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ABSTRACT In traditional non-reciprocal metasurfaces based on antenna-circuit-antenna structure, the
radiation module and the non-reciprocal circuit module are coplanar, which occupies extra surface area and
has the inherent defect of narrow operating bandwidth. Therefore, a new 2.5D non-reciprocal metasurface
based on the aperture coupling structure is proposed to realize the separate design and broad operating
bandwidth, in which the non-reciprocal circuit module is perpendicular to the radiation module. In addition,
this work improves isolation to over 35 dB without affecting the radiation mode and resonance frequency.
Based on multimode resonance theory, a broadband microstrip antenna is further presented to obtain a
broader operating bandwidth. By exciting multiple resonant modes with similar frequencies in the resonant
cavity, the relative bandwidth reaches up to 38.2%. The experimental results coincide well with the
simulation results, which fully demonstrate the validity of the proposed design.

INDEX TERMS Non-reciprocity, metasurface, broadband, isolator, multimode resonance.

I. INTRODUCTION
In recent years, metasurfaces have raised great attention due
to the capacity to regulate the phase [1], amplitude [2],
and polarization [3] of electromagnetic waves. A variety of
applications have been proposed with metasurfaces, such
as harmonic wave manipulation [4], [5], [6], polarization
conversion [7], and beam steering [8], [9]. Non-reciprocal
devices based on metasurface, which can achieve unidirec-
tional absorption characteristics, have an attractive future in
electromagnetism. In forward transmission, the electromag-
netic wave can be amplified by the active circuit. However,
in reverse transmission, the electromagnetic wave cannot be
transmitted through active circuit.

The traditional method to achieve non-reciprocity is based
on magnetic materials, usually ferromagnetic composite
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materials (also known as ferrite) [10], [11]. [12] presented
a ferrite-based radome that achieved a difference of more
than 21 dB between the forward and reverse transmission
coefficients of electromagnetic waves, exhibiting strong non-
reciprocity. However, non-reciprocal devices based on ferrite
materials are usually large in size and require additional mag-
netic field bias, making them difficult to integrate. In addition,
the static magnetic fields generated can affect the normal
use of the system [13], [14]. With the rise of semiconductor
materials, active devices made of semiconductor materials
can play the role of unidirectional amplification, and achieve
non-reciprocity. In [15], Faraday rotation can be generated
without a constant applied magnetic field by combining an
amplifying circuit with a metasurface.

However, the above design is still limited to the use of
current loops to simulate the polarized non-reciprocity gen-
erated by the Faraday rotation effect of ferrite non-reciprocal
materials. [16] presented a non-reciprocal active frequency
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selective surface with an antenna-circuit-antenna structure.
[17] used a radiation patch and a non-reciprocal phase shifter
to form a cascaded series structure that achieved deflection
of the reflected beam at a specific frequency with differ-
ent reflection gains. Such devices involve neither nonlinear
materials nor polarization and rotation of electromagnetic
waves, and achieve non-reciprocal transmission by only using
conventional materials and equipment. However, the existing
non-reciprocal metasurface based on antenna-circuit-antenna
structure adopt the design that the radiation part is copla-
nar with the non-reciprocal circuit, which occupies extra
surface area and makes it difficult to load more complex
structures on the surface of the non-reciprocal metasur-
face. In addition, due to the inherent defect of microstrip
antenna, the existing metasurfaces have a narrow operating
bandwidth.

In this paper, a multimode resonant 2.5D broadband
non-reciprocal metasurface is proposed. The radiation part
and the non-reciprocal circuit part are not coplanar, but per-
pendicular to each other. Using this technique, the radiation
part and the circuit part of the non-reciprocal metasurface are
isolated, which improves the peak isolation to 35dB within
4-5.89 GHz. In addition, three resonant modes are excited,
which forms the broad operating bandwidth. Finally, themea-
surements demonstrate that the relative bandwidth is 38.2%,
the gain is 10 dB, and the isolation exceeds 35 dB.

II. DESIGN AND SIMULATION
The designed 2.5D non-reciprocal metasurface is shown in
Fig. 1. Based on the existing metasurface with the antenna-
circuit-antenna structure, the non-reciprocal amplifier circuit,
which was originally arranged on both sides of the metasur-
face and coplanar with the radiation module, is arranged on
the inner side of the two layers by using aperture coupling
structure. The non-reciprocal amplifier circuit is now perpen-
dicular to the radiation module on both sides, forming a 2.5D
structure. In forward transmission, the electromagnetic wave
can be amplified by the active circuit. However, in reverse
transmission, the electromagnetic wave cannot be transmitted
through the active circuit.

In order to widen the operating bandwidth and achieve
non-reciprocity, we propose a microstrip antenna based on
multimode resonance and a non-reciprocity circuit. In addi-
tion, we provide detailed simulation results of the broadband
microstrip antenna, non-reciprocal circuit and non-reciprocal
metasurface.

A. MICROSTRIP ANTENNA BASED ON MULTIMODE
RESONANCE
Microstrip antenna has a very narrow bandwidth. The band-
width can be improved by aperture-coupled feed technique
[18], [19]. [20] proposed a broadband microstrip antenna
using strip-slot hybrid structure. By slotting the radiating
patch and using Y-shaped microstrip feed structure, two oper-
ating modes with close resonance frequencies are excited in

FIGURE 1. Structure of the non-reciprocal metasurface.

the resonant cavity, which are coupled together to increase
the operating bandwidth.

The designed antenna is shown in Fig. 2. The antenna
is composed of two substrate layers and three metal layers.
Rogers 4350B is employed as substrate with dielectric con-
stant of 3.66 and tangent loss of 0.0037. The thickness of two
substrate layers is 3.25 and 0.762mm from the top to bottom.
The total thickness is about 4 mm.

FIGURE 2. The structure of broadband microstrip antenna based on
multimode resonance (a) upper layer structure (b) middle layer structure
(c) bottom layer structure.

Fig. 2(a) shows the top layer structure of the microstrip
antenna, which has a slit in the middle of the radiation
patch and is symmetrically loaded with parasitic patches
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on the outside of the radiation slot of the radiation patch;
Fig. 2(b) shows the middle layer structure of the microstrip
antenna, on which a metal backplane with H-shaped cou-
pling aperture is arranged; Fig. 2(c) shows the bottom layer
structure of the microstrip antenna, on which a double bias
microstrip feed line is arranged. By converting the original
50�microstrip feeder into a 100�microstrip feeder through
a power divider and symmetrically arranging it on both sides
of the coupling aperture, the double-bias feed line plays
the role of reducing the coupling coefficient and improving
the impedance match. The labeled dimensions are provided
as follows: L1 = 40mm, W = 40mm, W1 = 9.45mm,
W2 = 8.9mm, W3 = 1.1mm, L2 = 31mm.
By loading slits and parasitic patches, multiple operating

modes can be excited in the resonant cavity, and if the res-
onant frequencies are close, the multiple operating modes
will be coupled together, then the operating bandwidth of
the microstrip antenna can be effectively extended [21], [22],
[23]. In addition, [24] and [25] show that the use of H-shaped
coupling apertures provides stronger coupling and makes it
easier to achieve broadband designs for antennas.

Fig. 3 shows the simulated S-parameter of the broadband
microstrip antenna. As can be seen, three resonant modes are
excited in the resonant cavity. The operating frequencies are
4.68GHZ, 5.24GHz and 6.05GHz respectively, and the rela-
tive bandwidth of S11 < −10 dB (VSWR<1.92) is 38.2%.
The three operating modes are coupled together, which effec-
tively broadens the operating bandwidth of the microstrip
antenna. Due to the limited precision of the device parameters
provided by the company, the imported S-parameters are not
precise enough, and the simulation results are distorted at
4.5GHz.

FIGURE 3. The simulated S-parameter curve of the multimode resonant
broadband microstrip antenna.

According to the cavity mode theory [26], [27], [28] of
the microstrip antenna, the mode with the lowest resonant
frequency is the main mode TM10, as shown in Fig. 4(a), and
due to the presence of the slot in the radiation patch and the
parasitic patch, the antenna will excite other higher modes.

In Fig. 4(b), calculated from the length of the non-radiation
slot side of the parasitic patch, the second resonant point is
quasi-TM20 mode, which is symmetrically excited by the
slit-isolated half-side radiation patch and the parasitic patch.
This mode has 2 half-cycle fields in the resonant cavity, but
its electric field is synthesized from two TM10 modes, and
the electric field is mutated at the patch slots. Therefore, this
mode is not the strictly TM20 mode, and the final radiation
mode is also synthesized from two TM10 modes. Lastly,
as shown in Fig. 4(c), the third resonant frequency is the main
mode TM10 of the radiation part itself without the parasitic
patch. Besides, due to the inherent characteristics of the par-
asitic patch, the high frequency mode band will move to the
low frequency [29], thus effectively expanding the operating
bandwidth of the antenna. Fig.5 shows the simulated e-field
distributions of the Antenna.

FIGURE 4. The resonant electric field distribution of the Antenna (a) first
resonance point (b) second resonance point (c) third resonance point.

FIGURE 5. The simulated e-field distributions of the Antenna (a) first
resonance point (b) second resonance point (c) third resonance point.

B. NON-RECIPROCAL AMPLIFIER CIRCUIT
The structure of the non-reciprocal circuit in Fig. 6 can be
divided into two parts: DC path and RF path. The DC path
generates bias voltage for the amplifier and stabilizes its oper-
ating state. The RF path serves as the RF signal transmission
channel and generates non-reciprocity. In forward transmis-
sion, the RF signal can be amplified by the active circuit.
However, in reverse transmission, the RF signal cannot be
transmitted through active circuit. Due to the blocking of
inductor L, the RF signal is confined within the RF path
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FIGURE 6. Structure of the non-reciprocal amplifier circuit.

and cannot enter the DC path. In addition, the presence of
inductor L avoids the impedance change generated by the
bias line of the DC path on the transmission line of the RF
path, which ensures the normal operation of the RF path.
The passive components of the non-reciprocal circuit are as
follows: C1 = 18nF, C2 = 56pF, C3 = 56pF, R = 24 �,
L = 39nH.

FIGURE 7. Physical model of the non-reciprocal amplifier circuit (a) top
layer structure (b) middle layer structure (c) bottom layer structure.

The physical model of the non-reciprocal amplifier circuit
obtained from the above design idea is shown in Fig. 7. The
physical structure is also composed of two layers of substrate
and three layers of metal. The dielectric substrate material is
Rogers 4350B with the thickness of 0.732 mm. The yellow
part of the figure is copper foil and the red part is metallized
vias. Fig. 7(a) shows the top structure of the non-reciprocal
circuit, with pads of the MMIC amplifier in the center, which
achieves good grounding and heat dissipation. The gray parts
represent capacitors C2 and C3 and the blue part represents
inductor L; Fig. 7(b) shows the middle structure of the circuit,
where thewholemetal ground is arranged; Fig. 7(c) shows the
bottom structure of the circuit, with capacitor C1 in green and

resistor R in purple. In addition, the bottom layer leads two
DC bias lines for connecting the external power supply.

FIGURE 8. The non-reciprocal metasurface in CST (a) non-reciprocal
circuit model (b) non-reciprocal metasurface model.

After selecting the appropriate devices according to the cir-
cuit designed in Fig. 6 and Fig. 7, the simulation of DC circuit
and the design of matching circuit are performed. Finally,
the overall circuit design is completed and the obtained
non-reciprocal circuit model is shown in Fig. 8(a).
The simulations for the non-reciprocal amplifier cir-

cuit are performed in ADS and CST Studio Suite and
the results are recorded. As can be seen in Fig. 9, the
designed non-reciprocal circuit has flat gain and strong non-
reciprocity, with a gain of more than 10 dB and reverse
isolation of more than 20 dB. In ADS and CST, the S11
curves do not match. In ADS, the non-reciprocal circuits are
in the form of schematic. However, in CST, the non-reciprocal
circuits take the form of the physical model. Unlike the
schematic, in the physical model, there is coupling between
the transmission line and the amplifier pads, which creates an
unexpected capacitance that increases the reflection coeffi-
cient at one port, which does not match the simulation results
in ADS. Apart from this, the simulation results in ADS and
CST coincide well, which fully demonstrate the validity of
the proposed method and design.

C. THE NEW BROADBAND NON-RECIPROCAL
METASURFACE
The radiation module and the circuit module of the meta-
surface are modeled and spliced in CST. Fig. 8(b) shows
the model of non-reciprocal metasurface in CST. The field-
circuit co-simulation in CST software is applied in the
simulations. As can be seen from Fig. 10, the broadband
non-reciprocal metasurface has a passband frequency range
of 4GHz-5.89GHz, with good rectangular coefficient and
sharp cutoff characteristics. A forward 15dB gain and 35dB
reverse isolation are achieved in its passband, and comparing
its forward and reverse transmission coefficients, the broad-
band metasurface shows strong non-reciprocity.

The simulated radiation patterns of the 4 × 4 metasurface
is shown in Fig. 11. It can be seen that at 4.6 GHz, the

VOLUME 11, 2023 104861



Q. Gu et al.: 2.5D Broadband Non-Reciprocal Metasurface Based on Aperture-Coupled Feed Structures

FIGURE 9. Comparison of simulation results in ADS and CST.

FIGURE 10. The simulated S-parameters of the metasurface.

FIGURE 11. The simulated radiation pattern of the 4 × 4 non-reciprocal
metasurface.

non-reciprocal metasurface has a good directionality, with a
main flap amplitude of 21 dB and a low side flap, which can
effectively receive the electromagnetic waves radiated from
outside.

III. RESULTS AND DISCUSSION
To experimentally verify the proposedmethod and design, the
non-reciprocal amplifier circuit and the non-reciprocal meta-
surface are fabricated. The micrograph of the non-reciprocal
circuit is shown in Fig. 12. Figure 12(a) shows amplification
circuit on the front. Figure 12(b) shows the bias circuit on
the back. The non-reciprocal circuit’s RF In and RF Out are
connected to the Agilent N5245A vector network analyzer by
soldering on 50� SMA RF coaxial connectors, and the DC
bias line is connected to the DC power supply.

FIGURE 12. Micrographs of non-reciprocal circuit (a) amplifier circuit
(b) bias circuit.

FIGURE 13. Transmission coefficients at different voltages.

Adjust the output voltage of the DC power supply and
record the non-reciprocal circuit transmission coefficient at
various output voltages. The gain of the non-reciprocal circuit
stops increasing with the bias voltage when the output of
the DC power source hits 5.1V, as shown in Fig. 13, and
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the MMIC amplifier enters the full bias state. The MMIC
amplifier can ensure that amplifier parameters are consistent
with the simulation model when it reaches full bias state.

FIGURE 14. S-parameter of the non-reciprocal circuit at full bias.

The measured S-parameter results at full bias state are
given in Fig. 14. As can be seen, the gain of the non-reciprocal
circuit is basically flat in the operating band, generating
a gain of more than 10 dB and reverse isolation of more
than 35 dB, which coincides well with the results obtained
from the simulation. However, it also reflects the low trans-
mission coefficient and strong reflection coefficient of the
non-reciprocal circuit, as well as the resonance phenomenon
at specific frequency points. It is assumed that the reason
for this phenomenon is that when the SMA RF coaxial
connector is connected to the non-reciprocal circuit, the cou-
pling connection is made between the outer conductor of
the connector and the metal ground of the non-reciprocal
circuit. Due to the error in the welding of the inner conduc-
tor of the coaxial connector and the microstrip line, which
increases the loss, the coupling efficiency at the connection is
affected. In addition, because the two layers are connected by
using press-fit technique, the plates produce irregular bending
deformation, which leads to a certain error between the exper-
imental results and the simulation results. Other than that, the
designed circuit generally exhibits good non-reciprocity.

The fabricated metasurface sample is composed of
4 × 4 non-reciprocal metasurfaces proposed above, as pre-
sented in Fig. 15(a). The two layers of dielectric substrate of
the radiation module are fixed by 13 nylon bolts and nuts,
the non-reciprocal circuit part is plugged together through
the space reserved for the dielectric substrate of the inner
layer of the radiation part, and the microstrip lines of the
non-reciprocal circuit part are connected to the microstrip
feeder of the radiation part by using solder. Fig.15(a) also
shows the circuit module of the non-reciprocal metasurface,
which connects the radiation modules on both sides. The
above figure is the amplifier circuit, while the below one is the
feeder circuit. The experimental environment for S-parameter
measurement is shown in Fig. 15(b).

FIGURE 15. Broadband non-reciprocal metasurface based on
aperture-coupled feed structures (a) all-length figure of the metasurface
(b) the experimental environment.

FIGURE 16. Comparison of experiment and simulation of the
non-reciprocal metasurface.

The comparison of experimental results and simulation
results is shown in Fig. 16. The low-frequency part of
the measured results, due to the low frequency and long
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wavelength of the electromagnetic wave, produces a bypass
of the test module, making the measured reverse transmis-
sion coefficients high in the 3-4 GHz range. In addition, the
non-reciprocal circuit module is plugged into the radiation
module, and there is an unavoidable air gap of 0.05-0.1 mm
between the two modules, which makes the two modules
produce a large loss at the connection. For the high-frequency
part, because the non-reciprocal metasurface adopts a spliced
2.5D structure instead of a one-piece structure, the radi-
ation module and the non-reciprocal circuit module are
coupled, the transmission line at the connection is discontin-
uous, mutation occurs, and there are inevitably some solder
residues at the connection, which generates a large loss. In
addition, since the metasurface fabricated is only 4 × 4 in
size, the electromagnetic wave produces a large bypass. For
non-reciprocal metasurfaces, the spliced 2.5D structure is not
an ideal structure compared to the conventional one-piece
structure due to the limitations of the existing technology.
Overall, the metasurface exhibits good non-reciprocity.

As can be seen from Table 1, compared with the
existing one-piece non-reciprocal metasurface based on
antenna-circuit-antenna structures, the new 2.5D broadband
non-reciprocal metasurface proposed in this paper signif-
icantly broadens the operating bandwidth and has better
non-reciprocity due to the separation of the radiation part and
the non-reciprocal circuit part.

TABLE 1. Comparison between the designed metasurface and existing
works.

IV. CONCLUSION
In this paper, a new 2.5D broadband non-reciprocal meta-
surface based on aperture-coupled feed structure is designed,
in which the non-reciprocal circuit part is arranged perpen-
dicular to the radiation part on both sides, forming a 2.5D
structure. Through this work, the radiation module and the
non-reciprocal circuit module are isolated, which reduces the
difficulties of design and effectively improves the isolation. In
addition, a new broadband microstrip antenna based on mul-
timode resonance theory and a new non-reciprocal amplifier
circuit are proposed, achieving a 38.2% relative bandwidth,
a gain of 15 dB and reverse isolation of more than 35 dB in
the passband, demonstrating good reciprocity.

The non-reciprocal metasurface proposed in this paper
realizes the unidirectional transmission of electromagnetic
waves, which can play a role in electromagnetic stealth.
In addition, the operating bandwidth of the metasurface is
close to the commercial bandwidth of 5G. The proposed
metasurface could amplify 5G signals indoors to ensure

5G communication quality, which could contribute to the
construction of 5G. By replacing different non-reciprocal
circuits and radiation modules, more complex functions can
be realized, providing the basis for the new structure with the
separate and easy design of the non-reciprocal metasurface.
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