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Abstract

This paper presents a subwavelength multiband bandstop metamaterial reflector for en-
hancing antenna gain beyond what is achieved by conventional metallic reflectors. The
unit cell was designed to generate multiband stopbands at three frequencies: the first at
1.8 GHz, the second at 2.6 GHz, and the third at 3.5 GHz. The design was implemented on
a low-cost FR-4 printed circuit board with a simple design and compact size. The unit-cell
structure included a transmission line configuration using the tri-section step-impedance
technique, combined with a capacitive load at the end of the transmission line via a double
interdigital structure. The structure could control the first, second, and third resonance
frequencies to occur at the desired bands and ensured independent resonances. The double
interdigital capacitive load significantly increased capacitive loading, generating a strong
slow-wave effect along the transmission line structure, exceeding that achieved with con-
ventional capacitive loading techniques. As a result, the transmission line size of the unit
cell was drastically reduced from the conventional A/2 to A/16. To achieve metamate-
rial characteristics, the unit cell was modified to exhibit negative permittivity (ENG) for
enhanced reflection compared to conventional materials and positive permeability. This
was accomplished by adding a rod (ROD) structure behind the main structure using the
tri-section step-impedance technique. This configuration generated left-handed current on
the structure, resulting in negative permittivity values at all three resonance frequencies.
An array of 14 x 14 unit cells was fabricated to form the metamaterial reflector with an
overall size of 148 mm X 161.7 mm, which is very compact. The performance was evaluated
by placing a single-frequency resonant dipole antenna, operating at the same resonance
frequency as the reflector, in front of the reflector along the X-axis plane. The antenna gain
increased from approximately 2 dB at all frequencies to about 8 dB. The radiation pattern
exhibited directional radiation at 0 degrees. The measured results of frequency responses
and antenna gains were close to the simulated results. With superior characteristics and
compact size, the proposed metamaterial reflector can be applied for multiband 5G and
other modern antenna systems.

Keywords: metamaterial; double interdigital; capacitive load; tri-section step-impedance;
multiband bandstop reflector
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1. Introduction

At present, modern wireless communication technology is developing rapidly and
continuously to support the increasing and diverse demands of users. All communication
devices become smaller, operate on multiple frequency bands, support very high data
rates, and handle larger data volumes. Researchers have continuously investigated and
developed various techniques to achieve these objectives. One of the essential components
of any wireless communication system is the antenna. Therefore, antenna development
has become widespread, focusing on size reduction, suitable bandwidths to avoid interfer-
ence from adjacent frequencies, multiband operation, and gain enhancement to increase
communication distance. However, despite these advancements, several limitations still
exist. Although modern antennas support multiple frequency bands and compact sizes at
higher resonance frequencies, the radiation pattern often exhibits main-lobe splitting. This
phenomenon prevents effective control of the radiation angle and direction. Furthermore,
with gain enhancement techniques that can be used with some types of reflectors, the
main-lobe splitting still occurs. In addition, the spacing between the antenna and the
reflector remains approximately A/4 to achieve phase reinforcement after reflection. This
spacing limits antenna-profile reduction. To overcome these challenges, researchers have in-
troduced metamaterials applied for antenna design. Metamaterials exhibit electromagnetic
properties that differ from natural materials. In conventional materials, permittivity and
permeability are both positive. In contrast, metamaterials can exhibit negative permittivity,
negative permeability, or both due to left-handed current behavior, often achieved using rod
(ROD) structures. When permittivity becomes negative, known as epsilon-negative (ENG),
the material enhances electromagnetic wave reflection more effectively than conventional
materials [1-6]. When permeability becomes negative, known as mu negative (MNG), the
material improves electromagnetic wave transmission compared to conventional materi-
als [7-10]. If both parameters become negative, referred to as a double negative (DNG)
material, the material supports both strong transmission and reflection depending on the
design, although the design process becomes highly complex [11-15]. In addition, near-zero
electromagnetic metamaterials have been investigated for phase and radiation-direction
control in antenna applications [16-19], which enable effective phase and radiation di-
rection control for antenna applications. Based on these properties, metamaterials have
been widely applied in wireless communication systems. For example, electromagnetic
bandgap (EBG) structures suppress surface waves and allow only propagating waves,
thereby improving reflection performance compared to conventional materials [20-24].
Frequency-selective surfaces (FSSs) allow transmission only within desired frequency
bands [25,26]. Metamaterial technology has continuously evolved to support multiband
operation [7,27-29], miniaturized unit-cell designs [10,30-32], and even terahertz-frequency
metamaterials for ultra-high-frequency applications to increase bandwidth capacity. Pre-
vious studies showed that smaller unit-cell sizes with a larger number of cells improved
the ability to control effective electromagnetic parameters compared to larger unit cells.
However, many researchers attempted to reduce the unit-cell size below A/2; the structures
remained relatively large and could not precisely control electromagnetic characteristics at
higher frequencies as desired. Moreover, when applied to antenna gain enhancement, the
resulting antenna gain is still low.

In this research article, we present the design of a subwavelength multiband band-
stop metamaterial reflector. The structure is designed on an FR-4 printed circuit board
with permittivity = 4.4, substrate height = 1.6 mm, copper thickness = 0.035 mm, and loss
tangent = 0.02. The unit cell is designed to operate as a multiband bandstop resonator
based on bandstop resonator concepts widely studied in previous works [33-38]. The first
resonance frequency occurs at 1.8 GHz, while the second and third resonance frequencies

https:/ /doi.org/10.3390/ electronics15173765


https://doi.org/10.3390/electronics15173765

Electronics 2026, 15, 3765

3 0f 30

are controlled to resonate at 2.6 GHz and 3.5 GHz, respectively. The design employs a
double interdigital capacitive load connected at the end of the transmission line together
with a tri-section step-impedance transmission line technique [39,40]. Previous studies
have used capacitive loading techniques to control resonance behavior [41-46]. The double
interdigital technique in this work provides a significantly higher capacitive load than
conventional capacitive loading methods. As a result, the slow-wave effect increases the
electrical length for a fixed physical length, thereby shifting the resonances toward lower
frequencies. To maintain resonance at the desired original frequency band, the physical
length of the transmission line is reduced to compensate for the increased electrical length.
Consequently, the overall transmission line structure becomes significantly smaller. Also,
increasing the capacitive load further enhances the size reduction in the transmission line.
In addition, the resonance frequencies can be tuned by adjusting the capacitive load. How-
ever, capacitive loading alone does not provide precise control of the resonance frequencies.
Therefore, the tri-section step-impedance technique is applied because it controls resonance
through impedance differences along the transmission line. By combining these two tech-
niques, the unit-cell size is significantly reduced, resulting in a very compact size. Then,
a rod (ROD) structure designed using the tri-section step-impedance technique is added
to ensure left-handed current generation at all three resonance frequencies. At the three
resonance frequencies, the effective permittivity exhibits epsilon-negative (ENG) behavior,
while the effective permeability demonstrates positive permeability characteristics. These
properties enhance electromagnetic wave reflection compared with conventional materials.
The proposed unit cell is then arranged in an array to form a metamaterial reflector applied
for antenna applications. The design process is straightforward and cost-effective. Detailed
design methodology is described in the following section.

2. Design of Multiband Bandstop Metamaterial Reflector

This section presents the design of the multiband bandstop metamaterial reflector,
which consists of two main parts. The first part is the multiband bandstop metamaterial
unit-cell design, which explains the design of the unit-cell structure for controlling multi-
band stopband resonance frequencies while achieving negative permittivity and positive
permeability characteristics at the resonance frequencies, along with significant size reduc-
tion. The second part is the metamaterial reflector design, which presents the array config-
uration of the metamaterial unit cells to form the reflector and describes the integration of
a single-frequency dipole antenna to evaluate the antenna gain enhancement performance.

2.1. Design of Multiband Bandstop Metamaterial Unit Cell

The multiband metamaterial unit cell presented in this section is designed on an FR-4
printed circuit board. The structure is based on a transmission line configuration with an
interdigital capacitive technique [41-44]. This connection creates a high capacitive load,
producing a slow-wave effect along the transmission line. As widely reported in previous
studies, this effect causes the electrical length to differ from the physical length of the
transmission line, enabling size reduction from approximately A/2 to about A/8 [41,42]. In
addition, the second resonance frequency can be controlled so that the bandpass resonance
occurs within the desired frequency range. This capability allows the resonator size to be
reduced while simultaneously controlling the second resonance frequency by increasing
or decreasing the capacitive load between the interdigital fingers. However, the results
obtained from this technique still mainly involve controlling the resonance to produce a
band-pass response at the desired frequencies. Such an approach typically allows control
of only two resonance frequencies, and the adjustment of the capacitive load is also limited
by the physical structure of the interdigital fingers, since the number of fingers can only be
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increased up to a certain level. Consequently, the resonator size cannot be reduced beyond
A/8. Therefore, the unit cell proposed in this work aims to improve the performance
and overcome the limitations mentioned above. The design introduces a multibandstop
resonance frequency, in which the insertion loss coefficient (S;1) becomes negative while
the return loss coefficient (511) approaches near zero at the resonance frequencies. The
proposed structure is designed such that the first resonance frequency occurs at 1.8 GHz,
while the second and third resonance frequencies are controlled to resonate at 2.6 GHz
and 3.5 GHz, respectively. These resonance frequencies correspond to frequency bands
used in 5G wireless communication systems. The unit cell is designed to achieve a size
smaller than A /8, without structural limitations for increasing the capacitive load, while
enabling three quasi-independently tuned resonance frequencies and providing stronger
reflection characteristics than conventional natural materials. The design process begins
with a transmission line structure whose signal line ends are connected using a double
interdigital technique. This configuration introduces an inner interdigital structure within
the interdigital fingers, significantly increasing the capacitive load and simultaneously
enhancing the slow-wave effect in the transmission line.

As a result, the electrical length and the physical length differ significantly. The
slow-wave effect causes the physical length to remain constant while the electrical length
decreases significantly, which is equivalent to an increase in the effective physical length
of the transmission line [43,44]. Consequently, the first, second, and third resonance
frequencies shift toward lower frequencies. To restore the first resonance frequency to
its original position, the physical length must be reduced to match the electrical length.
This process significantly reduces the physical size of the transmission line, allowing the
structure to be reduced from approximately A/2 to A/16, which results in a much smaller
unit-cell structure. However, the second and third resonance frequencies cannot yet be
precisely controlled to occur exactly at the desired frequencies. Although the capacitive
load helps control the resonance behavior to some extent, it cannot precisely tune both
resonance frequencies to the required bands.

Therefore, to improve the precision of resonance control, the tri-section step-impedance
technique is applied to the transmission line structure [39,40]. The difference between
impedance values (Z) in each section enables fine-tuning of the second and third resonance
frequencies, allowing them to shift to the desired frequency bands. With this approach, the
proposed unit cell can quasi-independently tune and control three resonance frequencies.
However, although the three bandstop resonance frequencies are successfully controlled,
the simulated results show that the permittivity (¢;) and permeability (y#;) remain pos-
itive even when the insertion loss coefficient (S1) becomes negative at the resonance
bands [16-19]. Therefore, to achieve negative effective parameters, a rod (ROD) structure
is introduced on the backside of the unit cell to generate left-handed current circulation
on the structure [11-15]. This current behavior causes the effective electromagnetic pa-
rameters to become negative. Nevertheless, a conventional ROD structure implemented
as a standard transmission line typically produces left-handed current only at the first
resonance frequency. Higher-order harmonic resonances, including the second and third
resonance frequencies, do not produce the required current circulation. As a result, ¢, and
My Temain positive at those frequencies. To overcome this limitation, the ROD structure
on the backside is also designed using the tri-section step-impedance technique. This
approach enables left-handed current to occur at all three resonance frequencies. The ROD
structure is designed to resonate at the same frequencies as the front structure, which
ensures frequency matching between the front and backside structures of the unit cell. Con-
sequently, the electromagnetic parameters change significantly at the resonance frequencies.
Because the three resonance frequencies are designed as bandstop resonance frequencies,
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strong reflection occurs at those frequencies. As a result, the effective permittivity exhibits
epsilon-negative (ENG) characteristics [1-6], while the retrieved effective permeability
remains positive within the designed resonance bands. These electromagnetic properties
enable the unit cell to behave as a metamaterial, producing much stronger reflection than
conventional materials and preventing transmission at the resonance frequencies. The
unit-cell structure based on the proposed design techniques is illustrated in Figure 1. In
Figure 1a (left), the unit-cell structure consists of a transmission line implemented with a
tri-section step-impedance technique, whose end is connected using a capacitive double
interdigital (Cpy) structure. This section generates the total capacitive load on the structure.
Two techniques are combined in this region. The first is the interdigital technique, which
generates a capacitance (C;) determined by the length and spacing of the interdigital fin-
gers [42—-44]. The second technique introduces an inner interdigital finger structure, which
further increases the capacitive load and generates an additional capacitance (C;). These
two capacitances are connected in parallel, significantly increasing the total capacitive load,
expressed as Cpy = C; + C/. The ROD structure on the backside, shown in Figure 1a (right),
also employs the tri-section step-impedance technique to generate left-handed current
circulation at all designed resonance frequencies. The overall unit-cell structure is shown
in Figure 1b. At the interface between the front and backside structures, additional capaci-
tances are generated within the substrate layer. These include the substrate capacitance
(Cq) between the front structure and the ROD, and the coupling capacitance (Cy) between
the two structures. Although (Cy) has only a minor effect, both capacitances contribute
to the total capacitance of the unit cell, while A represents the width of the transmission
line, as shown in Figure 2. If the parameters of the unit-cell structure are analyzed, as
shown in Figure 3a (left), the transmission line employing the tri-section step-impedance
technique [39,44] is divided into three sections with different impedance values, denoted
as (Z,), (Zy), and (Z.). Each section also has its own propagation constant 3;, 8, and f; the
physical lengths are (Ia), (Ib), and (Ic), and the electrical lengths are 6,, 6;, and 6.. Therefore,
the total electrical length is 01 = 2(6, + 6 + 0c) = 2(Bala + Bplp + Belc)-

Unit cell (Back)

Double Interdigital (Cp))
Interdigital inner finger

@) [T ’
[T e .
| —

| (U Ij

Interdigital (C))

Transmission line . ROD -
(Trisection Step-Tmpedance) | t (Trisection Step-Tmpedance) I-—H

ROD (Trisection Step- ce)

(@) (b)

Figure 1. The configuration of multiband bandstop metamaterial unit-cell structure. (a) Front and
back structure of the unit cell. (b) Material layer of the unit cell.

Figure 2. The overall capacitive coupling of the proposed structure multiband bandstop metamaterial
unit cell.
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Figure 3. The configuration of the multiband bandstop metamaterial unit cell and parameters.
(a) Tri-section step-impedance with double interdigital parameters of front and back unit-cell structure.
(b) Equivalence circuit of multiband bandstop metamaterial unit cell.

For the ROD structure, the backside configuration employs a transmission line tri-
section step-impedance technique, as illustrated in Figure 3a (right). The total electrical
lengthis 07" =2(6,; + 6, + 0p) = 2(Bala + Bele + Ply). Based on the unit-cell structure composed
of the aforementioned parameters, the equivalent circuit can be represented as shown in
Figure 3b. It is observed that the front transmission line structure, particularly the double
interdigital section, exhibits a condition where jXL << —jXC, indicating a highly capacitive
behavior in this region. The parameter R represents the loss in the transmission line.
Furthermore, the coupling between the front structure and the backside ROD introduces
capacitive elements Cy and Cy, which are connected across the unit-cell structure. These
capacitances are effectively in parallel, thereby influencing the overall capacitance of the
circuit. Although the effect of Cy is relatively small, it still contributes to the total capacitive
behavior. Therefore, the total capacitance Ct of the unit cell can be expressed as given in
Equation (1) [44,46].

Cr :CD1+Cg+Cf

Cpr=GC;+ Ci/

eoerA
Cg = h ’

Cr=Cr—Cpr—Cq 1

When
Ci= Lp’(sr +1)[0.1(n — 3) + 0.11)pF

Ci' = Ly'(er +1)[0.1(n" — 3) +0.11] pF

From Equation (1), n and n’ represent the number of fingers of the interdigital and
inner interdigital structures, respectively. Lr and Ly denote the lengths of the interdigital
and inner interdigital sections, while L¢’ and Ly correspond to the finger lengths of the
interdigital and inner interdigital structures. It should be noted that L/’ = L.

For the tri-section step-impedance structure consisting of the front transmission line
and the backside ROD configuration, the analysis characteristic impedance of each sec-
tion can be calculated by input impedance Z;u;, Zinp, Zine and Ziyg, Zine, Zins performed
using Equation (2) when Z,, Z;, Z; and Z,, Z,, Zf are the characteristic impedance of the
front-side transmission line sections. Z; = 1/jwCr is the impedance at the end of the
transmission line. Zrr and Ztp are the frequency-dependent equivalent input impedances
of the complete cascaded front- and backside tri-section transmission lines, respectively,
and are not arithmetic sums of the individual section impedances.

Z1 4 jZctan 0, Z;' —|—jZf tan()f
Zinc:ZcZ.—, inf:Zf.—
ct+jZLtant, Zs+jZy/tan by
Zine + ij tan 9[; Zjnf + ng tan 6,

Zinh =
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Zl}’lb + ]Zﬂ tal‘l eu
Zs+ ]'Zinb tan 6, !

Zine + ]Zf tan 6,

21k = Zina = Z s o "t
TF ma a dZd +]Zme tan 0d

()

TB = Zind =

The electrical length of the transmission line at resonance frequencies 61, 6, and 63
corresponding to the first, second, and third resonant frequencies, respectively express in
Equation (3) when impedance ratios of transmission line front and ROD back are defined
as RF and RB/ where RFl = Zb/Zﬂ, RFZ = ZC/Zb and RBl = Ze/Zd/ RBZ = Zf/Zg [39,40]

0, — tan~! RF1Rp2
14+ Rr1 + Rp

1+R RrR
0 :tan_l\/ + FlRJ;Z FZF2 9= n/2 3

From (3), the relationship between the electrical length of the transmission line and
the desired resonance frequencies can be determined as shown in (4), where f1, f», and f3
denote the first, second, and third resonance frequencies, respectively.

-1  /14+Rp1+RpRpp

Q _ & _ tan R

1 04 -1 /_RpRp
f tan 1+Rr1+Rpp
fs 03 /2

3 _ Y _ 4)
1 61 -1 /_RpRp
f tan 1+Rr1+Rp

The impedance response of the front and backside tri-section structures is deter-

mined by the cascaded transmission line transformations in Equation (2) together with
the impedance ratios and electrical lengths defined in Equations (3) and (4), where Z7 and
Z71' and the total electrical lengths satisfy 01 and 07'. When the front transmission line
structure is connected with the capacitive load, the electrical lengths at the three resonance
frequencies can be obtained from (5), where 6071, 0, and 03 are the electrical lengths at
resonance frequency when f1, f» and f3 are resonance frequencies. From these equations,
it can be observed that the capacitive load produced by the double interdigital structure,
when combined with the tri-section step-impedance transmission line, affects the electrical
length at all resonance frequencies when the parameters Z7r and Cr are varied. The second
resonance frequency is particularly sensitive to these variations, which allows it to be
controlled quasi-independently and tuned from the first and third resonance frequencies.
The third resonance frequency can also be quasi-independently tuned by adjusting Zr
and Cr, although its frequency shift is less sensitive compared with the second resonance.
Therefore, the three resonance frequencies generated by the proposed structure can be
quasi-independently tuned [41,43,46].

1
o =2tan ()
fl 27Tf1ZTFCT
sz =21 — 2tan_1(27'cf2ZTpCT)

1
Op5 = 2tan"! <> 5
f3 27Tf3ZTpCT ( )

Equations (1)—(5) are used to design the front unit-cell structure. The resonant behavior
must exhibit a bandstop resonance frequency, where the insertion loss (Sy1) is low, and
the return loss (S11) approaches 0 dB. This condition produces strong reflection at the
resonance frequencies. If the backside ROD is not included, the effective permittivity and
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permeability remain positive at the resonance frequencies. However, when a backside ROD
using the tri-section step-impedance technique is introduced and tuned to resonate at the
same frequencies as the front structure, the effective parameters change significantly. In this
case, the permittivity becomes epsilon-negative (ENG) and the positive permeability within
the bandstop resonance frequency range, covering the designed operational bandwidth.
These negative characteristics arise from the formation of a left-handed current within the
unit cell. In the bandstop resonance region, the structure exhibits high reflection and low
transmission, which gives the unit-cell metamaterial properties with stronger reflective
behavior than conventional materials. At frequencies near but outside the resonance bands,
the effective parameters return to positive values similar to those of ordinary materials.
Therefore, the bandstop resonance frequency of the structure can be determined using

Equation (6) [33-35,37].

1
ngen = taneTf — m =0

Fyqq = tan GTf 4+ wCrZ1r =0 6)
When

w =27f, (rad/S)
B= M,C is speed of light (3 x 108m/S)
Orp = (91 +9f1), Orp2 = (92 +9f2)/ Orfs = (93 ‘|‘9f3)

From (6), the resonance frequencies are divided into two modes. The first is the even
mode, which corresponds to the resonance frequency region for transmission, where Sy
approaches 0 dB, and S1; has a low value. This region is commonly referred to as the
passband. The second is the odd mode, which represents the bandstop region, where Sy;
becomes low while S;1 approaches 0 dB.

This bandstop region is used in the design of the resonance characteristics of the unit
cell. From the odd-mode or bandstop resonance analysis, the total capacitance and the
tri-section impedance ratios significantly affect the total electrical length (6f). This electrical
length is the combination of the electrical lengths of the transmission line and the double
interdigital structure within the unit cell. As a result, these parameters strongly influence
the control of the three bandstop resonance frequencies, allowing them to resonate at the
desired frequencies and to be quasi-independently tuned, separated from one another.
The design of the unit cell using (1)-(6) shows that the resonance frequencies can be
controlled at 1.8 GHz, 2.6 GHz, and 3.5 GHz. After calculating Sy; and Sy1, the effective
electromagnetic parameters € and y can be retrieved from the simulated S-parameters. The
wave impedance z, refractive index n, and m are the integer branch index associated with
the multivalued inverse-cosine function and are calculated as shown in Equation (7), where
ko is the free-space wavenumber and d is the substrate thickness.

sy |+ 511)2 — S0 ikgnd _ 521
— _q _
(1—S11)% — S%1 1-511(24)
—i _ Sa_
o) ]Log[lsn(%&)} +27Tm
= kod

n
e=_,p=mnz @)

In addition, effective permittivity becomes negative, while the effective permeability
characteristic is positive over the operating bandwidth. These properties make the structure
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suitable for array implementation as a reflector for antenna applications. Furthermore,
increasing the capacitive load significantly enhances the slow-wave effect, which enables
the physical size of the structure to be reduced to approximately A/16. The parameters
of the unit cell are illustrated in Figure 4. Based on the proposed unit-cell geometry, the
corresponding capacitive and inductive components were identified. The capacitance
generated by the double-interdigital structure was calculated using Equation (1). For
the outer interdigital structure, C; = 4.4 + 1[0.1(6 — 3) + 0.11)] = 1.016 pF when N = 6,
1=0.459 cm and C; =4.4 +1(0.076) [0.1(11 — 3) + 0.11] = 0.373 pF whenn =11, Lf =0.076 cm.
Therefore, the total capacitance of the double-interdigital structure is Cpy = 1.389 pF. The
additional capacitance generated by the overlapping regions of the front and backside
structures was calculated as Cq = 8.854 x 10712(4.4) (38.7 x 107%/1.6 x 1073) = 0.942 pF
when A =387 mm? and & = 1.6 x 1073. The coupling capacitance was subsequently
calculated as Cy = 4.688 pF; consequently, the total equivalent capacitance of the unit cell is
Cr =1.389 + 0.942 + 4.688 = 7.020 pF. The frequency-dependent equivalent inductance of
the unit cell was calculated using Lt = 1/(27tf)?>Cr. Accordingly, the equivalent inductances
at 1.8 GHz, 2.6 GHz and 3.5 GHz are 1.1137 nH, 0.5338 nH and 0.2946 nH, respectively. For
the front-side unit-cell structure, the initial characteristic impedance was set to 55 Q). By
applying the tri-section stepped-impedance technique to control the second- and third-order
resonances, the impedances of the three sections were determined as Z, = 100 €3, Z, =90 Q)
and Z. = 20Q). The impedance ratios of the tri-section step-impedance are Rp1 = Z;,/Z, = 0.9
and Rpy = Z./Z; = 0.222. For the tri-section stepped-impedance ROD structure on the
back side of the unit cell, the section impedances are set to Z; = 80 (), and are specified
as Z, =50 () and Zf =20 Q. The impedance ratios of ROD are Rr; = Z./Z; = 0.625 and
Rpp = Zf/ Z, =0.400. The calculated values of Cr, together with the section characteristic
impedances, electrical lengths, and the cascaded equivalent impedances obtained from
Equation (2) and Lt, were subsequently substituted into Equations (2)—(6) to determine
the resonance conditions at the three target frequencies. These electrical parameters were
also used to calculate the initial width and length of each section of the proposed structure.
The calculated dimensions were subsequently optimized to accurately position all three
resonances at their target frequencies. The optimized dimensions remained close to the
analytically calculated values and are summarized as the unit-cell parameters in Table 1.
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Figure 4. The proposed structure of the multiband bandstop metamaterial unit cell and parameters.
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Table 1. The proposed parameters of the structure of the multiband bandstop metamaterial unit cell.

Parameters (mm)

W1 =11.55 mm Wo =0.79 mm L1 =10.57 mm Lfr =0.76 mm
W, =11.05 mm Wip =0.5 mm L, =10.07 mm Lr =8.44 mm
W3 =0.75 mm W11 =0.75 mm L3 =0.87 mm Lp =459 mm
Wy =125 mm W1p =0.23 mm Ly =1.05mm G1 =0.15mm
Ws5 =1.8 mm Wiz =0.21 mm L5 =2.12 mm Gy =0.18 mm
Weg = 0.6 mm Wiq =278 mm Lg = 3.38 mm Gz =0.55 mm
W7 =246 mm W15 = 0.87 mm L7 =10.37 mm

Wg =228 mm Wi =2.61 mm Ly=4.59 mm

After the design process, the proposed unit cell is simulated to evaluate the resonance
frequency response together with the effective parameters of permittivity and permeability.
The excitation configuration of the unit cell is illustrated in Figure 5, where port 1 is placed
in front of the structure, and port 2 is placed behind the structure along the Z and —Z axes.
The reference planes for S11 and Sp; are established precisely at the front and back outer
surfaces of the unit-cell substrate at z = 0 and z = d = 1.6 mm, effectively de-embedding
the 21 mm air-gap propagation paths to the waveguide ports. The distance between each
port and the unit cell is approximately A/8 of the first resonance frequency, which is about
21 mm. This distance allows electromagnetic waves to propagate from the front side to
the back side of the structure. This spacing is related to the unit-cell size of A/16, which
corresponds to the distance that produces constructive reflection to enhance the phase of
a connected dipole antenna. In other words, when the unit-cell size becomes smaller, the
reflection and phase enhancement for the antenna become more effective. Consequently,
the distance between the antenna and the reflector can be significantly reduced. The
excitation conditions are then divided into electric field (E-field) and magnetic field (H-
field) excitations along the X and Y axes to examine the resonance behavior of the structure.
The excitation process is categorized into two cases. In the first case, the resonance of
the structure is excited by an E-field propagating along the X-axis, which is modeled as
a perfect electric conductor (PEC) boundary condition, while the H-field is defined along
the Y-axis with a perfect magnetic conductor (PMC) boundary condition, as shown in
Figure 5a. In the second case, the excitation is applied with the E-field along the Y-axis
and the H-field along the X-axis, as illustrated in Figure 5b. The simulation results show
that the first excitation configuration produces multiband bandstop resonance frequencies
(odd mode) in the S-parameter response. These resonance bands are clearly separated from
the passband resonance frequencies (even mode), as shown in Figure 6a. In contrast, the
second excitation configuration cannot clearly separate the resonance frequency bands,
as illustrated in Figure 6b. This occurs because the double interdigital structure and the
backside ROD of the unit cell have only a minor influence on the direction of the E-field;
therefore, they cannot generate the desired bandstop resonance frequencies. From these
two excitation conditions, it can be explained that the double interdigital structure and the
ROD exhibit strong resonance responses to the E-field propagating along the X-axis, while
they have minimal influence on the H-field. This behavior indicates that the proposed
structure functions as a metamaterial with directional E-field sensitivity rather than as a
high-impedance surface (HIS), which typically exhibits high impedance across the entire
structure and responds to E-fields along both the X and Y directions. Further simulations
are conducted to investigate the control of the resonance frequencies by increasing the
capacitive load generated by the interdigital fingers. The results show that the number of
fingers (N) directly affects the capacitive load. When the number of fingers increases, the
capacitive load also increases, causing the first, second, and third resonance frequencies to

https:/ /doi.org/10.3390/ electronics15173765


https://doi.org/10.3390/electronics15173765

Electronics 2026, 15, 3765

11 of 30

shift toward lower frequencies. The optimal number of fingers for the interdigital structure
is N = 6, as shown in Figure 7a. In the double interdigital structure, increasing the number
of inner fingers (n) significantly increases the capacitive load, which further shifts the
resonance frequencies toward lower values. The optimal number of inner fingers is n = 11,
as illustrated in Figure 7b. The increase in capacitive load also enhances the slow-wave effect
in the unit-cell structure. As a result, the electrical length becomes significantly larger than
the physical length. Therefore, in order to restore the first resonance frequency to its original
target frequency, the physical length of the structure must be reduced, allowing the overall
structure size to be minimized to approximately A/16 of the first resonance frequency.
Although the second and third resonance frequencies also shift toward lower frequencies,
they cannot be precisely tuned to the desired frequencies by capacitive loading alone.

Figure 5. The simulation configurations of the structure multiband bandstop metamaterial unit cell:
(a) PEC on X-axis and PMC on Y-axis; (b) PEC on Y-axis and PMC on X-axis.
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Figure 6. The simulation result of S-parameter: (a) PEC on X-axis and PMC on Y-axis; (b) PEC on
Y-axis and PMC on X-axis.

Therefore, the impedance difference in the transmission line using the tri-section step-
impedance technique is introduced to control the second and third resonance frequencies
together with the capacitive load. The impedance ratios are adjusted by modifying the
impedances Z;, Z; and Z.. In this design, the impedance difference between Z, and Z,
corresponds to the parameters L3 and Wy, while the impedance difference between Z;
and Z. corresponds to Lz and Wg, as shown in Figure 8a,b. The results show that the
impedance ratio combined with the capacitive load strongly influences the second and
third resonance frequencies, particularly the second resonance frequency, which exhibits a
significant frequency shift. The third resonance frequency shifts mainly with the capacitive
load, as reflected in the impedance difference. To quantitatively evaluate the resonance
controllability, a normalized sensitivity matrix S,(f) = (Af;/f;)/(Ap/p) is constructed, where
fi represents the resonance frequencies, and p represents the geometric design parameters.
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This is summarized in Table 2. Thus, the proposed unit cell provides quasi-independent
tuning capability where each structural parameter serves as a primary control knob for a
specific band while secondary shifts are compensated via iterative optimization.
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Figure 7. The simulation result of insertion loss (S1) with adjustment of the finger number of
multiband bandstop metamaterial unit cell. (a) Finger number of interdigital. (b) Finger number of
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Table 2. The quantitative sensitivity matrix of the proposed unit-cell resonances.

Parameter

Sensitivity at 1.8 GHz  Sensitivity at 2.6 GHz

Sensitivity at 3.5 GHz

Primary Controlled Resonance

Inner
fingers (n)
Outer fingers (N)
Width
Wy, Zy,
Width
W6/ Zb

—0.42 -0.21
—0.28 —0.18
—0.05 —0.38
—0.02 —0.12

—0.15 f1 Capacitive Loading
—0.11 f1 Overall Shift

—0.08 f2 Tri-section Impedance Ratio
—0.31 f3 Tri-section Impedance Ratio

This mechanism allows the three resonance frequencies to be quasi-independently tuned
and separated from one another. The optimal impedance parameters are Lz = 0.87 mm,
W = 0.6 mm, and W7 = 2.46 mm. The simulation results are consistent with Equations (5)
and (6), which show that the total capacitive load (Ct) and the tri-section impedance ratios
strongly influence the second resonance frequency and the bandstop resonance (odd mode)
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behavior. Although the proposed unit-cell structure successfully controls the separation of
the bandstop resonance frequencies, it still does not exhibit metamaterial characteristics
because the effective parameters ¢, and y, remain positive. Therefore, to obtain negative
parameters, an ROD structure is introduced to generate a left-handed current within it, as
reported in previous studies [11-15].

However, when a conventional ROD with a standard transmission line structure is
used, it cannot produce negative resonance characteristics at all three resonance frequencies.
Instead, it only reduces the coefficient near the first resonance frequency, while the second
and third resonance frequencies remain unaffected. This occurs because the conventional
ROD structure only supports left-handed current circulation at the first resonance fre-
quency and cannot effectively control current circulation at the second and third resonance
frequencies. As a result, both effective parameters remain positive at those frequencies.
The corresponding simulation results are shown in Figure 9a,b. To achieve a negative
permittivity and positive permeability, the backside ROD is redesigned so that its resonance
frequencies match those of the front structure. In this work, the ROD is designed using
the tri-section step-impedance technique, which uses impedance differences to control
the resonance frequencies to coincide with those of the front structure. This matching
between the front and backside structures at the same three resonance frequencies produces
negative permittivity (ENG) and positive permeability characteristics, allowing the unit
cell to exhibit metamaterial behavior and provide stronger reflection than conventional
materials. After applying the proposed design techniques, the simulation of the unit cell
shows bandstop resonance frequencies (odd mode) at 1.8 GHz, 2.6 GHz, and 3.5 GHz,
which correspond to the desired operating frequencies. In addition, passband resonance
frequencies (even mode) appear at 2.10 GHz and 3.10 GHz, as illustrated in Figure 10. To
evaluate the equivalent circuit of the unit-cell structure, a performance simulation was
conducted using the design parameters to verify the integration of the double-interdigital
technique with the tri-section stepped impedance. The simulation results demonstrate
resonances in close agreement with the desired frequency bands, exhibiting bandstop
characteristics at 1.67 GHz, 2.65 GHz, and 3.44 GHz. These results confirm the accuracy of
the proposed equivalent circuit and the design process described in the previous section, as
shown in Figure 10b. The extracted effective parameters of permittivity and permeability
show that, within the bandstop resonance frequencies, permittivity exhibits negative char-
acteristics, while permeability shows positive characteristics. At frequencies outside the
resonance bands, both parameters remain positive, as illustrated in Figure 11a. Specifically,
the negative permittivity values occur as follows: at 1.8 GHz, permittivity reaches —629
and covers the frequency range 1.5-2.1 GHz; at 2.6 GHz, permittivity reaches —343.17 and
covers the frequency range 2.55-3.1 GHz; and at 3.5 GHz, permittivity reaches —21.62 and
covers the frequency range 3.2-3.7 GHz, as illustrated in Figure 11b. For the permeability
parameter, characteristics appear at the resonance frequencies as follows: 6.288 at 1.8 GHz,
2.63 at 2.6 GHz, and 5.83 at 3.5 GHz, as illustrated in Figure 11c. These results confirm
that positive permeability behavior occurs within the resonance frequency regions. Further
simulations are conducted to observe the E-field and H-field responses of the unit-cell
structure. When the E-field propagates along the X-axis and the H-field propagates along
the Y-axis, the following behaviors are observed. In Figure 12a, the first resonance frequency
(1.8 GHz) shows strong E-field responses along the transmission line, double interdigital
structure, and the backside ROD, resulting in resonance at this frequency together with
negative ¢, and positive permeability y, characteristics. At the second resonance frequency
(2.6 GHz), as shown in Figure 12b, the E-field response becomes significantly stronger in the
transmission line and double interdigital structure, even stronger than at the first resonance

https:/ /doi.org/10.3390/ electronics15173765


https://doi.org/10.3390/electronics15173765

Electronics 2026, 15, 3765

14 of 30

frequency. This occurs because the capacitive load and the total impedance of the unit cell

strongly influence the control of the second resonance frequency, as described in (5)-(6).
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Figure 9. The simulation result of effective permittivity and permeability in a conventional ROD

structure. (a) Parameter Wy and L3. (b) Parameter Wy and L3.
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Figure 12. Simulated E-field distributions on the front and back structures of the proposed unit cell
at: (a) 1.8 GHz; (b) 2.6 GHz; (c) 3.5 GHz.

In addition, the backside ROD also responds at this frequency, producing resonance
and the corresponding negative permittivity and positive permeability characteristics. At
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the third resonance frequency (3.5 GHz), shown in Figure 12¢, the E-field response appears
mainly in the double interdigital structure and the transmission line. The response is
stronger than at the first resonance frequency but weaker than at the second resonance
frequency. The ROD structure also responds to this resonance frequency, indicating that
the capacitive load together with the total impedance of the transmission line continues to
influence the control of this resonance frequency. In contrast, the H-field response, shown
in Figure 13a—c, has only a minor influence on the unit-cell structure across all resonance
frequencies. The simulated surface current distribution further confirms the resonance
behavior. At 1.8 GHz, the current flows along the transmission line and the double inter-
digital structure, while a left-handed current circulation appears on the backside of the
ROD, as shown in Figure 14a. At 2.6 GHz, strong current concentrations occur on the
double interdigital structure and transmission line, and the ROD also exhibits left-handed
current circulation, as illustrated in Figure 14b. At 3.5 GHz, shown in Figure 14c, a strong
current distribution is observed again on the double interdigital structure, while the ROD
exhibits left-handed current behavior similar to the previous two resonance frequencies.
From Figures 12-14, it is clearly observed that the three resonance frequencies can be
quasi-independently tuned by the capacitive load generated by the double interdigital tech-
nique together with the impedance difference in the transmission line using the tri-section
step-impedance technique.
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Figure 13. The simulation result of the H-field at the resonance frequency in the multiband bandstop
metamaterial unit-cell front and back structure: (a) 1.8 GHz; (b) 2.6 GHz; (c) 3.5 GHz.
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Figure 14. The simulation result of current density at resonance frequency in multiband bandstop
metamaterial unit-cell front and back structure: (a) 1.8 GHz; (b) 2.6 GHz; (c¢) 3.5 GHz.

The double interdigital structure mainly responds to the E-field along the X-axis,
which corresponds to the current direction of the dipole antenna used in this work, while
the response to the H-field is minimal. Furthermore, the ROD designed with the tri-section
step-impedance technique provides resonance matching with the front structure, producing
left-handed current at all resonance frequencies, which leads to negative ¢, and positive y;,
permeability characteristics. For comparison, the proposed unit cell is compared with a
conventional open-loop resonator structure that uses a standard transmission line ROD.
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In that design, the resonance frequency at 1.8 GHz requires a structure length of
approximately A/2, resulting in an overall unit-cell size of 33.63 mm x 33.63 mm, as shown
in Figure 15a. The simulation results in Figure 15b show that the bandstop resonance occurs
only at 1.8 GHz, where permittivity becomes negative, and permeability exhibits positive
characteristics but only for a single resonance frequency. In contrast, the proposed unit
cell has a significantly smaller electrical size of A/16, resulting in a much more compact
structure. Moreover, it supports three quasi-independently tuned resonance frequencies
while maintaining the metamaterial properties at all resonance frequencies and covering
the required operating bandwidth. Finally, the proposed unit cell is arranged in an array
configuration to form a metamaterial reflector, which provides stronger reflection than
conventional natural materials. This reflector is then integrated with an antenna to enhance
the antenna gain performance, which will be presented in the next section.
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Figure 15. Comparison of the size between a typical open-loop unit cell and a multiband bandstop
metamaterial unit cell and properties. (a) Comparison of dimensions of the unit cell. (b) Simulation
of S-parameters and effective results.

2.2. Design of Array Unit Cell for Multibandstop Metamaterial Reflector

After the proposed unit cell is designed to exhibit multiband frequency responses,
extremely compact size, and enhanced reflection characteristics compared with a con-
ventional array configuration. The array structure serves as a reflector for antennas in
order to evaluate the performance of antenna gain enhancement. The unit cells are ar-
ranged in a 14 x 14 array, which provides a suitable size for integration with the antenna
and sufficiently covers the radiation area required for evaluating the reflector perfor-
mance, as illustrated in Figure 16. The overall dimension of the metamaterial reflector
is 161.7 mm x 148 mm. Three antennas are used for integration with the reflector. Each
antenna is a dipole antenna designed to operate at a single resonance frequency band,
corresponding to the reflector resonance frequencies of 1.8 GHz, 2.6 GHz, and 3.5 GHz.
The antenna structures are illustrated in Figure 17, and the detailed parameters are listed
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in Table 3. The antennas are constructed using copper tubes, connected with low-loss
cables, and configured as balanced lines using a balun. The antenna ports utilize SMA-51
connectors. Simulation results show that all antennas achieve impedance matching below
—10 dB, exhibit omnidirectional radiation patterns, and provide antenna gains of 2.03 dB,
2.22 dB, and 2.17 dB, respectively. The bandwidths are 280 MHz (1.65 -1.93 GHz), 570 MHz
(2.31-2.95 GHz), and 800 MHz (3.15-3.95 GHz), respectively.

148 mimn.

161.7 mm.

Array of unit cell
(Back)

Figure 16. The reflector configuration of the array multiband bandstop unit cell with a 14 x 14 front

and back structure.

Shield .R

—
Balun

Low loss cable

o

SMA-51
T Connector
—

Figure 17. The single resonance frequency dipole antenna configuration.

Table 3. Parameters of the dipole antenna at resonance frequency.

Antenna Dimension (mm)

Antenna Parameter

1.8 GHz 2.6 GHz 3.5 GHz
Ler 68.00 43.00 34.3
Lc 32.50 20.00 16.5
G 5.00 3.00 1.3
A 6 6 6
R/r 3/2.5 3/2.5 3/2.5
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When integrating the antenna with the reflector, the antenna is positioned along the
X-axis because the unit cell responds to the electric field, resulting in resonance along this
direction. The dipole antenna carries current along its length, which corresponds to the
direction of the electric field; therefore, the dipole must also be aligned along the X-axis.
The antenna is placed at a distance d from the reflector. The separation distances vary
for each resonance frequency and are 24.15 mm, 20.96 mm, and 17.15 mm, respectively,
as shown in Figure 18a. The distance between the antenna and the reflector is less than
A /4. Since the unit-cell size is approximately A /16, the reflector effectively interacts with
the backward radiation of the antenna. The reflected waves are received and stored by
the reflector, which then generates electromagnetic waves at the corresponding frequency
toward the 0-degree direction, reinforcing the phase of the forward-propagating wave. As
a result, the antenna gain increases significantly compared with conventional reflectors
made from ordinary materials.

Open Add Space

atenal Reflector

. e

Metamaterial
Reflector Metamaterial Reflector

Dipole Antenna

dle Antenna
r Open Add Space
oc®
S o
-
o ] y

[y e
Dipole Antenna-
Open Add Space

(a) (b)

Figure 18. The proposed multiband bandstop reflector with dipole antenna. (a) Configuration of the

multiband bandstop reflector connected with a dipole antenna. (b) Boundary condition setting of the
multiband bandstop reflector connected with a dipole antenna for simulation.

This improvement is associated with the epsilon-negative effective permittivity, to-
gether with positive effective permeability of the proposed structure, allowing the antenna
reflector spacing to be significantly reduced. During the simulation, the surrounding region
of the antenna and reflector is defined as air (open add space), as illustrated in Figure 18b.
The simulation results show that the antenna reflector system maintains impedance match-
ing below —10 dB at all resonance frequencies. The bandwidth at 1.8 GHz is 1.65-2.05 GHz
(400 MHz); at 2.6 GHz, the bandwidth is 2.35-2.91 GHz (560 MHz); and at 3.5 GHz, the
bandwidth is 3.15-4.00 GHz (850 MHz), as illustrated in Figure 19. The simulated antenna
gains are 8.23 dB at 1.8 GHz with radiation directed at 0°, 8.19 dB at 2.6 GHz with radiation
at 2°, and 8.21 dB at 3.5 GHz with radiation at 0°, as shown in Figure 20. These results
indicate that the antenna gain at the three resonance frequencies is significantly higher
than that obtained using conventional reflectors. For comparison, conventional reflectors
integrated with antennas of the same type and frequency typically provide antenna gains
at the resonance frequency are 6.41 dB, 5.23 dB, and 5.78 dB, respectively, as shown by the
simulation results in Figure 21, and require an antenna reflector spacing of approximately
A/4, which is larger than that required for the metamaterial reflector. The gain simulation
further confirms that the antenna gain significantly increases at the designed resonance
frequencies, while lower gain values appear at other frequencies, as illustrated in Figure 22.
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Figure 19. The simulation results of return loss at resonance frequency: (a) 1.8 GHz; (b) 2.6 GHz;
(c) 3.5 GHz.
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Figure 20. The simulation results of the radiation pattern from a dipole antenna with a metamaterial
reflector at resonance frequency: (a) 1.8 GHz; (b) 2.6 GHz; (c) 3.5 GHz.
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Figure 21. The simulation results of the radiation pattern from a dipole antenna with a conventional

reflector at resonance frequency: (a) 1.8 GHz; (b) 2.6 GHz; (c) 3.5 GHz.
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Figure 22. The simulation result of gain.

The simulation results of the dipole antenna integrated with the metamaterial reflector
indicate that when the effective permittivity becomes negative and the effective permeabil-
ity remains positive, the antenna gain increases substantially—from approximately 2 dB to
about 8 dB. Furthermore, the unit-cell design employing the double interdigital technique
combined with tri-section step-impedance enables the structure to produce three resonance
frequencies while maintaining a compact size of approximately A/16. When the unit cells
are arranged in an array to function as a reflector, the overall structure becomes signifi-

https://doi.org/10.3390/electronics15173765


https://doi.org/10.3390/electronics15173765

Electronics 2026, 15, 3765

24 of 30

cantly more compact, and the spacing between the antenna and reflector can be reduced
to approximately A/8. This reduction occurs because the unit-cell size directly influences
the reflection behavior required for phase reinforcement in front of the antenna; smaller
unit-cell dimensions allow the antenna-reflector distance to be reduced accordingly.

3. Measurement and Results

The fabrication of the metamaterial reflector and dipole antenna was obtained from the
design and simulation, together with the experimental measurement of their performance.
The metamaterial reflector structure is fabricated on an FR-4 printed circuit board using a
milling machine. The overall dimensions of the structure are 148 mm x 161.7 mm. The
front and back views of the fabricated structure are shown in Figure 23a.

Unit cell (Back)

Metamaterial Reflector (Front) Metamaterial Reflector (Back)

@)

Copper Tube

| SMA-51
~ Connector 88

(b)

Figure 23. The prototype metamaterial and dipole antenna. (a) Structure of multiband bandstop
metamaterial reflector front and back. (b) Structure of dipole antenna.

For the dipole antenna design, antennas with single-frequency resonance character-
istics are implemented to operate at 1.8 GHz, 2.6 GHz, and 3.5 GHz, which correspond
to the operating frequencies of the reflector. The antenna structure uses a copper tube
connected to a low-loss RG-45 feeding line, and a A/4 balun at the resonance frequency
is employed to ensure that the antenna operates as a balanced line. The measured results
show that the antenna at all resonance frequencies has an impedance matching lower
than —10 dB and exhibits an omnidirectional radiation pattern. The measured antenna
gains are 1.96 dB, 2.13 dB, and 2.06 dB, respectively. The structure of the dipole antenna
is illustrated in Figure 23b. When the antenna is positioned in front of the reflector, the
distance between the antenna and the reflector is approximately A/8 at the resonance
frequency. The separation distances between the antenna and the reflector are 24.15 mm,
20.96 mm, and 17.15 mm, respectively, which are the same as those used in the simulation.
The dipole antenna is positioned along the X-axis. The measurement is carried out in a
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chamber room, as shown in Figure 24. The measurement results show that at 1.8 GHz, the
impedance matching is lower than —10 dB, with a bandwidth of 460 MHz (1.67-2.13 GHz).
At 2.6 GHz, the impedance matching is also lower than —10 dB, with a bandwidth of
350 MHz (2.38-2.73 GHz). At 3.5 GHz, the impedance matching is lower than —10 dB,
with a bandwidth of 700 MHz (3.06 GHz-3.76 GHz), respectively, as shown in Figure 25a—c.
These results are generally consistent with the simulation results, although a slight devia-
tion occurs at 3.5 GHz, which is the highest operating frequency. However, the obtained
bandwidth still covers the required operating frequency range. The measured radiation
patterns and antenna gains compare with the simulation results of radiation pattern and
antenna gain, as shown in Figure 26. At 1.8 GHz, the measured gains in the co-polarized
XZ and YZ planes were 7.74 and 7.62 dB, respectively. At 2.6 GHz, the corresponding gains
were 7.86 and 7.84 dB. At 3.5 GHz, the measured gains were 7.63 and 7.71 dB, respectively;
the measured results show good agreement with the simulated results.

For the cross-polarized XZ and cross-polarized YZ planes, the radiation levels at all
resonance frequencies are very low, as shown in Figure 26a—c. From the measurement
results, it can be observed that the metamaterial reflector connected to the dipole antenna
significantly improves the antenna gain compared with a conventional reflector, which
typically provides a gain of about 5 dB-6 dB at the resonance frequencies in the co-polarized
XZ and co-polarized YZ planes. In contrast, the radiation levels in the cross-polarized XZ
and cross-polarized YZ planes are very low and are not suitable for practical use. The
proposed metamaterial reflector, designed to enhance the antenna gain as described above,
can be further compared with previously reported studies in terms of characteristics and
performance. The comparison results are summarized in Table 4.

R
Metamaterial Reflector
Dipole Antenna

S

Metamaterial Reflector . -
8 Standard Horn /

Dipole Antenna

4
-

s

Figure 24. The measurement configuration of a multistopband metamaterial reflector connected with
a dipole antenna in the chamber room.

As summarized in Table 4, the proposed reflector supports three controllable unit-cell
resonances. Within these resonant bands, the effective permittivity becomes negative,
demonstrating epsilon-negative (ENG) metamaterial characteristics suitable for antenna-
reflector applications. The proposed unit cell is more compact than those reported in the
compared studies, with an electrical size as small as A/16 at the same operating frequency.
Consequently, when the unit cells are arranged in an array, the overall dimensions of the
antenna reflector can be substantially reduced. Despite its compact size, the proposed
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reflector maintains high reflection efficiency, and the measured results demonstrate an

antenna gain approaching 8 dB at all three resonant frequencies. Therefore, compared

with the existing designs summarized in Table 4, the proposed reflector provides a smaller

unit-cell and overall reflector size, high gain performance, and triple-band operation.
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Figure 25. The comparison between simulation and measurement results of return loss (S11): (a) 1.8 GHz;
(b) 2.6 GHz; (c) 3.5 GHz.

Table 4. Performance comparison with reported single negative SNG (¢ < 0 AND/OR u < 0)

metamaterial resonators from the literature.

Reference No. of Bands Unit-Cell Size Overall Size N'o - of Measurement Type of
(Structure Freq. (GHz) 3 3 Unit-Cell R co .
Number (mm?) (mm?) Gain (dB) Applications
Shaped) Array
2 (Dual-band,
[3] Cross Circular ¢/ - 1d 2.85 12 x 12 12 x 12 - - Reflector
Loop
Resonator)
1 (Random Electromagnetic
[5] . S.patlfﬂ . 2.965 6.7 X 6.7 x 6.7 x 6.7 x 8 x8 - Absorbers and
Distribution in 0.254 0.254 EMI Shieldi
3D Volume) ielding
2 (Asymmetric
Triangular
[8] Split-Ring ELC 8.2 and 12 8 x8x0.8 - - - absorber
Resonator)
[15] 1 (CCSRRs) 3-84 4 x4x152 28 x 34 x 1.52 - 6.9 Antenna
3 (Meander .
[20] Line Uniplanar ~ =2 378 and 51575 - 11 x7 3.50, 4.20, 6.19 Gain
EBG) 52 enhancement
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Table 4. Cont.
Reference No. of Bands Unit-Cell Size Overall Size N.O - of Measurement Type of
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Figure 26. The comparison between measurement and simulation results of the radiation pattern in
the XZ plane and YZ plane: (a) 1.8 GHz, (b) 2.6 GHz, (c) 3.5 GHz.
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4. Conclusions

The design of a multiband bandstop metamaterial reflector using the double interdig-
ital with tri-section step-impedance technique has been proposed. The unit cell enables
quasi-independently tuned control of three bandstop resonance frequencies, allowing the
resonances to occur separately at 1.8 GHz, 2.6 GHz, and 3.5 GHz, respectively. The ability
to quasi-independently tune and control the resonance frequencies results from the combi-
nation of the double interdigital technique and the tri-section step-impedance structure.
The capacitive load generated by the double interdigital structure, which is connected at
the end of the transmission line, affects the shifting of all resonance frequencies. Therefore,
the resonance frequencies can be adjusted by increasing or decreasing the capacitive load.
However, capacitive loading alone does not fully separate the three resonance frequencies.
To achieve independent control of each resonance frequency, the transmission line must in-
corporate impedance variation using the tri-section step-impedance technique. As a result,
the proposed structure enables the three resonance frequencies to be quasi-independently
tuned. The use of the double interdigital technique significantly increases the capacitive
load, which reduces the size of the unit cell to approximately A/16, much smaller than
conventional unit cells. To ensure that the unit cell exhibits metamaterial characteristics, an
ROD structure is introduced on the backside to generate a left-handed current within the
structure. The tri-section step-impedance technique is also applied to the ROD structure,
enabling the generation of left-handed current at all three resonance frequencies. Finally,
the proposed unit cell has been arranged in an array configuration to form a metamaterial
reflector, and the overall reflector size has been significantly reduced due to the compact
unit-cell dimensions. To evaluate the reflector performance, single-frequency dipole an-
tennas operating at the same resonance frequencies as the reflector were employed. The
original antenna gains were 2.03 dB, 2.22 dB, and 2.17 dB, respectively. The antennas were
positioned in front of the reflector along the X-axis. The simulation results showed that the
antenna impedance matching at all frequencies was below —10 dB, while the antenna gains
increased to 8.23 dB, 8.19 dB, and 8.21 dB, respectively. The measurement results were close
to the simulation, where the antenna impedance matching remained below —10 dB at all
resonance frequencies, and the measured gains increased to 7.74 dB, 7.86 dB, and 7.63 dB,
respectively. The demonstrated multiband operation, compact configuration, and measured
antenna-gain enhancement indicate that the proposed reflector has potential for future
multiband antenna applications including 5G/6G, radar, and satellite communication sys-
tems. However, system-level improvements in 5G/6G communication performance, radar
detection range, and satellite transmission distance were not experimentally evaluated in
this work and remain subjects for future investigation.
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