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ABSTRACT

The application of electromagnetic materials to mobile systems and other platforms requiring complex utilization of radio waves

necessitates compatibility with various polarizations. For nonreciprocal metasurfaces that support unidirectional propagation,

achieving dual polarization (vertical and horizontal) presents significant design challenges. This study proposes a simple

structure for dual-polarization nonreciprocal metasurfaces and presents theoretical and experimental analyses of its performance.

As a result, a dual-polarization nonreciprocal metasurface exhibiting high-pass filter characteristics at C-band is realised by

incorporating ferrite into a strip line lattice structure, achieving an isolation of 7 dB.

1 | Introduction

In recent years, a paradigm shift has extended beyond 5G and
6G communications to encompass comprehensive radio wave
management [1]. Efficient electromagnetic wave use has driven
technologies such as electromagnetic metasurfaces for reflection
and absorption [2], metamaterials for compact and wideband
bandpass filters [3], and reconfigurable intelligent surfaces (RISs)
for antenna design [4]. Electromagnetic metasurfaces enable
specific behaviours through periodic surface patterns [5], with
research spanning broadband absorbers [6] and tunable reflection
control materials [7].

Among these advancements, nonreciprocal metasurfaces
uniquely enable unidirectional wave propagation. Unlike
conventional frequency-selective filters that rely on frequency or
polarization, nonreciprocal metasurfaces filter waves by arrival
direction [8-10]. Prior studies explored spatial nonreciprocity
using array antennas and amplifiers with unidirectional
gain [8] or magnetic materials for propagation control [9].
Despite progress, controlling the propagation direction of plane
waves with identical frequencies and polarizations remains

a key challenge. Realizing spatial nonreciprocity with robust
environmental resistance is critical, as such surfaces serve as
essential electromagnetic control components, analogous to
circuit isolation.

Our group has proposed simplified metasurfaces embedded with
magnetic materials [11] and developed corresponding design
methodologies [12]. However, earlier nonreciprocal metasurfaces
primarily targeted single polarizations aligned with the mate-
rial’s magnetization direction. To address the complexities of
electromagnetic environments, dual-polarization compatibility is
crucial. This study demonstrates the theoretical and experimen-
tal feasibility of extending nonreciprocity to dual-polarization
configurations.

2 | Nonreciprocity Methodology

The proposed method achieves nonreciprocity by combining
the rotational propagation characteristics of cylindrical ferrite
materials with the filtering properties of periodic metallic struc-
tures [12]. Table 1 compares prior research on nonreciprocal
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TABLE 1 | Comparison with previous studies.

This work [8] [9] [10]
Active/Passive P A P P
Mag./Non-mag. M N M N
Polarization No (V/H) Yes (V) Yes (Circle) Yes (Circle)
dependence

FIGURE 1 | Ferrite behaviour and nonreciprocity.

metasurfaces with the method proposed here. Key consider-
ations in nonreciprocity research include whether passive or
active elements are used and whether magnetic materials are
involved. Previous studies explored nonreciprocity using antenna
pairs and amplifiers [8], magnetic materials [9], and distinct
responses for various polarizations [10]. However, these methods
depend on the shape of the antenna or ferrite and typically
achieve nonreciprocity for specific polarizations. In contrast,
the proposed approach achieves consistent nonreciprocity across
multiple polarizations. Previously, nonreciprocity with magnetic
materials was often realized by aligning the electromagnetic wave
propagation with the magnetization direction of the material,
using anisotropic permeability to control rotation [9, 13]. These
methods require precise rotation angle settings in the magnetic
material, restricting design flexibility.

In contrast, our method integrates the rotational propagation
properties of ferrite with the transmission and reflection control
afforded by widely studied metallic strips or patch arrays. As
shown in Figure 1, the magnetization direction of the ferrite
aligns with the y-axis, perpendicular to the z-axis (propagation
direction), causing rotation in the zx-plane. Unlike conventional
methods, this approach eliminates the need to account for
the rotation angle. By placing the ferrite near metallic strip
structures, it becomes possible to selectively utilize the strip
line characteristics, achieving unidirectional propagation. The
primary advantage of this method is its ability to impart non-
reciprocity to existing transmission/reflection characteristics of
metallic patch arrays by simply incorporating magnetic materials.
However, in its current state, the nonreciprocal effect is limited
to vertical polarization with an electric field aligned along the
magnetization axis.

3 | Design for Dual-Polarization Compatibility

Previously reported nonreciprocal metasurfaces using one-
dimensional strip lines and magnetic materials achieved high
pass filtering with nonreciprocal characteristics for vertical polar-
ization [12] (Figure 2a). In Figure 2a, propagation from Port 1
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FIGURE 2 | Nonreciprocal structure, (a) conventional, (b) horizon-
tal strip line added, (c) 1 cell 1 ferrite for both polarizations, and (d) 1 cell
2 ferrite for both polarizations.
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FIGURE 3 | Analysisresults when adding horizontal strips: (Top) no
ferrite, (bottom) with vertical ferrite.

interacts with the red metallic strip area, while propagation from
Port 2 affects the blue void regions. To achieve dual-polarization
compatibility, the first step involves arranging the metallic strip
lines into a lattice structure to provide high-pass filtering for both
vertical and horizontal polarizations (Figure 2b). By adding strip
lines along the x-axis, as shown by the yellow lines in Figure 2b,
similar high-pass filter characteristics are imparted to horizontal
polarization. Figure 3 (top) shows the characteristics of the lattice
strip line structure without ferrite. The inductance component
of the linear metallic strip lines is described by transmission line
theory as follows [14]:
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where [ represents wavelength and g denotes incident angle.
For comparison, infinite-plane analysis of this structure was
conducted using CST Studio Suite’s F-solver. The calculated S-
parameters, shown in Figure 3 (top), agree with electromagnetic
simulations of vertical and horizontal polarizations, confirming
the validity of the model. Based on a parametric study to achieve
nonreciprocal behaviour at the 6 GHz band, the line width w and
pitch p were set to 2 and 20 mm, respectively.

Next, Figure 3 (bottom) presents simulations with vertically
placed ferrite in the structure shown in Figure 2b. Ferrite param-
eters include a 7 mm diameter, 2 mm height, relative permittivity
of 15, relative permeability of 1.1, saturation magnetization of 1600
Gauss, and magnetizing field of 650 Gauss. Results show the
nonreciprocal effect for vertical polarization achieves isolation
over —10 dB at 6.3 GHz, consistent with single-polarization
results, while horizontal polarization retains high-pass character-
istics, marking progress toward dual-polarization compatibility.
To achieve nonreciprocity for both polarizations, Figure 2c tilts
ferrite 45° in the xy-plane, positioning it in void corners to
utilize rotational propagation on metallic strips. Tilting applies
equal magnetizing fields along x and y axes (H, = H, = H/ \/5).
To enhance nonreciprocal characteristics, Figure 2d proposes a
design with ferrite magnetized in opposite diagonal directions.

4 | Experimental results

Experimental results for the structures shown in Figure 2c,d are
presented using antenna pairs. It has been confirmed that the
nonreciprocal characteristics of our proposed structure can be
verified with minimal configurations, even for infinite planes [11].
The experiments employed a 2 X 2-cell sample. To eliminate edge
effects, a metal plate with an opening corresponding to the sample
size was placed around the sample’s installation point between
the antenna pair.

First, the results for a structure with one ferrite per cell are shown
in Figure 4a. The top and bottom plots correspond to vertical
and horizontal polarization, respectively. Identical nonrecipro-
cal characteristics were observed for both polarizations around
6.3 GHz, consistent with single-polarization results. However, the
isolation level was approximately —4 dB.

Next, the results for the improved structure with two ferrites per
cell are shown in Figure 4b. While the nonreciprocal frequency
remained unchanged, the isolation improved to approximately
—7 dB, demonstrating enhanced performance. Electromagnetic
simulation results for comparison are included, showing good
agreement with the experimental data. In the experiment, a
20 mm unit cell was arranged in a 2 X 2 configuration, resulting in
a40 mm sample size. The sample was positioned at the centre of a
50 mm square hole in a metal plate to suppress diffraction. How-
ever, interference between the sample and the plate was observed.
The simulation results, shown as black lines in Figures 4 and 5,
revealed band-stop effects near 5.3 and 7 GHz. At 5.3 GHz, outside
the ferrite’s operating range, S21 and S12 dips were observed. At
7 GHz, within the ferrite’s range, nonreciprocity was confirmed.
The two observed peaks result from finite size effects; infinite
samples exhibit a single peak. The electric field distribution at
6.3 GHz, where nonreciprocity was achieved, is shown in Figure 5.
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FIGURE 4 | Comparison of experimental and analytical results: (a)
Vertical characteristics (top) and horizontal characteristics (bottom)
for 1 ferrite in 1 cell; (b) Vertical characteristics (top) and horizontal
characteristics (bottom) for 2 ferrites in 1 cell.

It confirms the correct rotational propagation characteristics
for both vertical and horizontal polarizations, even with ferrite
positioned diagonally. Furthermore, propagation from Port 2 was
effectively blocked by the voids. The reduced isolation compared
to single-polarization results is attributed to the relatively weaker
magnetizing field strength, which can be addressed by increasing
the field intensity. These findings validate the feasibility of a novel
structure that can impart nonreciprocal characteristics to both
vertical and horizontal polarizations in a simplified, retrofittable
configuration.

5 | Conclusion
Nonreciprocal metasurfaces capable of handling both vertical

and horizontal polarizations are critically needed for use in
complex electromagnetic environments. This study demonstrated
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FIGURE 5 | Electric field distribution analysis results at 6.3 GHz: (a)
Vertical polarization and (b) horizontal polarization.

theoretical and experimental results for a simplified structure
capable of accommodating both polarizations. We extended the
nonreciprocity of previously vertical-polarization-only metasur-
faces to include horizontal polarization. A structure operating
for both polarizations was proposed, achieving this without
affecting the operational frequency band. The findings indicate
the feasibility of applying this technology to arbitrary dual-
polarization metallic array structures. Future directions include
expanding its application to various structures and enhancing
performance further.
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