coverage of communication, featuring wide coverage, low latency,
high mobility, and strong practicality, effectively enhancing the deployment capabilities of
the communication system in emergencies such as major events, natural disasters, accident
disasters, and social security incidents [4-7].

In the airborne relay communication system, to adapt to the characteristics of the low
altitude of the airborne platform and the limited payload, and at the same time to improve
anti-interference performance and reduce polarization mismatch, the design of the antenna
needs to consider miniaturization, high gain, wide beam or half-space beam coverage, dual
circular polarization (CP), etc. [8-10]. Moreover, it is better for the antenna to operate at
the K-/Ka-bands, which can directly adapt to existing satellite communication terminals,
ensuring emergency communication when satellite communication is limited.
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In satellite communication systems, multi-beam antennas or phased arrays are com-
monly used to realize beam coverage or beam scanning functions for specified areas to
achieve dual-CP and wide-area coverage [11-14]. However, in airborne relay communi-
cation systems, multi-beam antennas or phased arrays are difficult to apply: multi-beam
or phased array antennas often contain multiple antenna elements, along with complex
control or feeding networks, which would bring additional weight, power consumption,
and technical complexity. Therefore, traditional multi-beam antennas and phased arrays are
not suitable for airborne platforms with limited payload and power resources. Adopting
a miniaturized wide-beam single-beam antenna structure, combined with time-division
multiple access technology, is an effective solution for the antenna system of the airborne
relay platform.

In view of this, this paper designs and proposes an antenna structure suitable for
airborne relay communication systems. The antenna can operate at the K-band or the Ka-
band, with dual-CP, a wide beam width, and features such as high gain and miniaturization.

The main contributions of this paper are as follows:

e This paper proposes a wide-beam dual-CP antenna that operates at the K- and Ka-
bands, respectively, using a stepped septum polarizer to achieve dual-CP radiation
at the K- and Ka-bands, and the beam width is broadened by loading a parabolic
metal housing.

¢  This paper optimizes the septum polarizer for the antenna element and uses a side-fed
coaxial-waveguide transition as the input structure of the septum polarizer, effectively
reducing the impact of feeding structure errors on the performance of the septum polarizer.

¢  Extensive simulations and measurements were conducted on the two designed wide-
beam dual-CP antennas, and the results show that the antennas have the characteristics
of dual-CP, wide-beam coverage, and miniaturization.

The structure of this paper is as follows. Section 2 introduces related works. Section 3
describes the design details of the antenna. Section 4 evaluates the performance of the
antenna through experiments. Finally, Section 5 summarizes this whole paper.

2. Related Works

With the rapid development of communication technology and changes in the commu-
nication environment, CP and dual-CP technologies have made significant advancements.
Currently, many structures and processes for dual-CP antennas have been proposed: a
typical method is to use a feeding network, which can output two signals with equal
amplitude and phase orthogonal to each other [15-19]. This type of dual-CP antenna
exhibits excellent directional radiation performance. However, the feeding network and the
90-degree phase shifter have complex structures and high design requirements, which can
cause additional losses, thereby reducing the radiation efficiency of the antenna. Scholars
have proposed antenna designs based on square slot [20-25] structures and monopole
antenna structures [26,27]. These two types of dual-CP antennas usually have advan-
tages such as wide bandwidth, low profile, and ease of fabrication. However, this type of
antenna has a bidirectional radiation characteristic, which severely limits its application
in communication systems. Additionally, there are some multi-feed dual-CP dual-band
antennas [28-36] that achieve dual-band and dual-CP through multi-feeding ports and
array forms but cannot achieve wide-beam coverage, or that rely on feeding networks to
realize angle scanning, making them unsuitable for airborne platforms. Moreover, horn
antennas are also frequently used to generate dual-CP radiation [37-41]. However, due to
the characteristics of horn antennas, the beam width of the antennas is generally narrow,
unable to meet the requirements for wide-beam coverage.

Given that, this paper focuses on the destination of the antenna structure suitable
for airborne relay communication systems, with the merits of dual-CP, wide beam width,
and features such as high gain and miniaturization.
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3. Design of AcpAS

The AcpAS antenna structure designed in this paper is shown in Figure 1. The figure
shows the simulation model of the AcpAS. The antenna was simulated and optimized
using ANSYS HFSS EM simulation software (2024 R2) via the finite element method (FEM).
The antenna consists of a metal base, a coaxial feeding port, a stepped septum polarizer,
a parabolic metal housing, a dielectric substrate, and two metal rings. One of the coaxial
feeding ports is for feeding, and the other is matched. CP waves are formed through the
waveguide and the septum polarizer. There is a circular opening on the top of the parabolic
metal housing, inlaid with a dielectric substrate, and metal rings are printed on the top
and bottom surfaces of the dielectric substrate. The circularly polarized waves are radiated
through the metal cover and the metal rings, forming a wide-beam coverage CP wave.
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Figure 1. Antenna structure of AcpAS.

3.1. Design of the Septum Polarizer

The performance of the septum polarizer determines the CP performance of the
antenna [42,43]. It achieves circular polarization by inserting a stepped metal septum into
a square waveguide. Figure 2 shows the ANSYS HFSS simulation model of a common
structure of the septum polarizer, where Port 1 and Port 2 are input ports, which are
rectangular waveguides excited by a coax, and Port 3 is the square waveguide output port.

: ‘ <-— Port3
Stepped 1 |
Septum | - \*:H
‘ <
<«— Port2
. vl Lz :
Port] —»¢ N

Figure 2. Septum polarizer.

The TE;9 mode input from the rectangular waveguide port is converted into two
orthogonal TEjy and TEj; modes in the square waveguide after passing through the
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septum. For the TEjy mode, the septum has no effect on its propagation constant. For the
TEg; mode, the septum is similar to a fin-line or ridge waveguide, which introduces phase
delay. By adjusting the parameters of each step of the septum, the phase difference between
the two orthogonal modes is made to be 90°, thereby forming a CP wave at the output
port. The field pattern structure of the polarizer is shown in Figure 3. As can be seen from
the field pattern structure of the septum polarizer, feeding Port 1 or Port 2 individually
can form left-hand circularly polarized (LHCP) waves or right-hand circularly polarized
(RHCP) waves at the output ports, respectively. Therefore, the adoption of septum polarizer
can achieve dual-CP. In addition, feeding Port 1 and Port 2 with equal amplitude and
in-phase or reverse-phase will form linearly polarized (LP) waves at the output ports.
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Figure 3. Field pattern structure of the septum polarizer.

The key technical specification in the design of the septum polarizer lies in its CP
axial ratio (AR), which is mainly influenced by two factors: one is the amplitude difference
between the two modes, and the other is the phase difference deviating from 90° between
the two modes. From the perspective of the S-parameters, the septum polarizer can be
regarded as a four-port network. Define the port parallel to the septum as Port 3 and the
port perpendicular to the septum as Port 4. The AR caused by the amplitude difference is

S
ARy = 20!g|5—1j| =10Ig(1 — |S33 ) 1)

The AR produced by the phase difference deviating from 90° is

S11+ Su4

AR, = 20| e

| 2
where AR; is the AR generated by the amplitude difference, AR; is the AR produced by
the phase difference deviating from 90°, Sy3 is the transmission coefficient from Port 3 to
Port 1, Sy4 is the transmission coefficient from Port 4 to Port 1, and Ss3 is the reflection
coefficient at Port 3.

Then, it can be considered that the AR of the circular polarizeris AR = ARy + AR(dB).
Therefore, to reduce the AR of the septum polarizer, it is necessary to optimize the design
of the steps to make the amplitudes of the two modes as equal as possible and the phase
difference as close to 90° as possible.

Another key technical specification of the septum polarizer is the isolation between
input ports, which is mainly caused by the standing wave of signals parallel to the septum.
By optimizing the design of the steps, the standing wave of signals parallel to the septum
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can be reduced, thereby improving the isolation between the two senses of rotation of the
septum polarizer.

3.2. Optimization Design of the Coaxial to Waveguide Transition

As shown in Figure 2, the widely used septum polarizer currently adopts a direct
insertion method for the coaxial port [41]. This form of structure is simple and easy to
analyze. However, the performance of the septum polarizer is sensitive to the insertion
length of the coaxial probe. As shown in Figure 4, when there is a 0.2 mm change in the
probe length, significant changes occur in the performance of the K-band septum polarizer,
such as the voltage standing wave ratio (VSWR) and AR. In engineering implementations,
errors due to machining or coaxial port installation may lead to changes in the length of
the probe inserted into the waveguide, causing a sharp deterioration in the performance of
the septum polarizer.
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Figure 4. The impact of probe length on the performance of the septum polarizer by direct inser-
tion method. (a) VSWR. (b) Phase difference. (¢) Amplitude difference.

R. Levy and L. W. Hendrick proposed the in-line coaxial-waveguide transition struc-
ture [44]. Based on this, M. Durga et al. proposed an in-line transition structure based on
third-order impedance transformation [45], as shown in Figure 5. The coaxial probe and the
waveguide are in a straight line, with the probe inserted into the bottom short-circuit plate
of the waveguide and connected to the stepped structure inside the waveguide. However,
when applied to a septum polarizer, due to the size limitations of K/Ka-band waveguides,
the feedback structure can cause overlap between the two coaxial ports, making it difficult to
fabricate. In response to this, this paper proposes a side-fed coaxial-to-waveguide transition.

Coax .
Probe Waveguide

Stepped impedance
matching

Figure 5. In-line coaxial-to-waveguide transition.

The schematic diagram of the side-fed coaxial-to-waveguide transition is shown
in Figure 6. Similar to the direct insertion method, the coaxial probe is inserted into
the waveguide from the side and connects to or is inserted into the stepped structure
inside the waveguide. The probe inside the waveguide generates excitation and achieves
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the transformation from TEM mode to TEjy mode, and the stepped structure realizes
impedance matching.
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Figure 6. Side-fed coaxial-to-waveguide transition.

In AcpAS, a third-order stepped impedance matching structure is used. Typically,
the length of the impedance matching step is a quarter of the wavelength, and the height
conforms to the Chebyshev function [46]. Based on the Chebyshev impedance transforma-
tion, the initial step height and length are determined, a simulation model is established,
and reasonable optimization is conducted. The parameters of the impedance matching
steps operating in the K-band and Ka-band are shown in Table 1, and the meaning of each
parameter in the table is shown in Figure 6.

Table 1. Parameters of the coaxial-waveguide transition structure (mm).

hq hy h3 Iy I I3
K-band 2.6 1.8 1.1 2.8 2.1 2.6
Ka-band 2 1.3 0.56 2.6 1.9 2.2

3.3. Design of Antenna

As shown in Figure 1, the AcpAS antenna structure includes, in addition to the coaxial
port, waveguide, and septum polarizer, other components such as a metal base plate,
a parabolic metal housing, a dielectric substrate, and metal rings. The metal base plate is
mainly used for installing the waveguide and the parabolic metal housing. The top of the
metal housing has a circular opening, inside of which the dielectric substrate is installed.
The dielectric substrate is made of Rogers 5880 material. Metal rings of the same size are
etched on the upper and lower sides of the dielectric substrate.

When the antenna is in operation, Port 1 is fed, and Port 2 is matched. The septum
circular polarizer forms a RHCP wave. On the contrary, when Port 2 is fed and Port 1 is
matched, an LHCP wave is produced. The CP wave excites the metal rings to generate
radiation. The parabolic metal housing serves to expand the beam width, achieving wide-
beam coverage with dual-CP. Furthermore, based on the characteristics of the septum
polarizer, by feeding equal amplitude and in-phase or equal amplitude and opposite-phase
signals to the two ports, horizontal or vertical polarized waves can also be generated.

4. Evaluation

In this section, we first evaluate the AcpAS structure via extensive simulations. Addi-
tionally, we make a prototype on the AcpAS antennas and conduct prototype tests on the
AcpAS structure. The image of the antenna prototypes is shown in Figure 7.
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Figure 7. Photograph of the fabricated prototype of the proposed antennas.

4.1. Simulation on the Components of AcpAS
4.1.1. Simulation on the Septum Polarizer

The septum polarizer was simulated and optimized using ANSYS HFSS EM simulation
software. Moreover, polarizers designed for operating frequencies of 19.6 GHz-21.6 GHz
and 29.2 GHz-31.2 GHz were developed. Figure 8 shows the structure of the polarizer,
and Table 2 provides the specific length parameters of K-band and Ka-band, where a is the
width of the square waveguide, L is the length of the waveguide, d is the thickness of the
septum, lp—I5 are the lengths of each step, and ag—as are the heights of each step.

Figures 9 and 10, respectively, show the distribution of the electric field vector at the
output port of the septum polarizer at 20.6 GHz over one time period T, when Port 1 is fed
and Port 2 is matched, and when Port 2 is fed and Port 1 is matched. It can be observed
that when only Port 1 is fed, the septum polarizer generates RHCP waves, and when only
Port 2 is fed, the septum polarizer generates LHCP waves.

Figures 11 and 12, respectively, show the simulation results of the VSWR, port isolation,
phase difference between the two modes, and amplitude difference between the two
modes for the designed K-band and Ka-band septum polarizers. It can be seen that
for the K-band septum polarizer, within its operating frequency band, VSWR < 1.6, port
isolation < 14 dB, the phase difference between the two modes is >86.3°, and the amplitude
difference < 0.1 dB; for the Ka-band septum polarizer, within its operating frequency band,
VSWR < 1.6, port isolation < 14 dB, the phase difference between the two modes >83.1°,
and the amplitude difference < 0.4 dB. Both septum polarizers exhibit good performance
and meet the feed requirements of dual-CP antennas.

<
< » <}

lo

viv

s @

(a) (b)

Figure 8. Schematic diagram of the septum polarizer structure. (a) Side view of septum circular
polarizer. (b) Front view of septum circular polarizer.
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Table 2. Length Parameters of the K/Ka-band septum polarizer (mm).
Length Para. a d L ly I I, I3 Iy Is a1 as az ay as
K-band 8.5 1 3482 16.02 151 2.29 2.65 2.38 1.05 7.14 4 222 2.01 0.24

Ka-band 6.3576 0.5 22.8 7.86 1.19 2.06 2.58 225 1.86 5.06 2.99 2.23 1.12 0.62

Figure 10. Diagram of LHCP electric field vector. (a) t = 0. (b) t = T/4. (c)t =T/2. (d) t = 3T /4.
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Figure 11. Simulation results of the VSWR, port isolation, phase difference, and amplitude difference
for the K-band septum polarizer. (a) VSWR and isolation. (b) Phase difference and amplitude difference.
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Figure 12. Simulation results of the VSWR, port isolation, phase difference, and amplitude difference for
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4.1.2. Simulation on the Optimized Coaxial-to-Waveguide Transition

The simulation results of the side-fed coaxial-to-waveguide transition are shown in
Figure 13. The simulation results indicate that the optimized transition structure has good
performance, with return loss being greater than 20 dB in both the K-band and Ka-band
and insertion loss being less than 0.1 dB. Figure 13b provides the electric field distribution
inside the waveguide.

Figure 14 shows the simulation results of the performance of the K-band septum
polarizer after using the side-fed coaxial-to-waveguide transition, when the probe length
varies by £0.2 mm. It can be seen that at this time, the change in probe length has almost
no effect on the performance of the septum polarizer. Therefore, by using the side-fed
coaxial-to-waveguide transition, the impact of errors in manufacturing or installation on
the performance of the septum polarizer can be effectively reduced.

E Field [Vim]
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Figure 13. Coaxial-to-waveguide transition simulation results. (a) S parameter. (b) Electric field
distribution in waveguide (K-band).
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Figure 14. The impact of the probe length on the performance of the septum circular polarizer by
side-fed coaxial-to-waveguide transition. (a) VSWR. (b) Phase difference. (c) Amplitude difference.

4.2. Test of the Antenna Structure

We conduct extensive simulations and prototype tests on the AcpAS structure to
verify its performance. Tests are performed in an anechoic chamber. Due to the symmetry
of the antenna structure, the radiation performance of RHCP and LHCP is the same.
Figures 15 and 16 provide the simulation and test results of the K-band and Ka-band
antennas when radiating RHCP waves, respectively.

From Figures 15 and 16, it is obvious that the simulated and measured results of the
antenna are roughly consistent. In the actual testing process, to simulate the scenario of the
antenna being mounted on a launch platform, the antenna was installed on a metal plane
for testing, which led to a certain error between the test results and the simulation results.
In Figure 15a, the return loss of the K-band antenna within the operating frequency band is
less than 10 dB, and the Ka-band antenna is less than 15 dB. In Figure 15b, the gain of the K-
band antenna within the operating frequency band is greater than 6.7 dBi, and the Ka-band
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is greater than 4.3 dBi. The return loss and gain performance of the two antennas meet
the requirements of the antennas for the airborne relay communication system. Figure 16
provides the simulation and test results of the radiation patterns of the two antennas. Due
to the addition of metal edges for installation, ripples and depressions appear in the antenna
patterns. In the future, it is possible to consider replacing the metal bottom plate with a
dielectric substrate to weaken this effect. From the results, it can be seen that the beam
coverage range of both antennas with a gain greater than 0 dBi exceeds £55°, featuring
wide-beam coverage.
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Figure 15. Simulated and measured antenna return loss and gain. (a) Return loss. (b) Realized gain.
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Figure 16. Simulated and measured gains and patterns: (a) 19.6 GHz; (b) 20.6 GHz; (c) 21.6 GHz;
(d) 29.2 GHz; (e) 30.2 GHz; (f) 31.2 GHz.

5. Conclusions

This paper analyzes and simulates the optimization of the septum polarizer, improves
the feeding structure of the polarizer, and proposes a wide-beam coverage dual-CP antenna
based on this. Physical prototypes of two antennas operating in the K-band and Ka-band
were fabricated and tested. The simulated and measured results are in good agreement.
The results show that the two designed antennas operate from 19.6 GHz to 21.6 GHz
and from 29.2 GHz to 31.2 GHz, respectively. The antennas have dual-CP characteristics.
The beam widths of the two antennas with gains higher than 0 dBi are greater than +55°,
and the radiation patterns exhibit good symmetry. This indicates that the two antennas
are a good choice for a lift-off relay communication system. Subsequently, the designed
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antennas will be mounted on an unmanned helicopter and communication experiments
will be conducted to verify the actual performance of the antennas.
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