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A Design Method of Transmission-Type Metasurfaces Using Circuit
Synthesis Theory of Microwave Bandpass Filters
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and Hisamatsu NAKANO††, Fellow

SUMMARY In this paper, we applied the circuit synthesis theory of
filters to the design of transmission-type metasurface cells and arbitrarily
designed the amplitude and phase of the transmission and reflection by ad-
justing the resonant frequency and coupling coefficient. In addition, we
successfully designed the phase of the unit cell by using the frequency con-
version of filter theory. Moreover, we designed a refractive transmission-
type metasurface plate with a novel cell structure that reacts to both polar-
izations. The prototype operated at the desired refraction angle, confirming
the design theory.
key words: metasurface, transmission-type, refraction, filter theory, band-
pass filter

1. Introduction

In recent years, 5G communication systems have been stan-
dardized, and millimeter-wave band communication sys-
tems have gained much attraction compared to the mi-
crowave band because the millimeter wave band exhibits
stronger line-of-sight propagation. This indicates that ra-
dio waves are less likely to wrap around obstacles, result-
ing in coverage holes. This issue can be resolved using
transmission-type metasurface plates. A review paper pub-
lished in 2021 summarized the studies on such metasur-
faces and presented the fundamental theory and applica-
tions in detail [1]. So far, many applications have been pro-
posed for the transmission-type metasurface. For example,
the placement of a metasurface plate directly above an an-
tenna helped to control the directivity of the antenna [2]–[5].
Other notable applications include circular polarizers [6],
lenses [7], and refractive plates [1], [8]–[22].

Pfeiffer et al. proposed the use of transmission-type
metasurface plates for refraction [8], [9]. In another study,
the authors used plates with meander lines and spiral rings
to achieve 0 to 2π phase quantity, a key requirement in
creating a supercell [10]. Similarly, other studies have
also used plates with split-ring resonators [11] and have
discussed broadbanding of refractive plates [12]. Another
study designed the interface of metasurfaces between the
conductor and dielectric considering conductor roughness
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at 80 GHz [13].
In recent years, metasurfaces have become more com-

plex. For example, the transmission and reflection of meta-
surfaces can be controlled at different frequencies [14], even
nonlinearly [15]. Dual-beam refraction can be obtained by
controlling the phase of the metasurface cells [16]. Despite
these advances, there is no clear design theory for any of the
cell structures in these papers. So, the amplitude and phase
of transmission and the amplitude of reflection were deter-
mined only as a result of tuning the structural parameters
and phase values.

Many papers have designed refractive transmission-
type metasurface plates using impedance matrix [17]–[19].
Recently, studies have proposed design methods based on
LC equivalent circuits [20], [21]. An ABCD matrix has also
been proposed as a general design method regardless of cell
structures [22]. In these above-mentioned methods, the S -
parameters were calculated from an equivalent circuit de-
termined by the structure. Therefore, the final transmission
characteristics depend on the results of the optimization.

Unlike the above-mentioned methods, the S -para-
meters in a bandpass filter (BPF) design method are cal-
culated from a transfer function obtained from the circuit
synthesis theory. The S -parameters are then used to cal-
culate an equivalent circuit, and a structure satisfying the
equivalent circuit is searched. The coupling matrix, which
expresses coupling coefficients between resonators, is cal-
culated from Y parameters [23]–[25]. These design theories
have also been applied to antenna design [26]. The trans-
mission and reflection characteristics in these filter design
theories are designed based on normalized values of fre-
quency and impedance. In particular, the setting of the input
and output impedance values of the circuit from R = 1Ω to
R = 120πΩ, which is the impedance of free space, faces no
restrictions. Thus, this theory is suitable for the design of
transmission-type metasurfaces.

Extracting the coupling matrix from the S -parameters
of a filter (either measured or simulated) is an inverse
problem, which is generally difficult to solve. Neverthe-
less, studies have proposed different methods to adjust fil-
ter characteristics. One such method involves the calcu-
lation of S -parameters from the coupling matrix and opti-
mization of each matrix element to match the measurement
results [27], [28]. A few S -parameters are used to determine
a transfer function and improve the filter design [29]. These
filter tuning tools are also used for designing the unit cell
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structure of transmission-type metasurfaces.
Notably, the amplitude and phase of transmission and

the amplitude of reflection for each cell are guaranteed if the
filter theory is applied to each cell of the metasurface, solv-
ing one of the design issues for metasurfaces. Also, various
proposed filter tuning theories are available for tuning the
parameters of these cells.

In this paper, we use frequency transform of the filter
design theory to design the transmission and reflection char-
acteristics for the metasurface cells and describe the design
flow for a unit cell in detail. Based on the design flow, we
show that the proposed novel structure, in which the cou-
pling coefficient is adjusted by the ground electrode, im-
proves the reflection characteristics within the filter band-
width. In addition, we applied the filter theory to show
that the proposed unit cell structure has low loss due to the
widened passband.

Based on the filter design theory, we adjusted the phase
for each cell by changing its center frequency through fre-
quency conversion and designed a refractive metasurface
plate. Note that cost is a critical issue for the prolifera-
tion of applications in the millimeter wave range. By using
our proposed wideband unit cell design, the refractive plate
achieves loss that is low enough for practical use, even with
a low-cost FR4 substrate. Finally, the validity of the design
was verified using a prototype of the refractive plate.

2. Design of Refractive Plates Using Filter Theory

2.1 Design with Normalized Frequency

The reactance function is used to describe the transmis-
sion and reflection functions of a two-port lossless nth-order
BPF. The internal resistance at the input port and the load
resistance at the output port are normalized to 1. The S -
parameters are expressed by the following polynomial equa-
tions [24].

S 11 =
F(s)
εRE(s)

(1)

S 21 =
P(s)
εE(s)

(2)

where s = jΩ, and ε and εR denote coefficients. Ω denotes
normalized angular frequency. P(s) denotes a polynomial
representing the angular frequency of attenuation poles Ωp

in the transmission function in S 21. For n − 1 attenuation
poles or fewer, εR = 1. F(s) and E(s) also denote nth-
order polynomials determined from the filter functions. The
nth-order Chebyshev characteristic functions are described
in detail in a previous study [24]. Note that the related for-
mulas are omitted here. With respect to the Chebyshev char-
acteristic bandpass filters, the S -parameters are calculated
with different filter orders from n = 2 − 4. Figure 1 shows
the calculated results of the amplitude and phase of trans-
mission and the amplitude of reflection with respect to the
normalized frequency axes. The phase of transmission and

Fig. 1 Calculation results based on filter theory.

Fig. 2 Relationship between the number of resonators and the phase of
the transmission.

the coefficients of transmission and reflection in the meta-
surface design are in the range of −1 < Ω < 1. According to
the calculated results, the transmission phase increases with
the number of filter orders in the normalized passband fre-
quency range of −1 < Ω < 1. Figure 2 shows the amount
of change in the transmission phase for normalized band-
widths in the range of −1 < Ω < 1. These results show that
the transmission phase of the metasurface is determined by
the number of resonators and not by its structure.

We use the region in the passband where the phase
varies linearly with frequency when designing the supercell.
This is because a higher linearity has a small effect on the
phase difference by a shift of the frequencies in the same
direction.

2.2 Unit Cell Design of Refractive Plates

Here, we designed a refractive plate at 28 GHz. The phase
difference between cells, ΔΦ, in the case of a normal inci-
dent wave (+z direction in Fig. 6) is expressed as

ΔΦ = k0d sin θ0 (3)
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where k0 denotes the wavenumber in free space, d denotes
the distance between cells, and θ0 denotes the angle of re-
fraction defined in Sect. 2.6.

In a sequence of unit cells with different structures, a
supercell is the smallest periodic unit. The phase of each
unit cell is shifted by ΔΦ = 2π/p, where p denotes the
number of unit cells in the supercell [30]. By using this cell
structure, we designed a supercell with a refraction angle of
θ0 = 45◦ at 28 GHz. The phase difference for transmission
is set to ΔΦ = 90◦. The four unit cells corresponding to the
four different phases are referred to as U(0), U(90), U(180),
and U(270). As shown in Fig. 2, a supercell with four res-
onators (n = 4) can realize the maximum phase change of
270◦ required for this refractive plate design. Using Eq. (3),
the above values yield a unit cell size of d = 3.79 mm.

2.3 Transmission Plate Design with Frequency Conver-
sion

The following frequency conversion is used when designing
BPFs to convert normalized frequency to the desired fre-
quency band [24]:

Ω =
fc

Bw

(
f
fc
− fc

f

)
+ j

fc
Bw

1
Qu

(4)

where fc denotes the center frequency, Bw denotes the band-
width, and Qu denotes the unloaded quality factor of the res-
onator. Figure 3 show the calculated results of the frequency
conversion for the four cells at 28 GHz. The calculation con-
ditions for all cells are n = 4, Bw = 4 GHz (equi-ripple),
S 11 < −20 dB, and lossless. The phase changes arbitrar-
ily at 28 GHz when the center frequency, which is calcu-
lated from the lowpass prototype filter by frequency con-
version, is shifted. The center frequencies of U(0), U(90),
U(180), and U(270) are shifted to fc = 26.053, fc = 27.310,
fc = 28.666, and fc = 29.823 (GHz), respectively. Con-
sequently, the phases of U(0), U(90), U(180), and U(270)
are −460◦, −370◦, −280◦, and −190◦, respectively, with the
phase differing by 90◦ between each cell.

2.4 Coupling Topology of Cell by Coupling Matrix

A coupling matrix [M] having input and output circuits has
been proposed in nth-order BPF design [24]. The size of
the coupling matrix is (n + 2) × (n + 2). Its elements Mii

(i = 1, 2, · · · , n) represent the resonant frequency (in GHz
in this paper) of the resonators, Mi j (i, j = 1, 2, · · · , n, i � j)
represent the coupling coefficient of the resonators, and M0i

and Mi,n+1 (i = 1, 2, · · · , n+1) represent the coupling coeffi-
cients (external Q factor Qe in this paper) between resonator
and source/load, respectively. M00 and Mn+1,n+1 represent
the coupling coefficients at source and load, respectively,
and are usually zero in value. The (n + 2) × (n + 2) cou-
pling matrix involves a rotation matrix, and its orthogonality
is used to transform it into a coupling topology of BPF [24].

Fig. 3 Calculated results of frequency conversion of BPF with n = 4,
Bw = 4 GHz and lossless.

2.5 Simulation Model of Unit Cell of Refractive Plates

As mentioned in Sect. 2.2, the size of a unit cell is d =
3.79 mm. The thickness of each dielectric is 0.48 mm and
that of the conductor is 0.018 mm. Thus, the total thick-
ness is 3.006 mm. The rotationally symmetric structure at
90◦ with respect to the center of unit cell involves no polar-
ization dependence. The unit cell was electromagnetically
(EM) simulated using the finite element method (FEM; AN-
SYS HFSSTM) with a Floquet Port (plane wave) at both ends
under periodic boundary conditions. The unit cell is com-
posed of FR4 substrates (relative permittivity εr = 4.5, di-
electric loss tan δ = 0.015, conductivity σ = 2.9 × 107 S/m)
for low cost. Here σ = σ0 × σr, where σ0 denotes the con-
ductivity of copper (5.8 × 107 S/m), and σr denotes relative
conductivity.

Reflection characteristics may not be achieved with
metasurfaces if the coupling between the resonators is not
correctly adjusted [5]. Figure 4 shows the initial structure of
the unit cell without adjusting the coupling structure. Here,
the initial structure does not include cross-shaped ground
electrodes for adjusting the coupling coefficient.

We added electrodes instead of adjusting the thickness
so as to adjust the coupling coefficient without increasing
the layer thickness. Figure 5 presents the structure of the
unit cell proposed in this paper. The resonant frequency of
each cell is adjusted by changing the size of resonators in
layers 1, 3, 5, and 7, while the coupling coefficients are ad-
justed by tuning layers 2, 4, and 6.
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Fig. 4 Initial structure of the unit cell without adjusting the coupling
structure. (a) Diagrammatic view. (b) Plane view.

Fig. 5 Proposed structure of the unit cell with adjustment to the coupling
structure. (a) Diagrammatic view. (b) Plane view. (W3 = 0.1 mm in layers
2, 4, and 6)

2.6 Simulation Model of Refractive Plates

Figure 6 shows the simulation model of the refractive meta-
surface plate. The supercells having 3.79 mm × 300 mm ×
3.006 mm consist of four cells. Here, a periodic boundary
condition in the range z < 0 and a radiation boundary con-
dition in the range z > 0 are used. A Floquet Port (incident
plane wave) is used for excitation. The number of cells is

Fig. 6 Simulation model of the refractive metasurface plate.

set to 79 cells.

2.7 Design Flow of Unit Cell

The center frequency fc of the filter, the bandwidth Bw, and
the frequency of the attenuation poles fp in a typical filter de-
sign are determined to meet the required specifications for
in-band and out-band and determine the target coupling ma-
trix. Here, the resonance frequency f of the resonator, the
external Q factor Qe, the coupling coefficients k, and the
non-adjacent coupling coefficients k’ are assumed to be ad-
justable.

A transmission-type unit cell requires only the phase
characteristics in the passband. Generally, the metasurfaces
do not have an adjustment mechanism for the coupling be-
tween the free space and the first (end) resonator. The non-
adjacent couplings in metasurfaces are also nonadjustable.
Thus, the structure fixes the extracted values of Qe and k’.

The values of fc, Bw, and fp are used to determine the
phase and the values of Qe and k’. Then, the Chebyshev
bandpass filter is used to calculate the target coupling ma-
trix. Only f and k in the matrix are adjusted by the struc-
ture. The target matrix is also changed when the structure is
changed significantly since the values of Qe and k’ depend
on the structure.

Figure 7 shows the design flow of a unit cell. In the fig-
ure, the subscripts FT and EM of the variables indicate that
the values were determined using the Chebyshev bandpass
filter theory (FT) and the S -parameters extracted from EM
simulations, respectively. Based on the extraction method
in this flow, Bw is defined as the half-power frequency band-
width. However, Chebyshev’s design uses equi-ripple fre-
quency bandwidth. Thus, frequency conversion needs to be
performed before comparison with the extraction method so
that S 21 (dB) = −3 dB at Ω = ±1. In this flow, the coupling
matrix is used as a denormalized coupling matrix in the
bandpass frequency domain. Therefore, the frequency (in
GHz) and coupling coefficient are obtained after frequency
conversion.

a) Number of resonators n is determined from design fre-
quency and phase change.

b) The nth-order Chebyshev bandpass filter characteris-
tics are calculated.
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c) EM simulator model is created as a periodic structure
of a unit cell consisting of n resonators.

d) S -parameters are obtained by EM simulation.
e) Transfer function is obtained using the parameter ex-

traction method [29]. The bandwidth BwEM (half-power
frequency bandwidth), unloaded Q factor QuEM , and
the attenuation pole frequencies ΩpEM are determined
from attenuation poles.

f) Coupling matrix [MEM] is calculated from the transfer
function extracted from EM simulation.

g) As shown in Fig. 3, the phase at the design frequency is
adjusted by frequency conversion. The QeFT is adjusted
by the bandwidth BwFT (half-power frequency band-
width). Here, the attenuation pole frequencies ΩpFT

and the unloaded Q factors QuFT given in the coupling
matrix calculation using the filter theory are the same
values asΩpEM and QuEM extracted from EM-simulated
S -parameters.

h) Ideal coupling matrix [MFT ] is calculated from the
transfer function of the filter theory.

i) fcFT and BwFT are adjusted so that the theoretically
calculated external Q values, QeFT , and S 21,FT (phase)
match the reference values QeEM and the desired phase.
(Loop g)-i))

j) Resonance frequencies fFT and coupling coefficients
kFT of [MFT ] are compared with the resonance frequen-
cies fEM and coupling coefficients kEM of [MEM] of the
unit cell. The structural pattern of the unit cell is ad-
justed to match the above values.
(Loop c)-j) including loop g)-i))

The non-adjacent couplings k′FT are adjusted by the po-
sition of the attenuation poles. (loop j)) However, it is diffi-
cult to achieve perfect agreement between k′FT and k′EM when
the reflection characteristics differ. Here, the difference in
the values of k′FT and k′EM in the coupling matrices [MFT ]
and [MEM] are sufficiently smaller than the values of main
couplings between adjacent resonators.

In general, a wideband BPF is used to achieve low
loss. Here, Qe is small. Figure 8 shows the calculation re-
sults for two BPFs of different bandwidths with the same
Qu = 58 (calculated from the properties of FR4 used in the
prototype). The blue line corresponds to fc = 27.713 GHz,
Bw = 8 GHz (equi-ripple frequency bandwidth), and the or-
ange line corresponds to fc = 27.928 GHz, Bw = 4 GHz
(equi-ripple frequency bandwidth). n = 4 and S 11 < −20 dB
for both cases. As shown in the calculation results, the loss
is due to the wide bandwidth. In this case, Qe = 6.5 for the
4 GHz band, while Qe = 3.2 for the 8 GHz band. TheQe

is small for wide band BPF, typically resulting in low-loss
transmission characteristics. Thus, this method can be used
to investigate Qe of various metasurface structures to deter-
mine the viability of broadening the unit cell bandwidth for
lower loss.

Fig. 7 Design flow

Fig. 8 Loss of cell versus bandwidth for Bw = 4 GHz and Bw = 8 GHz
with Q = 58.

3. Design Results of Refractive Plates

3.1 Unit Cell Design by Design Flow

Here, the design flow is demonstrated with unit cell U(180)
as an example. First, steps a) to j) are applied to the struc-
ture shown in Fig. 4, and the results are shown in Fig. 9.
The S -parameters are calculated by fitting the transfer func-
tion using the parameter extraction method [29]. In addition,
QuEM = 58 and ΩpEM = 1.57, 1.12 are also calculated us-
ing n = 4, fcEM = 24.525 GHz, and BwEM = 13.38 GHz
(half-power frequency bandwidth). As shown in the lower
right of Fig. 9, the coupling matrix is computed from the
above parameters. Despite the symmetric structure, the
resonant frequencies at the symmetric positions, such as
f11 = 21.755 GHz and f44 = 21.749 GHz, are different in
the extracted coupling matrix due to the errors in the fitting
program. In particular, the values of Qu of the four res-
onators are the same in this calculation for approximation,
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Fig. 9 Theoretical calculation and simulation results for the initial struc-
ture of the unit cell without adjusting the coupling structure. The diagonal
elements in coupling matrices are in GHz.

although they should be different from each other.
The filter theory calculations are adjusted by BwFT

so that QeFT is similar to QeEM of the coupling matrix.
S 21,FT (phase) is adjusted by BwFT and fcFT so that U(180) =
−280◦. Figure 9 shows the resulting S -parameters and
coupling matrix calculated under the following conditions:
n = 4, fcFT = 24.525 GHz, BwFT = 13.38 GHz (half-power
frequency bandwidth), S 11 < −20 dB, and lossless.

Both the resonant frequencies and coupling coefficients
of the above matrices were found to be different. This
implies that good reflection characteristics throughout the
passband can be obtained by controlling the coupling coef-
ficient.

Steps a)-j) are applied to the structure in Fig. 5, which
contains patterns to adjust the frequencies fcEM and the cou-
pling coefficients kEM . Here, steps c) to j) are repeated
multiple times. Figure 10 shows the calculation results
for the final design of the unit cell U(180). Finally, the
values of fcEM = 28.005 GHz, BwEM = 9.81 GHz (half-
power frequency bandwidth), Qu = 58, and ΩpEM = 1.86,
3.08 are extracted. The following conditions are consid-
ered for calculating S -parameters and [MFT ]: n = 4, fcFT =

28.082 GHz, BwFT = 9.64 GHz (half-power frequency band-
width), S 11 < −20 dB and lossless. The resonant frequen-
cies and coupling coefficients obtained from EM simulation
are close to similar to the corresponding theoretical calcula-
tions. S 21,EM(phase) is adjusted to be −270◦.

3.2 Loss Calculations for the Proposed Structure

The conductivity in the millimeter wave band is lower than
that in the microwave band due to the rough interface be-
tween the dielectric and conductor [31], [32]. This effect is
confirmed by EM simulation for the unit cell U(180) shown
in the previous section. The extracted values of fcEM , BwEM

(half-power frequency bandwidth), and ΩpEM are the same
as those used in Fig. 10. The Q value due to conductor loss,
Qc, is calculated using the parameter extraction method [29]
to determine the results of EM simulation with varying con-
ductivity. The Qc values do not include reflection losses as
they are obtained by fitting the transmission and reflection

Fig. 10 Theoretical calculations and simulation results for the final struc-
ture of the unit cell. The diagonal elements in coupling matrices are in
GHz.

Fig. 11 Qc due to conductor losses in the unit cell.

characteristics. Figure 11 shows the calculated Qc values.
No extreme decrease in Qc value was observed with the de-
crease in conductivity.

The same also confirms the effect of Q due to dielectric
loss, Qd. Qc = 600 at σ = 2.9 × 107 S/m (σr = 50%) was
used as a typical conductor loss in the prototype design. The
unloaded quality value of Qu for the total loss of the unit cell
is given by

1
Qu
=

1
Qc
+

1
Qd

(5)

As shown in Fig. 12, the loss of the unit cell, tan δ, is cal-
culated by substituting the Qu factor into Eq. (4). In this
prototype, FR4 is selected for lower cost. Nevertheless, its
loss of tan δ = 0.015 is directly related to the loss of the
unit cell. The Qu factor for a typical low-loss material with
tan δ = 10−3 in the millimeter wave band is improved to
Qu = 375, as shown in Fig. 12. Theoretical calculations us-
ing Eq. (4) give an insertion loss of 0.17 dB.

EM simulation of the unit cell U(180) is conducted us-
ing σr = 50% and tan δ = 10−3, and the results are shown
in Fig. 13. However, the simulation does not consider the
difference in unloaded Q factors of the four resonators. The
EM-simulated insertion loss shows 0.2 dB at 28 GHz, and
this finding is in agreement with the theoretical calculations.
This demonstrates that the loss of the unit cell can be ob-
tained by treating the loss as a Qu factor and performing
filter theory calculations.
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Fig. 12 Q due to total loss of the unit cell.

Fig. 13 Unit cell loss at σr = 50% and tan δ = 10−3 by EM simulation.

Table 1 Layer pattern size of unit cells (in mm)

3.3 Four Unit Cell Design Results

Based on the unit cell shown in Fig. 5, four different unit
cells were designed to form supercells. The widths of the
odd-layer square electrode patch (W1) and the even-layer
square dielectric aperture (W2), in mm, are given in Table 1.
The widths of the cross-shaped sections (W3) of the even
layers are all 0.1 mm.

Figure 14 shows the characteristics of each unit cell in
the supercell, calculated by using the EM simulator based
on FEM. The graphs in the middle of the figure represent
the transmission and reflection characteristics. The graphs
on the right side of the figure represent the phase character-
istics of transmission coefficients. The dashed line is placed
at 28 GHz, indicating that frequency conversion was used
in the design. Here, each cell is designed using the peri-
odic boundary conditions of FEM, and the desired refrac-
tion is achieved by tuning BPF center frequencies. The cal-
culated phases of the four cells are U(0) = −388◦ (refer-
ence), U(90) = −307◦ (89◦), U(180) = −208◦ (180◦), and
U(270) = −118◦ (270◦). The reference phase planes in the

Fig. 14 Calculated results of cells in the refractive plate.

EM simulation shift to 13.5 mm from the Floquet port po-
sition. Here, the differences between the absolute values of
the phases obtained by theoretical calculation and those by
EM simulation are corrected in the extracted calculation of
theoretical results.

Consequently, a 4th-order wide band BPF characteris-
tic and a low-loss passband characteristic are achieved even
with the commonly used FR4 substrate. Further loss im-
provement in the passband characteristics can be achieved
by broadening the bandwidth and using low-loss materials.

3.4 Refractive Plate Design Results

The simulation model of the refractive metasurface plate
constructed using four cells is calculated. The realized gain
(RG) of the two models is calculated to evaluate the loss
of the refractive metasurface plate. FR4 substrate is used
for RGloss, while tan δ = 0 and σ = ∞ for RGlossless. Fig-
ure 15 shows the ratio of RGloss/RGlossless. Here, the yz
plane is the cut plane of the radiation patterns. As shown in
Fig. 15 (a) (b), the refractive angle is in the desired direction
of 45◦. Compared to the lossless material condition, the loss
is 1.8 dB for x-polarization at the Floquet Port and 1.9 dB
for y-polarization at the Floquet Port for the FR4 substrate.
For both x-polarization and y-polarization, S 11 at 28 GHz is
above −20 dB, and the effect of reflection loss is negligible.
The side lobes at 0◦ and −45◦ and the energy scattered into
the direction of Floquet harmonics at the design frequency
are described in details in a previous study [13].
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Fig. 15 Calculation results for the ratio of realized gain (RGloss/

RGlossless) of 79 cells. (a) Calculation results for the x and y polarization
RG ratio. (b) Enlarged view.

Fig. 16 Photograph of the refractive plate prototype.

4. Measurement Results of Refractive Plates

Figure 16 shows a prototype of the refractive metasurface
plate, measuring 300 mm × 275 mm × 3.006 mm. The
structure consists of periodically aligned supercells. Fig-
ure 17 shows the experimental environment. An anechoic
chamber is used to conduct the measurements. A radio
wave absorber was placed on both sides of the metasurface
plate in the chamber to suppress direct wave effects between
the transmitting and receiving antennas (horn antennas with
15 dBi). Due to the limitations of the measurement system,
the distance between the transmitting antenna and the plate
3050 mm, while the distance between the plate and the re-
ceiving antenna was 750 mm.

Here, the input power was not clear since the refrac-
tive plate was apart from the transmitting antenna. Thus,
the refractive plate was placed between the transmitting and
receiving antennas, and S 21 was measured instead. In addi-

Fig. 17 Experimental environment. (a) Transmitting antenna Tx to re-
fractive plate. (b) Refractive plate to receiving antenna Rx.

Fig. 18 Measurement and calculation results for refractive plates for (a)
x and (b) y polarizations.

tion, S 21 without the plate was measured as a reference [13].
Far field conditions are considered as the measurement re-
quired plane waves. However, this measurement did not
provide sufficient distance. The conditional expression for
R, i.e., the approximate distance that can be regarded as the
far field, is shown below [33]:

R > 2
D2

λ
(6)

where D denotes the largest dimension of either antenna.
When the diagonal length of the refractive plate (0.41 m)
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is used as D, R > 31 m. In comparison, the distance be-
tween the refractive plate and the receiving antenna was
quite close. Therefore, the results proved to be invalid as the
peak was split with respect to the reference measurement of
the far field.

The directivity obtained from Poynting vectors of the
near field by FEM at 750 mm between the plate and the
receiving antenna denotes the recalculated results for the
model. Figure 18 presents a comparison between the simu-
lated and measured results for the normalized directivity of
x and y polarization of this plate. The measured directiv-
ity was normalized to the maximum S 21 value of directivity.
Our findings showed that the calculated and measured re-
sults are in good agreement, with directional peaks in the
desired 45◦ direction. The close distance between the plate
and the receiving antenna, which is the Fresnel region, re-
sults in the split peak in the 45◦ direction. The prototype
plate operates in both types of polarization because the x
and y polarization show the same characteristics in Fig. 18.
These results confirm that the refractive plate operated as
intended and validated the design theory.

5. Conclusion

In this study, we applied the filter theory to design the
transmission-type metasurface cells and proposed a new
structure for the metasurface unit cell that adjusts its reso-
nance frequency and coupling coefficient according to the
equivalent circuit. We designed and fabricated a refrac-
tive transmission-type metasurface plate using the frequency
shift of the filter. Our findings showed that the measured and
calculated results of the plate are in good agreement, con-
firming the suitability of applying the filter design method
in designing metasurface cells. We believe that the proposed
approach will allow us to design more complex metasur-
face cells in the future. For example, microwave filter de-
sign could potentially be applied to the design of dual-band
transmission-type metasurface cells.
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