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ABSTRACT

We propose a nonreciprocal metasurface designed to suppress reflections in antennas, which have become a major source of

electromagnetic interference with the increasing use of electromagnetic waves. A nonreciprocal metasurface capable of controlling

transmission and blocking based on the propagation direction can play a crucial role in maintaining antenna performance

while mitigating electromagnetic interference. The proposed nonreciprocal structure introduces nonreciprocity by incorporating

a magnetic material into a conventional radio wave filter, enabling effective operation in both the far-field and near-field regions.

In this study, we verify the near-field operation of a nonreciprocal metasurface, demonstrating an isolation of more than 10 dB

at 6.3 GHz using a 6 GHz band antenna. Additionally, we report the effects of the metasurface on the antenna radiation

pattern.

1 | Introduction

The rapid increase in the use of electromagnetic waves has created
a strong demand for precise and intelligent management of elec-
tromagnetic fields [1]. This is particularly critical in applications
such as communications and radar, where higher frequencies are
employed for larger capacities, and higher power is utilized for
long-distance propagation. One of the most significant challenges
in these scenarios is reducing electromagnetic interference that
arises when the frequencies and physical locations of electro-
magnetic waves are in close proximity [2]. Specific challenges
arise in the vicinity of antennas. As antenna apertures increase
to enhance performance, they are also being placed in high-
density configurations to save space. These antennas not only
serve as significant sources of unwanted reflections but also
interfere with other electronic devices. To improve the stealth
of antenna components and mitigate reflection-induced inter-
ference, various physical and electronic countermeasures have
been proposed. Physical solutions include optimizing the antenna

mounting angle [3] and spatially separating transmitting and
receiving antennas [4]. Meanwhile, electronic control techniques,
such as null steering in specific directions [5] and interference
cancellation methods [6], have also been explored. These exist-
ing solutions require advanced control, may constrain antenna
performance, and present challenges in space-constrained appli-
cations. Recent studies have focused on nonreciprocal metasur-
faces, which leverage radio wave properties such as frequency and
polarization to achieve nonreciprocity in propagation direction
[7, 8]. This enables the transmission of radio waves only in the
desired direction while blocking waves from other directions, pro-
viding a potential approach for interference suppression. How-
ever, in nonreciprocal metasurfaces that incorporate antenna
elements or complex-shaped patch elements, it is necessary to
separate them into the far-field region, where the waves become
plane waves, to fully demonstrate their properties. Consequently,
challenges remain in achieving effective operation in the near-
field region. On the other hand, radomes with nonreciprocity
properties utilizing magnetic materials have been reported [9],

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). The Journal of Engineering published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

The Journal of Engineering, 2025; 2025:¢70096
https://doi.org/10.1049/tje2.70096

10f10



Plane wave Spherical Wave
) | ) =p =
[
ng T
Iy =

I Port2
e 4o

b=l i

&
X

IB

Port1 Port2 l | Port1 ‘ Port2 ‘
wonreciprocal metasurface/ \Nonreciprocal metasurface /
FIGURE 1 | Definition of a nonreciprocal metasurface for a plane

wave in the far field and a nonreciprocal metasurface for a spherical wave
in the near field.

suggesting their potential to address challenges associated with
operation near antennas.

In many studies on nonreciprocal metasurfaces utilizing mag-
netic materials, magnetization is applied along the radio wave
propagation axis [7, 9]. In this approach, nonreciprocity is
achieved by altering polarization through the rotational prop-
agation characteristics induced by the anisotropic magnetic
permeability of the magnetic material. However, this results in
a shift in the polarization of the transmitted wave relative to the
incoming wave, posing a challenge. Additionally, the metasurface
requires vertical magnetization, which imposes constraints on
the magnetization process and magnet placement, making it
difficult to flexibly adjust or control the magnetization. To address
these challenges, this study aims to achieve nonreciprocity while
preserving the characteristics of the incoming wave, including
its polarization. Furthermore, we propose a structure that can
be easily magnetized, facilitating practical implementation. This
approach enables the realization of a nonreciprocal metasurface
that functions correctly not only for plane waves but also
in proximity to an antenna, as illustrated in Figure 1. The
nonreciprocal metasurfaces investigated in this study employ a
ferrite magnetized perpendicular to the propagation direction
in combination with a metal array pattern. This method offers
the advantage of imparting nonreciprocity while preserving the
inherent properties of the existing metal array pattern. More-
over, by leveraging the rotational propagation characteristics of
magnetic materials, this approach has the potential to exhibit
consistent performance in both near-field and far-field regions.
This paper presents the optimization of a previously validated
structure [10], designed for plane waves in the far field, to ensure
proper operation near an antenna. The effectiveness of this opti-
mization is demonstrated through experimental validation and
electromagnetic field simulations. Additionally, we investigate
methods to actively generate and control null points using a
physical radome structure.
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FIGURE 2 | Nonreciprocal structure: (a) ferrite and magnet con-
figuration; (b) operating principle; (c) unit cell; and (d) nonreciprocal
structure applied to antenna.

The novelty of this study, along with a comparison to previous
research, is summarized in Table 1. As previously mentioned,
nonreciprocal metasurfaces can be broadly categorized into
magnetically biased and non-magnetic types. In magnetically
biased approaches, nonreciprocity is achieved by controlling not
only the permittivity but also the permeability of the material.
In contrast, non-magnetic approaches typically employ planar
antennas integrated with nonreciprocal electronic components,
forming metasurfaces that function similarly to repeaters. In the
present study, as shown in the comparison table, a magnetically
biased approach is adopted under the assumption that the
metasurface will be used as a radome. This work proposes a
structure that simplifies the magnetization process and enhances
the controllability of magnetic materials, while also offering
polarization flexibility. Furthermore, the proposed design is
scalable—not only applicable as a radome for single antennas but
also extendable to array antenna systems.

2 | Nonreciprocal Structure for Far-Field
2.1 | Design of Nonreciprocal Structure

The proposed nonreciprocal metasurface structure consists of a
cylindrical ferrite magnetized by upper and lower magnets posi-
tioned at the center of a unit cell, flanked by a pass structure and
a stop structure on either side, respectively (Figure 2a and b) [10].
Previously reported nonreciprocal metasurfaces using magnetic
materials are typically magnetized along the propagation axis [9,
11]. While this approach allows uniform magnetization and a
thinner overall structure by reducing ferrite thickness, challenges
remain regarding polarization changes during transmission and
the stability of magnetization. In contrast, the proposed structure
uses ferrite magnetized perpendicular to the propagation axis,

20f10

The Journal of Engineering, 2025

QSUADY'T suoWWoy) dAnear) d[qesridde oyy £q paUIOAOS d1e SOIIE V() (SN JO SI[NI 10§ KIeIqIT QUI[UQ AJ[IA\ UO (SUOHIPUOI-PUB-SULI)/ WO KA1 KXeIqI[our[uoy/:sdny) suonipuo)) pue SwId ], 341 99§ *[6702/90/€7] uo Areiqry surjuQ LI 1891 £q 9600L Z20/6401°01/10p/wod" K1’ KIeIqIouIuo-yoreasanal//:sdny woiy papeofumod ‘1 ‘S70T ‘SOSE1S0T



TABLE 1 | Comparison with previous studies.

This work [9] [11] [8]
Magnet/non-mag. M M M N
Magnetization controllability O YA A\ N/A
Radome O O N/A N/A
Polarization Consistency O X A A
Arraying O JAN O O
Abbreviations: O:Possible, /\:Partially possible, x:Not possible, N/A: Not applicable.
as depicted in Figure 2a. This configuration, proven effective in TABLE 2 | Ferrite parameters used in the electromagnetic field
waveguide and microstrip line circulators [12], integrates ferrite simulation.
magnetized by upper and lower magnets into a single unit. The
rotational propagation characteristics, leveraging the anisotropic Parameters Value Parameters Value
magnetic permeabl?:ity of tI;le magnetized ferrite, alilow 1tjhe p?;.s Relative 15 Relative 11
structur.e on one side or the stop’ strl.lcture on the o.t er side permittivity permeability
to dominate, depending on the direction of propagation. This )
structure supports vertical polarization, where the electric field Rande factor 2.0 Sature'mop 1600 Oe
aligns with the magnetization direction of the ferrite. Horizontal magnetization
polarization can be achieved by rotating the ferrite and pass Resonance 300 Oe Magnetic field 650 Gauss
structure by 90 degrees. This flexibility ensures nonreciprocal line width

propagation without altering the intrinsic characteristics of the
radio wave, such as polarization. Additionally, the ferrite’s low
projected area ratio (a few percent) minimizes interference with
the array structure. To ensure practical applicability, the ferrite
in each unit cell is magnetized individually, enabling reliable
parallel magnetic fields. The magnets can be either permanent
or electromagnetic [13]. With permanent magnets, flipping the
ferrite reverses the rotational propagation direction. Electromag-
nets provide further flexibility by allowing propagation direction
changes via current control and enabling ferrite activation or
deactivation by toggling the power supply.

The operating band of the antenna in this study is 6 GHz, and
a monopole antenna with an isotropic pattern in the horizontal
plane serves as the reference. The unit cell’s dimensions are
determined based on the relationship between the wavelength
and the nonreciprocal structure’s transmission properties. The
ferrite diameter is chosen according to the operating frequency
band, as described by Equation (1) [12].

1.84

Rj=————
! 277:f0 \/:ur‘gr

Here, ¢, represents the permittivity, and u, represents the perme-
ability of ferrite. A commercially available circulator (diameter
7 mm, equivalent to G-1600) [14] is used. Optimal unit cell
dimensions are calculated as follows: the width includes the
ferrite diameter, gap, and metal patch width, while the height
slightly exceeds the antenna height. For the 6 GHz band, the
unit cell width is set to 30 mm, with a height of 25 mm. The
structural design is shown in Figure 2c, and the array structure in
Figure 2d. Electromagnetic field analysis using CST Studio Suite
validates the design. The array structure is analysed under unit
cell boundary conditions in the F-solver module to ensure validity
over an infinite plane. The pass structure’s filter characteristics
are derived from a one-dimensional metal strip line with a width
of 11 mm and a pitch of 30 mm, calculated using transmission

@

line theory [15]. The ferrite used in the electromagnetic field
simulation is defined as a gyrotropic material, and various
parameters are shown in Table 2.

The transmission coefficient S;, and reflection coefficient S,, of
the strip line are calculated according to the transmission line
theory using Equations (2) to (6). In the case of the strip line,
the impedance component Z is only the inductive reactance
component X; .

2
X, & pc/tl)Sfp {1ni—§+%(3—2msz¢)<§> } )

Here, p is the pitch of the strip line arrays, d is the width of strip
line, and phi is the angle of incident.

Z = jX, (3)

Y=z @

[ — ®)
4+1Y|

S,, = 10log (1 - |T|2> 6)

Sa1 = 10l0g (IT1°) ™

First, we analyse the plane wave response of a structure composed
solely of ferrite, using the ferrite parameters listed in Table 2. A
magnetized ferrite exhibits rotational propagation characteristics
for incident electromagnetic waves, while fundamentally allow-
ing transmission. Figure 3a presents the simulation results for the
ferrite-only structure. The results indicate that the transmission
coefficient S, remains near 0 dB across the entire frequency
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FIGURE 3 | Design results of the nonreciprocal structure: compari-
son of electromagnetic field simulation and transmission line theory. (a)
ferrite-only; (b) without ferrite; and (c) nonreciprocal structure.

band, demonstrating effective transmission. However, a slight dip
in transmission is observed around 6.3 GHz. This reduction in
S,; is attributed to the rotational propagation within the ferrite,
indicating the operating frequency band of the ferrite. Next,
a comparison is made between the propagation characteristics
calculated using the transmission line theory (Equations (2)—(7))
and the results from full-wave electromagnetic simulations. As
shown in Figure 2, the proposed nonreciprocal structure consists
of a ferrite disc with a metal strip on one side and an air gap
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FIGURE 4 | Theta angle characteristics of vertical polarization at
6.3 GHz.

on the other. For propagation from port 1, the ferrite’s rotational
behavior interacts with the metallic strip, resulting in a high-pass
filter response. Specifically, the structure employs a metal strip
array with a 30 mm pitch and an 11 mm line width. The theoretical
S; and S,; responses under this configuration are marked in
Figure 3b. For comparison, full-wave simulation results for the
structure shown in Figure 2d, excluding the ferrite, are also
plotted as solid lines in Figure 3b, showing excellent agreement
with the theoretical predictions. For excitation from port 2, the
wave interacts with the air-gap side of the ferrite, effectively
behaving as a structure with an equivalent-width air gap instead
of a metal strip. This corresponds to a structure with a 30 mm
pitch and a 19 mm line width. The calculated results for this
case are marked as S;, and S,, in Figure 3b, alongside the cor-
responding simulation results. S,, shows good agreement, while
S,, follows a similar trend to the theoretical prediction. Note that
the equation used for the theoretical estimation (Equation (2))
is an approximation that yields more accurate results when the
strip width is much smaller than the pitch; hence, the simulation
results are considered more reliable.

Regardless, the high-pass characteristics for port 2 excitation are
clearly shifted to higher frequencies compared to the port 1 case.
Around 6.3 GHz—the ferrite’s operational band—a stopband
behavior is observed. Finally, Figure 3c presents the simulation
results for the combined structure with ferrite and the metal strip
array, as shown in Figure 2d. Outside the ferrite’s operating band,
the results closely match those of the metal strip-only case shown
in Figure 3b, indicating minimal ferrite influence. Near 6.3 GHz,
the port 1 transmission maintains the high-pass characteristics
associated with the metal strip, while the port 2 transmission
exhibits a sharp drop, confirming the stopband behavior. The
peak suppression of S;, reaches approximately—15 dB, consistent
with the theoretical result shown in Figure 3b, confirming that
the air-gap side effectively introduces nonreciprocal suppression
when excited from port 2. These results demonstrate the advan-
tage of the proposed structure in enabling nonreciprocity through
post-design configuration, even after defining arbitrary metallic
characteristics—an important feature for radome applications
in antenna systems. The simulation results of the theta-angle
characteristics in the horizontal plane for vertical polarization
at 6.3 GHz, where nonreciprocity is observed, are shown in
Figure 4. The plane wave response of the nonreciprocal structure,
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Vector Network Analyzer

Port 1

FIGURE 5 | Measurement setup for nonreciprocal structure, show-
ing antenna pair arrangement, metal plate with sample holes, and test
configuration.

assuming an infinite plane, exhibits a similarity to the angular
characteristics of a one-dimensional metal strip line. The results
demonstrate that nonreciprocity can be achieved over a wide
angular range exceeding +40 degrees.

2.2 | Far-Field Measurements of Nonreciprocal
Metasurfaces

Based on the design results, a prototype of the nonrecipro-
cal structure was fabricated, and actual measurements were
conducted. As discussed earlier, the proposed nonreciprocal
structure is optimized for the wavelength, with the unit cell
size comparable to the antenna dimensions. When employed
as an antenna radome, this structure enables operation with
one cell per antenna. Previous studies have demonstrated that
the proposed nonreciprocal structure achieves characteristics
equivalent to those of an infinite plane even when applied to a
single cell or a finite number of cells [10, 16].

To account for potential interference from adjacent cells, a three-
cell structure, incorporating left, center, and right cells, was
utilized in the measurements. To realize an antenna with distinct
transmission and reception patterns, two three-cell structures
were prepared and positioned on the front and back sides of
the antenna. For plane wave response characterization, these
three cells were arranged in two rows, and the measurement
setup is shown in Figure 5. A metal plate with holes was placed
between two antennas to prevent reflections from the finite-
sized sample. The holes were sized to match the 3-cell X 2-row
configuration. Transmission characteristics, S,; and S;,, were
measured using a vector network analyser. The experimental
results are compared with the electromagnetic field simulation in
Figure 6.

The experimental measurements confirmed the nonreciprocal
characteristics, with a peak at 6.3 GHz, consistent with the
simulation results shown in Figure 3. While level fluctuations
were observed in the experimental data due to reflections and
interference from the mounting jig, the overall trends across
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FIGURE 6 | Comparison of experimental and simulation results for
nonreciprocal structure.

the frequency band were consistent with the simulations. A
specific drop around 5.5 GHz was attributed to interference
with the sample holder, rather than an intrinsic issue with the
design. These results confirm that the proposed nonreciprocal
structure exhibits similar filter characteristics and nonreciproc-
ity across the operating band, whether implemented as an
infinite plane or a finite structure. Furthermore, the desired
performance was achieved even in a three-cell antenna radome
configuration.

3 | Antenna Design for Verifying Near-Field
Characteristics

The monopole antenna used in this experiment exhibits isotropy
in the horizontal xy-plane. A sleeve antenna, fabricated using
a coaxial cable for ease of manufacturing, was employed as
the monopole antenna. By utilizing an isotropic antenna in the
horizontal plane, the effects on spherical waves in the near field
can be evaluated. As shown in Figure 3, which presents the plane
wave response results, the applied nonreciprocal metasurface
exhibits a reflection component of approximately—6 dB in both
the transmission and reflection directions. When used as a
radome, an optimal placement distance is around 10 wavelengths;
however, considering that the reflection component contributes
to the antenna characteristics, the metasurface is positioned at
approximately 1/4 wavelength. This placement allows for verifica-
tion that the structure functions effectively as both a reflector and
aradome. For the 6 GHz band, the antenna length was designed to
be approximately 10 mm, corresponding to a quarter wavelength.
An optimized sleeve antenna with a length of 9.7 mm was used
in this study. Figure 7 illustrates the insertion characteristics of
the designed sleeve antenna, with both simulation and experi-
mental results confirming favorable performance at the operating
frequency of 6.3 GHz. Using this antenna, the proposed structure
was validated. It should be noted that, to account for the effect
of the nonreciprocal metasurface on the radiation resistance
when placed in proximity to the antenna, both simulations
and measurements of S;, were conducted with the metasurface
in place. This approach ensures that the antenna is properly
designed to operate in conjunction with the nonreciprocal
metasurface.
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FIGURE 8 | Structure of the null-point-forming antenna: (a) bird’s-
eye view; (b) top view; and (c) side view and operation overview.

4 | Near Field Characteristic Verification

4.1 | Near Field Characteristics of the Front
Radome

As the first step, we examined an antenna in which only the
receiving pattern shows null points and the transmitting pattern
remains isotropic. The antenna configuration under investigation
is shown in Figure 8. As depicted in Figure 8a, this antenna
characteristic, akin to a typical radome, relies on the near-field
properties for propagation near the antenna, and the far-field
plane-wave response for incoming signals from the opposite
direction. Therefore, the nonreciprocal structure must exhibit
consistent characteristics in both the near-field and far-field. To
ensure proper operation, the antenna patterns of this structure
were evaluated. The magnetic field orientation for nonreciprocal
operation is shown in Figure 8b. Regarding the spatial relation-
ship between the nonreciprocal structure and the antenna, as
shown in Figure 8c, the structure is positioned approximately
a quarter-wavelength away. While the exact quarter-wavelength
separation is not critical for transmission properties, this distance
is essential for forming beams in the reverse direction.

To obtain the characteristics of the null-point formation antenna,
measurements were conducted using the setup shown in Figure 9.

i Far field |

3115
Double ridge
horn antenna

iSleeve antenna with
iNonreciprocal Structure

Rotating table

Portl Port2

@

FIGURE 9 | Experimental system for null-point-forming antenna:
(a) overall experiment; (b) nonreciprocal structure; (c) side view of
sample; and (d) overall measurement setup.

As illustrated in Figure 9a, the standard antenna used was a 3115
double-ridged horn antenna, and the sample was placed to ensure
far-field separation. The sample, shown in Figure 9b, consisted of
a three-cell unidirectional nonreciprocal structure arranged at a
quarter-wavelength separation, as depicted in Figure 9c.

The experimental results are shown in Figure 10, along with
the simulation results for comparison. Measurements were per-
formed at the operational frequency of 6.3 GHz. In the results,
the transmission patterns from the sample are indicated by red
lines, the reception patterns by blue lines, and the patterns of the
standalone antenna by green dashed lines. The results confirm
the correct formation of null points near 0° in the forward direc-
tion of the antenna equipped with the nonreciprocal structure. A
comparison of the experimental and simulation results revealed
that the angles at which null points formed, and the angular range
over which nonreciprocity occurred were similar. This agreement
confirms that the expected nonreciprocity characteristics were
successfully achieved. A notable observation is that sharp null
points were formed over an angular range of approximately +5°,
while angular regions with noticeable differences between the
red and blue lines extended over 50°. This indicates that the
cylindrical ferrite exhibits no angular variation in its circumfer-
ential characteristics, enabling the ferrite’s rotational propagation
properties, which are the basis for nonreciprocity, over a wide
angular range. The nonreciprocity angular range was found to
be similar to the far-field characteristics shown in Figure 4. In
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FIGURE 10 | Antenna pattern of null-point-forming antenna: (a)
experimental results; and (b) simulation results.

the experiment, dips occurred in certain angular ranges due to
the influence of the surrounding structure. However, dips were
also observed in the pattern of the sleeve antenna alone, which
is attributed to the effect of the antenna mounting jig and other
factors. When using a unidirectional nonreciprocal structure, the
pattern on the side opposite the null-point direction exhibited
higher gain than the sleeve antenna alone, indicating that the
structure also acted as a reflector. These results demonstrate
that null points can be created in the reception pattern to
reduce interference with nearby antennas while maintaining the
transmission pattern. Furthermore, the proposed nonreciprocal
structure allows for reversing the transmission and reception

® . ‘ ‘qnumu

MU v

 Ant. = =

®
@ O O < |
Magnetic field ) %-‘ N 2
direction Z )
® ©
FIGURE 11 | Structure of separate transmission and reception pat-

tern antenna: (a) bird’s-eye view; (b) top view; and (c) side view, and
operation overview.

patterns by simply changing the magnetic field orientation,
enabling easy control of null points.

4.2 | Double-Sided Nonreciprocal Radome
Structure

Next, we verify the effect of placing nonreciprocal metasurfaces
on both the front and back of the antenna. Similar to the previous
radome, nonreciprocal structures were placed near the sleeve
antenna; however, they were arranged at the front and rear at a
separation of a quarter wavelength. Figure 11 illustrates the model
configuration. As shown in Figure 11a and b, the orientations of
the metal strips and magnetic fields were aligned in the same
direction for the front and rear structures. This configuration
achieves nonreciprocity in the same direction, enabling the
formation of null points in different directions for transmission
and reception. Note that, due to the asymmetry of the metal
orientation with respect to the x-axis, the antenna pattern in the
90° and 270° directions also becomes asymmetric with respect
to the x-axis. To address this asymmetry, the metal positions can
be arranged in rotational symmetry between the front and rear
structures, but this requires reversing the magnetic field direction
between the two structures.

To verify the characteristics of this antenna, we conducted mea-
surements. Figure 12 shows the antenna sample and experimental
setup. The positional relationship between the standard antenna
and the sample is depicted in Figure 12a. Figure 12b and c show
a structure where three nonreciprocal cells were arranged at the
front and rear with a quarter-wavelength separation. The purpose
of this structure is to achieve the operation depicted in Figure 1ic,
where only the transmitted signal (red line) passes in the forward
direction (positive x-axis), while only the received signal (blue
line) passes in the backward direction (negative x-axis).

The experimental results, presented in Figure 13, are compared
with the simulation results. The transmission pattern exhibited
a main beam in the 0° direction and a gain dip in the 180°
direction. Conversely, the reception pattern showed a main beam
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Standard antenna

(@)
FIGURE 12 | Experimental system for transmitting and receiving

pattern antennas: (a) overall experiment diagram; (b) top view of the
sample; and (c) side view of the sample.

in the 180° direction and a gain dip in the 0° direction. The
main beam demonstrated a gain comparable to that of the
sleeve antenna alone, confirming accurate nonreciprocal charac-
teristics. Furthermore, when two nonreciprocal structures were
placed at the front and rear, the antenna pattern exhibited broader
nonreciprocal coverage compared to using only one structure,
albeit with slightly reduced sharpness. This broad coverage
is likely due to the combined influence of the nonreciprocal
structures acting as reflectors, which expanded the angle range
of nonreciprocity. Both the experimental results (Figure 13a)
and simulation results (Figure 13b) revealed radiation in the 90°
direction and dips in the 270° direction. This trend relates to the
positions of the metal strips and air gaps in the nonreciprocal
structure: radiation occurs in the 90° direction due to the presence
of metal strips, whereas dips occur in the 270° direction where the
ferrite is visible. As observed in the case of placement on the front
side, the experiment showed some drops around 90 degrees and
270 degrees due to the influence of the antenna holder. Despite
these drops, the characteristics in the main azimuth directions
of 0 degrees and 180 degrees remained relatively consistent,
highlighting the usefulness of simulations in the design process.

4.3 | Radome Nonreciprocity Control

One advantage of this structure is its ability to control the
formation of multiple null points, even when nonreciprocal
structures are placed in front of and behind the antenna. The
one-dimensional metal strip structure combined with ferrite
exhibits high-pass filter characteristics, ensuring minimal impact
on the antenna pattern even when positioned nearby. In other
words, if the ferrite is not magnetized, the antenna can function
like a standard antenna despite the presence of a nonreciprocal
structure. The magnetization state of the ferrite can be switched
by attaching or detaching permanent magnets or by toggling an
electromagnet. Our group has achieved nonreciprocal character-
istics using an electromagnet of the same size as the permanent

—— Transmitting
—Receiving
----Sleeve antenna

—— Transmitting
——Receiving
180 ----Sleeve antenna

(®

FIGURE 13 | Antenna patterns for transmitting and receiving pat-
tern antennas: (a) experimental results; and (b) simulation results.

magnet employed in the experiments [13], indicating that the
proposed structure in this study can also utilize this approach
for control. Electromagnetic field simulation results illustrate the
patterns in the non-magnetized and partially magnetized states.
First, consider the pattern when nonreciprocal structures are
placed but remain unmagnetized, as shown in Figure 14a. In this
state, the antenna is expected to exhibit a uniform pattern in
the horizontal plane due to simple transmission characteristics,
despite the presence of nearby nonreciprocal structures. The
simulation results, represented by the green dashed line in
Figure 14c, reveal that while characteristic points appear at 90°
and 270° due to the structure, the pattern at the 0° and 180°
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FIGURE 14 | Example of pattern control: (a) model with non-
magnetized both sides; (b) model with magnetized only one side; and (c)
simulation results.

directions aligns closely with that of the antenna alone. Next,
examine the scenario where only one side of the structure is
magnetized, as depicted in Figure 14b. This analysis focuses
on magnetizing the nonreciprocal structure in the forward 0°
direction. In this case, the antenna can form a null point in the
reception pattern while maintaining the transmission pattern,
similar to the null point-forming antenna.

4.4 | Application to Array Antennas

As previously discussed, the proposed structure features unit cell
sizes comparable to the antenna dimensions, demonstrating that
effective performance can be achieved with a single cell [16].
This characteristic enables the expansion of the structure to an
array antenna, where adjacent antennas are spaced according to
the cell size. While the previously demonstrated separate pattern
antennas were limited to operation within a horizontal plane,
extending the concept to a two-dimensional array can realize
antennas with separate transmission and reception patterns in
three-dimensional space. To verify this, a two-dimensional array
antenna composed of 4 X 4 elements was modeled, with antenna
elements spaced at intervals equal to the unit cell size, as shown
in Figure 15a. Simulations synthesized beam patterns based on
the results shown in Figure 13b. The analysis results for beam
scanning in the 0° direction are illustrated in Figure 16, while
those for beam scanning in the 10° Phi direction are presented
in Figure 17. Figure 16a depicts the horizontal plane results,
and Figure 16b shows the three-dimensional beam patterns.
The simulations confirmed that the main transmission lobe
aligns with the 0° direction and the main reception lobe aligns
correctly with the 180° direction. Even within the side lobes—
falling within the angular range of nonreciprocity for a single
element—transmission and reception exhibit differences, but
isolation exceeding 10 dB is consistently achieved at the main
lobe. Beam scanning is constrained to angles within the range
where nonreciprocity is effective. Figure 17 shows the results of
beam scanning at10° in the horizontal plane. Even with scanning,
the main lobe achieves the highest isolation, maintaining robust
separation. Due to the relationship between phase control, a
transmission main lobe at 10° results in a reception main lobe
at 170°. For a two-dimensional array placed in the yz-plane, the
results exhibit symmetry with respect to the zx-plane. These

25mm

—4 elements

FIGURE 15 | Model for 4 x 4 array analysis.

Gain[dB] 9 0 Phi[deg]

90

—Transmitting
——Receiving

180
(@

) 18 0 -20

FIGURE 16 | Simulation results pointing in the zero-degree direc-
tion: (a) antenna pattern in horizontal plane; and (b) transmitting pattern
(left) and receiving pattern (right).

results demonstrate that the proposed separate transmission and
reception pattern antenna is applicable to both single-element
antennas and array antennas. Moreover, it can be extended to
include beam scanning applications, showcasing its versatility
and scalability.

5 | Conclusion

As ameasure to mitigate electromagnetic interference originating
from the antenna, we verified the effectiveness of a nonreciprocal
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Gain[dB] 5o O Phi[deg]

90 270

—Transmitting
——Receiving

FIGURE 17 | Simulation results pointing in the 10-degree direction,
(a) antenna pattern in horizontal plane; and (b) transmitting pattern (left)
and receiving pattern (right).

metasurface positioned and operating in close proximity to the
antenna. It is now possible to physically form null points in
the transmitting or receiving patterns, enabling new applications
such as suppressing radiation in a specific direction while
maintaining isotropic reception. In this study, for a nonreciprocal
metasurface with an isolation of 10 dB or more at 6.3 GHz, we
established its effect on the near-field pattern, which becomes a
spherical wave, as well as its plane-wave response. These effects
were verified through experiments and simulations, including the
design methodology. The scalability of this antenna configuration
was also highlighted, as it can be adapted to various frequency
bands by adjusting the ferrite properties and unit-cell design.
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