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Abstract—This article presents a novel metamaterial-based
orthomode transducer (Meta-OMT) with symmetric port param-
eters, surpassing those of conventional OMTs. Using the
polarization modulation properties of metamaterials, this design
achieves complete port symmetry, enabling all three ports to
serve as input terminals for the OMT. By harnessing the
high polarization selectivity of metamaterials, the isolation of
cross-polarized signals is significantly enhanced. Within the oper-
ating frequency range of 9.4-10.6 GHz, this Meta-OMT achieves
low insertion loss ranging from 0.1 to 0.5 dB and facilitates
efficient signal transmission. Moreover, it exhibits exceptional
isolation capabilities, with isolation levels exceeding 40 dB for
both co-polarization and cross-polarization signals and reaching
50 dB in 80% of the operating frequency band.

Index Terms— Asymmetric metasurface, metamaterial, ortho-
mode transducer (OMT), polarization conversion.

I. INTRODUCTION

RTHOMODE transducers (OMTs) are the critical com-

ponents in many telecommunication and radar systems.
They are widely used for detecting, measuring, and tracking
targets [1]. The antenna in a radar system is typically linearly
polarized, meaning that the electric field vector has a fixed
direction, and it can only receive signals polarized in that
direction. However, in some applications, it is necessary to
receive signals from different directions and polarizations. As a
result, an OMT is needed to solve this problem, and it was
first proposed by Tompkins [2]. An OMT is shown in Fig. 1.
It can divide the two orthogonal polarization components of
the incoming signal and transmit them to two separate output
ports, where the signals are processed independently. Dividing
the input signal into two orthogonal polarized signals using an
OMT provides the following benefits [3], [4], [5].

1) Signal Isolation: The signals of the two orthogonal
polarizations have low interference between them. When
multiple signal sources are in a transmission or pro-
cessing environment, dividing orthogonal polarizations
of the signals reduces crosstalk and interference.

2) Wideband Transmission: Orthogonally polarized signals
offer a broader effective bandwidth/capacity. By dividing
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Fig. 1. Schematics of (a) conventional OMT and (b) Meta-OMT, where
the solid lines show how the orthogonal signals flow in the structure and are
converted by the metamaterials.

a signal into two orthogonal polarizations, it is pos-
sible to transmit more information simultaneously and
increase the capacity and rate of signal transmission.

3) Antenna Design: The use of orthogonally polarized sig-
nals can improve antenna performance. By tailoring the
signal characteristics, antenna systems can be designed
to have better performance, e.g., gain, directivity, and
interference rejection capabilities.

In recent years, OMTs have been extensively studied and
developed. They can be divided into several groups based on
the OMT design and functionality. OMTs can be realized as
waveguide OMTs [1], [6], [7], [8], [9], [10] and planar OMTs
[11], [12], [13], [14], [15], [16], [17].

Waveguide OMTs have the advantages of broad bandwidth
and low losses but tend to have larger physical dimensions and
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are relatively heavy as compared to planar OMTs. Compact
size and ease of integration are the advantages of planar
OMTs, but they have a lower power handling capability and
higher losses.

The OMTs can also have symmetric and asymmetric designs
for different application requirements and specific system
designs. Symmetric OMTs [3], [7], [18], [19], [20] achieve
a balanced power distribution and a precise polarization sep-
aration, commonly used in antenna systems, radar, and radio
astronomy. Asymmetric OMTs [5], [21], [22], [23], on the
other hand, introduce power imbalance and are employed in
applications, where specific power distribution is required, e.g.,
in satellite communications.

Another type of OMT is called dual-mode OMT, which is
designed to handle two different frequency bands simultane-
ously, allowing for the separation and combination of signals
in each band [24], [25], [26].

The functionality and performance of OMT can be further
enhanced with the use of metamaterials. Metamaterials are
artificially engineered media that exhibit electromagnetic prop-
erties, which are not found in natural materials [27], [28]. The
electromagnetic response of metamaterials arises from their
structural design rather than their chemical composition. This
allows them to manipulate the wave propagation in unconven-
tional ways [29]. One of the most interesting research areas of
metamaterials is polarization control, which can be associated
with asymmetric transmissions or polarization conversion [30],
[31], [32], [33], [34]. However, metamaterials are barely used
in OMT designs so far to optimize the device’s performance
and expand its functionality.

In this article, a novel method for the design of OMTs
using metamaterial polarization rotators is proposed and
analyzed. As shown in Fig. 1, this metamaterial-based
OMT (Meta-OMT) differs from conventional OMTs. Namely,
in addition to the basic OMT function of separating ortho-
mode signals, it makes all three ports usable as input ports
with fully symmetrical port coefficients. This enhances its
functionality and application versatility. In this article, the
EM waves with vertical and horizontal electric fields are
defined as vertically and horizontally polarized EM waves,
respectively. The design utilizes the polarization separation
capability of metamaterials, providing polarization isolation
over 40 dB between co-polarization and cross-polarization in
the Meta-OMT. The design details are presented in Section II
and discussed separately in three parts. In Section III, the pro-
totype of this design is fabricated and measured, verifying the
feasibility and performance of Meta-OMT and demonstrating
a good agreement with the simulations. In Section IV, brief
conclusion and potential research directions of Meta-OMTs
are discussed.

II. META-OMT DESIGN

The intricate nature of the Meta-OMT structure necessitates
a comprehensive explanation of its design. It is divided into
three distinct components.

1) Y-shaped polarization separator.

2) Polarization conversion metamaterials in the waveguide.

3) Amalgamation of both to form the Meta-OMT.
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Fig. 2. Structure diagram of the Y-shaped polarization separator with
dimensions: a = 18 mm, kg = 20.0 mm, £y = 50.0 mm, and wy = 1.5 mm.

A. Y-Shaped Polarization Separator

The design of the Y-shaped polarization separator incor-
porates the overall functionality and meets the performance
requirements of the Meta-OMT. Its functionalities primarily
focus on the following aspects.

1) Polarization separation capability of the Y-junction.

2) Isolation between co-polarized and cross-polarized

waves.

3) Symmetry of port

Meta-OMT.
These three features are elaborated as follows.

The structure of the Y-shaped polarization separator is based
on a square waveguide with a side length of a, as depicted
in Fig. 2. Two matching metallic pins with radii of w; are
placed orthogonally at the inputs of waveguides, leading to
ports 2 and 3. The pins serve the purpose of initial polarization
separation and orthogonal mode matching. As shown in Fig. 2,
horizontally polarized waves propagate only toward port 2
and are blocked from port 3, while vertically polarized waves
exhibit the opposite behavior.

The transmission and reflection characteristics of the
Y-shaped polarization separator are shown in Fig. 3(a). In the
frequency band of 9—11 GHz, the insertion loss of vertically
polarized wave is 0.8—1.0 dB between Ports 1 and 2, while
the loss of the horizontally polarized waves between Ports 1
and 3 is 0.1-0.4 dB. The reflection coefficients for both
polarizations exceed 10 dB.

Since the input signals are orthogonal dual-polarized waves,
it is necessary to examine the co- and cross-polarization iso-
lation between the ports. Co-polarization isolation is depicted
in Fig. 3(b) in the frequency band of 9-11 GHz. All port
pairs exhibit co-polarization isolation above 10 dB, except
for slightly lower isolation between Ports 2 and 3 at vertical
polarization. The isolation for horizontal polarization exceeds
15 dB. The cross-polarization isolation is shown in Fig. 3(c).
As the design maintains the polarization structure and effec-
tively utilizes the two metallic rods for polarization selection,
the resulting cross-polarization isolation exceeds 60 dB, and
these characteristics are further improved when a metamaterial
is integrated into the Y-shaped polarization separator.

parameters of the complete
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Fig. 3.  S-parameters of the Y-shaped polarization separator. (a) Trans-
mission and reflection coefficients. (b) Co-polarization isolation coefficients.
(c) Cross-polarization isolation coefficients.

B. Metamaterials for Polarization Conversion

The metamaterial inclusion proposed for the polarization
conversion is illustrated in Fig. 4. It is placed inside a metallic
waveguide and is tightly connected to the metallic walls
surrounding it. The upper and lower layers consist of metal
polarization selectors with vertical and horizontal gaps.

Metamaterial

Metal

Port 2 do

o e

d

<4— Waveguide wall

Round metal
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T Vertical (V)
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Front

T Vertical (V) <— Horizontal (H)
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Fig. 4. (a) Configuration and dimensions of the metamaterial with polariza-
tion conversion within a waveguide. The metal bar length and thickness are
a = 18 mm and d¢ = 3.4 mm, and they are separated by the gap of width g =
1.4 mm. The two layers of the orthogonal bars are connected by round metal
rods with a diameter of ro = 3.6 mm and length d; = 4.8 mm. (b) Surface
current distribution of metamaterial at 10 GHz. (¢) E-field distribution for the
input vertically and horizontally polarized waves at 10 GHz.

The metamaterial inserts primarily serve two functions.

1) Polarization rotation.
2) Polarization selection.

Namely, the proposed structure allows only a single specific
polarization of electromagnetic field to pass through, while
reflecting the other polarization. Such polarization rotation
property is one typical function of chiral metamaterials [35].
Besides, the passing waves undergo polarization rotation with
low insertion loss when transmitted to the output end. The
details of the working principles of this metamaterial in the
waveguide will be discussed in Section II-C.

As shown in Fig. 4(a), the first layer of the structure
consists of a mesh-like arrangement that serves for polar-
ization selection. Therefore, it only allows the wave with a
horizontally polarized electric field to pass through and convert
into a vertically polarized wave. The functions of polarization
selection and rotation are illustrated by the E-field distribution
pattern in Fig. 4(c).

A surface current distribution at the center frequency of
10 GHz has been given in Fig. 4(b). The in-phase currents on
the two short sides of the slots can be seen on the front layer
of the metamaterial, while the out-of-phase currents along
the long edges cancel out. The slots on the top layer and
waveguide walls act as a resonator at 10 GHz. The resonator
receives the signal from the forward EM wave and converts it
into the surface current at the back of the structure, rotating
polarization of the EM wave.
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thickness dy.

The polarization conversions in the frequency range of
9.5-10.5 GHz exhibit low insertion loss, varying from 0.1 to
0.6 dB, as shown in Fig. 5(a). Simultaneously, the reflection
coefficients of horizontally polarized waves are all above
10 dB, indicating high polarization conversion efficiency and
good matching. On the other hand, the vertically polarized
waves incident from Port 1 are entirely reflected, demonstrat-
ing a high degree of isolation. The transmission from Ports 2
to 1 shown in Fig. 5(b) is entirely symmetrical, with the only
difference being the polarization reversal. As aforementioned,
the structure can be regarded as a A/2 slot resonator, where
the slot length is close to half of the wavelength at the
resonance frequency. The length a of the structure and the
thickness dj of the layers are two main parameters responsible
for the resonance frequency, as shown in Fig. 5(c) and (d).
Both parameters of the metamaterial influence its resonant
frequency, with an increase in its physical dimensions causing
the operational frequency to shift toward lower frequencies.
This effect is similarly observed with variations in its thick-
ness. Carefully selecting the values of parameters a and d can
enable the Meta-OMT to operate within the desired frequency
band.
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Fig. 6. Explosion diagram of the Meta-OMT structure, where the
color-matched vertical and horizontal polarizations of the EM waves are
converted when passing through the metamaterial pieces.

C. Meta-OMT Working Principle

The Meta-OMT structure, combining the Y-shaped polar-
ization separator with metamaterial inclusion, is depicted in
Fig. 6. It consists of three waveguide channels, each with a
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Fig. 7. Simulated S-parameters of Meta-OMT. (a) Transmission and reflection. (b) Co-polarization isolation. (c) Cross-polarization isolation. (d) S-parameter

sweep of SFZH for the length a of the waveguide with a step of 0.2 mm.

length of 100 mm. Three pieces of metamaterial inserts enable
polarization selection and rotation. They are placed in the
middle of the waveguide channels, connected by the Y-shaped
polarization separator.

The principle of the Meta-OMT operation is as follows.
Let us assume Port 1 is an input port. When the signals are
fed from Port 1, they can be represented by the superposition
of the horizontally and vertically polarized EM waves at
the bifurcation of the Y-shaped junction of the polarization
separator. The vertically polarized signal travels to Port 3 and
undergoes rotation by the metamaterial to become a horizon-
tally polarized wave. Due to the presence of the Y-shaped
polarization separator at Port 3, the rotated horizontally polar-
ized wave can be transmitted only to the receiver at Port 3.
On the other hand, the horizontally polarized signal input from
Port 1 travels to Port 2 and undergoes polarization rotation by
the metamaterial to become a vertically polarized signal at
Port 2.

It is worth noting that the metamaterial itself also has polar-
ization selection functionality. The advantage of separating the
electromagnetic wave polarizations at the junction is twofold.

1) It reduces wave reflection, improves impedance match-

ing, and achieves better coupling.

2) If orthogonal signals are not duly separated at the
input, multipath effects can cause their interference. This
interference can lead to signal enhancement or attenua-
tion and causes the received signals to exhibit multiple
components with different phases and amplitudes.

The presented characteristics of the Y-shaped polarization
separator describe the overall performance of the Meta-OMT.
Due to the structure symmetry, the port parameters are
identical. Therefore, when analyzing the performance of the
Meta-OMT, it is sufficient to consider only one input port.
As shown in Fig. 7(a), the orthogonal signals from Port 1
are transmitted to Ports 2 and 3, respectively, with very high
and consistent transmission coefficients. Within the operating
frequency band of 9.4—10.6 GHz, the insertion loss varies from
0.1 to 0.5 dB, and the reflection coefficient ranges from 10 to
50 dB. Moreover, the co-polarization isolation between Port 1
and Ports 2 and 3 shown in Fig. 7(b) is above 40 dB in
the operating frequency range, indicating a good isolation
performance. As depicted in Fig. 7(c), the isolation between
the vertically polarized signal at Port 1 and the horizontally
polarized signal at Port 2 is also above 40 dB, demonstrating
the same level of performance as the isolation between Ports 1
and 3. It is necessary to mention that the spikes, appearing
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at ~9.6 GHz in the simulated S-parameter, represent reso-
nances caused by the coupling between metamaterials and
the metallic pins. The frequency and amplitude are largely
affected by the radius w; of pins and the distance h; between
pins and metamaterials. These resonances are quite small for
co- and cross-polarization isolation with an amplitude below
40 dB and can be suppressed by increasing the size of the
waveguide, which helps decrease the interference between
the waves reflected from the metamaterial inserts and the
propagating waves, but with a risk of new spikes at higher
frequencies. As shown in Fig. 7(d), S}{ZH was chosen for
parameter sweep for its stronger resonance compared with
other S"H_parameters. With the increasing length a of the
waveguide, the spikes at 9.6 GHz shift to lower frequency and
become weaker till disappear (the black line for @ = 18.6 mm).
However, new spikes appear at higher frequencies and also
shift to lower frequencies becoming stronger.

The Meta-OMT exhibits the three-port symmetry and
enables all ports to serve as inputs of the orthogonal sig-
nals subjected to polarization separation and conversion. This
expands the application range of the device beyond just OMT
functionality. The design utilizes the polarization separation
capability of the metamaterial, providing the Meta-OMT with
isolation levels exceeding 40 dB for both co-polarization
and cross-polarization signals. By leveraging the compactness
and flexibility of the metamaterial structure, this OMT gives
greater freedom for the device to become smaller and lighter
and offers enhanced portability and versatility.

ITI. FABRICATION AND MEASUREMENTS
A. Mechanical Design and Testing Environments

The complex structure of the proposed device requires a
thorough fabrication of its prototype. Therefore, we have
adopted a combination of CNC machining and metal 3-D
printing. The OMT waveguide structure produced by the CNC
precision machining consists of two parts: the main body
structure and the sealing cover shown in Fig. 8(a). They are
tightly connected by screws at the perimeter. The metamaterial
polarization rotator produced by 3-D metal printing is welded
in the middle of the waveguide channel, and extra welding
lines are polished to minimize their effect on the OMT
performance. The device prototype is shown in Fig. 8(a). Since
the waveguide ports of the designed OMT have a square cross
section, the three adapters are specifically designed for testing
the prototype. The input port of the adapter is a 3.5-mm SMA
extended connector, and the adapter shown in the inset of
Fig. 8(b) is machined using the same CNC process.

Due to the limitations of the adapter, which can only
handle a single polarization of electromagnetic wave, the
orientation of the SMA probe in the adapter needs to be
changed manually for the desired polarization direction of
the input—output wave during testing. Additionally, the vector
network analyzer (VNA) used for testing has only two ports,
allowing testing of S-parameters between two ports at a time.
The remaining port is terminated into a 50-2 matching load.
The test setups for measuring the S-parameters of the cross-
polarization ports are shown in Fig. 9. Taking input port 1
and output port 2 as an example, a horizontally polarized
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Fig. 8. (a) Prototype of the Meta-OMT with dimensions: b = 40 mm and

h = 130 mm. (b) Measured transmission and reflection coefficients of the
adapters.
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Measurement setup for the Meta-OMT with an input at port 1 and
outputs in ports 2 and 3. (a) Cross-polarization. (b) Co-polarization.

Fig. 9.

electromagnetic wave is fed to port 1. Referring to the diagram
in Fig. 9(a), a signal propagates to port 2 and is converted
into a vertically polarized wave along the path. Therefore, the
adapter at port 2 is oriented vertically to receive the vertically
polarized electromagnetic wave. When testing co-polarization
S-parameters, it is sufficient to align the adapters connected
to the input and output ports. When both input port 1
and output port 3 are horizontally polarized, as shown in
Fig. 9(b), the co-polarization isolation coefficient of the hor-
izontally polarized electromagnetic signals is tested between
ports 1 and 3.
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Fig. 10. Measured results of Meta-OMT. (a) Transmission and reflection.
(b) Co-polarization isolation. (c) Cross-polarization isolation.

B. Measurement Results

The proposed Meta-OMT was made and then measured
to validate its feasibility and evaluate its performance. The
measurement results are shown in Fig. 10. The tested trans-
mission coefficients exhibit slight frequency shifts toward
higher frequencies, while good impedance matching and low

TABLE 1
COMPARISON BETWEEN THE PROPOSED OMT WITH ASYMMETRIC OMTS
Ref. [36] [37] This work
Freg'l‘{ezncy’ 7282 28-33 9.4-10.6
0, 0, (1)
(Bandwidth) (13%) (16%) (12%)
Isolation, dB > 38 > 50 > 40
Retu(li*ll; loss, <147 <30 <-10
Insertion
loss, dB / <0.23 <0.5
Size (1(3,) / 4.1*7.1*1.9 | 4.1*3.2*1.7

insertion loss are obtained in the working frequency range. The
co-polarization and cross-polarization isolation coefficients are
shown in Fig. 10(b). The test results demonstrate excellent
isolation performance. It is necessary to note that due to the
fact that the simulated isolation already exceeded 50 dB in
most of the frequency range, it is a challenging task to measure
such small values accurately with the VNA.

The main sources of measurement uncertainties are related
to fabrication inaccuracies.

1) The metamaterial inserts are fabricated using 3-D metal
printing and then welded to the waveguide wall, so the
protrusions caused by welding and the accuracy of
the welding process affect the device’s operational
performance.

2) The contact between the metal pillars used for separating
vertically polarized waves and the waveguide cover plate
is not optimal. This leads to a small degradation of the
achievable impedance matching.

3) Although a number of screws are used for sealing the
upper cover plate, the contact between the top plate and
the waveguide channel depends on the applied pressure.
This leads to a small leakage, commensurate with the
measured isolation.

Despite the intricacies of the design, prototype manufac-
turing, and testing of the proposed Meta-OMT, the test and
simulation results demonstrate excellent device performance
and feasibility of realizing the proposed Meta-OMT design.

The Meta-OMT described in this work is compared with
asymmetric OMTs in Table I. The operational bandwidth of
the Meta-OMT, being mostly limited by the metamaterials
used, is comparable with that in [36] and [37]. However, the
bandwidth can be effectively improved in several ways like
the use of fractal geometries [38] or compact structures [39].

IV. CONCLUSION

A novel OMT based on metamaterials with polarization con-
version has been proposed in this article. By taking advantage
of the compactness and flexibility of the metamaterial struc-
ture, this Meta-OMT provides more freedom of the device size,
weight, and form factor. This work represents the first attempt
to design OMTs primarily based on the concept of asym-
metric metamaterials. The presented three-port Meta-OMT
enables polarization separation and conversion for orthogonal
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input signals from all three ports, thereby expanding its
application beyond OMTs. The utilization of metamaterials’
polarization separation capability enables the Meta-OMT to
achieve over 40 dB of isolation for both co-polarization and
cross-polarization signals. In addition, the Meta-OMT exhibits
remarkably low insertion loss and high transmission within the
operating frequency range of 9.4-10.6 GHz. The insertion loss
varies from 0.1 to 0.5 dB, indicating minimal signal atten-
vation, while the consistently high transmission coefficients
ensure efficient signal transmission. Leveraging the compact-
ness and flexibility of the metamaterial structure, the OMT
design offers increased flexibility in device size, resulting in a
smaller and lighter form factor. This work presents the novel
design of OMTs based primarily on asymmetric metamaterials,
providing a fundamental design framework for future advance-
ments in Meta-OMTs. These advancements have the potential
to enable reconfigurable, tunable, and multifrequency band
tuning capabilities for OMTs. Despite the challenges in Meta-
OMT design, such as manufacturing complexity, frequency
selectivity, and cost, the metamaterials still hold significant
potential for widespread applications, playing a crucial role in
innovative RF device designs. This work establishes a design
framework for future improvements of OMTs using novel
metamaterial structures. It enables reconfigurability, tuneabil-
ity, and even the potential for enhanced tuning across multiple
frequency bands.
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