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Abstract: This article presents the design and analysis of a low profile double-negative (DNG)
metamaterial unit structure for 5G mmWave (millimeter wave) applications. The structure, comprised
of double-slotted rectangular ring patches, experiences the peak current value near the magnetic
resonance, causing the metamaterial to resonate at 28 GHz where it exhibits negative effective
permittivity and permeability. The 3.05 mm× 2.85 mm compact structure is designed over a substrate
Rogers RT/Duroid 5880 to attain better effective medium ratio (EMR) in the 5G frequency range
(27.1–29.2 GHz). A rigorous parametric study is conducted to obtain the proposed design. Full-
wave electromagnetic simulation software tools CST and HFSS are used to generate the scattering
parameters for the analysis. The Nicolson–Ross–Wier method is used to observe the negative
effective permittivity and permeability. In addition, different output quantities, e.g., surface current
and electric and magnetic field distribution, are investigated. The structure is further tested with
1 × 2, 2 × 2, and 4 × 4 arrays, where the results show adequate agreement to be considered for
5G mmWave applications.

Keywords: 5G; low profile metamaterial; mmWave; negative permittivity; negative permeability

1. Introduction

Nowadays, the use of portable devices has been growing rapidly in global communi-
ties due to the recent advances in communication technology. After over 10 years of the 4G
network, cell phone technology has evolved to the latest generation of wireless network
(5G), which uses millimeter waves to handle a thousand times more traffic, virtual reality,
autonomous driving, the Internet of Things (IoT), and ten times faster communication
than 4G LTE. The key features of 5G communications, such as high data volume, multiple
simultaneous connections, and low latency, are expected to drive us towards a networked
society in which various devices are connected. As the demand for large bandwidth and
high data rates for mobile applications is at an all-time high, future 5G mobile terminals
must operate at the abundant and unused millimeter wave (mmWave) bands, ranging
from 10 to 300 GHz [1–4]. As the cellular industry looks to move to the mmWave spectrum,
carriers are planning to use 28 GHz, 39 GHz, and 73 GHz bands [5]. On July 14, 2016, the
Federal Communications Commission (FCC) approved the spectrum for 5G, including
the 28 GHZ and 39 GHz bands [6]. Antennas are the fundamental elements that establish
the connections among smartphones, cell towers, and other fixed or handheld devices
in mmWave technologies. This mmWave will be required to have numerous small-sized
transmitters and receivers installed in miniature cells or panels known as micro- and pico-
cells. Along with dense cells, other nearby mobile devices will be used as access points
(APs) and connected to meet the increased data demand and seamless operation. The
higher density of beamforming leads to less interference and less energy consumption to
achieve faster data rates. It is possible to incorporate micro- or pico-cells into existing urban
infrastructure such as existing cellular towers, streetlights, and buildings using the unique
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characteristics of the ultrathin miniaturized metamaterial structures in RF devices to be
used in those cells [7–10].

Metamaterials are artificially engineered materials that cannot be found in nature and
have been proposed for use in mmWave applications. Metamaterials demonstrate unique
functional properties in absorption, emission, sensing, transmission, and the guiding of
light, sound, energy, and heat, as well as friction, strength, and electric energy. Metama-
terials are being used in SAR reduction, electromagnetic absorbers, invisibility cloaking,
super lenses, filters, electromagnetic bandgaps such as frequency selective surfaces (FSSs),
increased operational bandwidth [11,12], and terahertz and mmWave applications [13–17].
However, it has been a mystery since 1968, when Victor Veselago found negative permittiv-
ity (ε) and permeability (µ) on different atomic constructions [18]. It was not appreciated
until 2000 when Smith et al. validated a new unreal material with these unconventional
properties (both permittivity and permeability were negative), called a left-handed or
double-negative (DNZ) metamaterial [19]. The demonstrations and experimental valida-
tions of the new physical phenomena associated with DNG metamaterials drew attention
from of the scientific community and new microwave structures that can be used in mo-
bile communication systems have been developed. Based on the applications, different
researchers have designed and investigated the alphabet-shaped DNG metamaterial unit
cells, including the G-shape, C-shape, H-shape, U-shape, V-Shape, S-shape, Z-shape,
etc. [20–23]. However, very few of these designs are found displaying the negative refrac-
tive index property on the operating frequency [24], which brings up the proposed low
profile rectangular metamaterial unit structure showing double-negative characteristics
with the negative refractive index at the resonant frequency.

Resonant metamaterials are one of the most common forms of atomic structure used
for different applications. There are different types of sub-wavelength resonators used,
such as split-ring resonators (SRRs), complementary split-ring resonators (CSRRs), double-
slit split-ring resonators (DS-SRRs), double-slit complementary split-ring resonators (DS-
CSRRs) [25], etc. In this article, a low-profile rectangular-shaped double-slit dual-ring
resonator is presented that operates perfectly at the mmWave frequency, especially at
28 GHz. The proper utilization of the resonators keeps the balance between the inductance
and capacitance to obtain the resonance frequency. It is a challenging task to design the
3.05 mm structure on a low-profile substrate, Rogers RT-5880, with a thickness of 0.254 mm
and EMR of 3.76. The unit structure shows double-negative characteristics with the negative
refractive index at the operating frequency band. A computer simulation technique (CST)
microwave studio electromagnetic simulator is used for developing and analyzing the
characteristics of the presented structure. Additionally, different arrays are developed and
tested to verify the metamaterial characteristics.

2. Geometry of the Unit Cell

The geometry of the fundamental sub-wavelength structure, called the unit cell,
that acts as the main foundation block for designing the metamaterial is presented in
Figure 1a. Two rectangular-shaped resonators are etched on a 2.85 mm (0.26λ) × 3.05 mm
(0.28λ) (denoted by ‘L’ and ‘W’, respectively) dielectric substrate material, Rogers RT-
5880, with a thickness of ‘t’ = 0.254 mm (0.02λ), dielectric constant ‘
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r’ = 2.2, and loss
tangent ‘tanδ’ = 0.009. Since the targeted resonant frequency on this substrate is 28 GHz,
the dimensions of the unit cell are determined in such a way that the length and width
remain less than 0.28λ and 0.40λ, respectively. 0.035 mm thick and 0.1 mm wide (denoted
by ‘d’) copper strips are used to model the resonators. The inner distances of the bigger
and smaller resonators are ‘p’ and ‘q’, respectively. The resonators, made of copper strips,
are placed 0.215 mm (denoted by ‘e’) away from each other to operate the cell at its desired
frequency. The split ‘s’ in the resonators is responsible for the capacitance of the structure,
while the metal strips create inductance. This capacitance interacts with this inductance to
generate the resonance frequency. Figure 1b shows the equivalent circuit of the of the unit
cell. The unit cell dimensions of each of the parameters are presented in Table 1.
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Figure 1. (a) Schematic diagram showing the geometry of the structure, (b) equivalent circuit, and
(c) prospective view of the unit cell exhibiting simulation set up with boundary conditions.

Table 1. Dimensions of the unit cell.

Parameters Measurement (mm)

W 2.85
L 3.05
p 2.22
q 2.02
d 0.1
e 0.215
s 0.15
t 0.254
b 0.2

FIT-based commercially available CST Microwave Studio is used to analyze the per-
formance of the unit structure and array configurations. The structure is placed inside
a waveguide along the z-axis. Open boundaries along the X = 0 and Y = 0 planes are defined
as perfect electric conductor (PEC) and perfect magnetic conductor (PMC), respectively. The
waveguide technique is selected to place the unit cell between the waveguide ports easily,
where the electric and magnetic fields pass through x-axis and y-axis, respectively, and
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the z-axis is kept reserved for free-space measurement. Figure 1c exhibits the simulation
setup of the unit cell showing the boundary conditions. The Nicolson–Ross–Wier (NRW)
method is used to retrieve the values of the effective dielectric parameters. The frequency
domain solver (tetrahedral mesh), which has the time harmonic dependence of the fields in
Maxwell’s equations, is used to operate within the frequency range of 20 to 30 GHz. To
obtain precise results of the simulation, the following equations are used [26,27].

Γ =
Z− Z0

Z + 1
(1)

Here, Z0 = Characteristic impedance

Z =

√
µr

εr
Z0 (2)

Therefore, scattering parameters S11 and S21 can be calculated as

S11 =

(
1− Z2)Γ
1− Γ2Z2

(3)

S21 =

(
1− Γ2)Z
1− Γ2Z2

(4)

From S11 and S21,
V1 = S11 + S21 (5)

V2 = S21 − S11 (6)

Nicolson–Ross–Wier (NRW) method is used to retrieve the values of effective dielec-
tric parameters:

εr =
c(1−V1)

jπ f h(1 + V2)
(7)

µr =
c(1−V2)

jπ f h(1 + V2)
(8)

ηr =
c

jπ f h

√√√√ (S21 − 1)2 − S11
2

(S21 + 1)2 − S11
2

(9)

f = Resonance frequency
c = Speed of light
h = Substrate thickness
V1 = Sum of the scattering coefficients
V2 = Difference of the scattering coefficients
εr = Relative permittivity
µr = Relative permeability
ηr = Refractive index
S11 = Reflection coefficient
S21 = Transmission coefficient

Since the unit cell is composed of passive elements (inductance and capacitance), the
resonance frequency can be calculated by

f =
1

2π
√

CT LT
(10)

CT = Total capacitance of the structure
LT = Total inductance of the structure
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The metal strips in the structure can be considered as inductances and the splits as
capacitances. These splits or gaps and electric fields on the structure create mutual coupling,
and, as a result, electrical resonance is created. Similarly, loops or rings and magnetic fields
create magnetic resonance on the structure. Total capacitance and inductance can be
determined by the series and shunt branches of the capacitances (C1 to C6) and inductances
(L1 to L4). The resultant capacitance and inductance determine the resonance frequency
of the unit cell, given by Equation (10). Equations (7)–(9) are used later in this paper to
calculate the effective dielectric parameters of the proposed metamaterial unit structure.

3. Development of the Unit Cell

Before obtaining the final design of the unit cell, a study was conducted on a few ring
resonators by keeping the area the same. All the shapes are 3.05 mm wide and 2.85 mm
long. Among all designs, only five are shown in Figure 2a, with one of them being the
proposed unit cell. All the shapes are composed of two rectangular metal resonators
separated by 0.215 mm distance. The unit cells are simulated using two waveguide ports
on both sides of the z-axes [shown in Figure 1c]; PEC and PMC are defined along x-axis
and y-axis, respectively. The frequency responses (S11) of different designs are shown in
Figure 2b. Shape 1 consists of two conventional resonators without any splits and resonates
at 26.8 GHz (black dotted curve in the figure). From Equation (10), it is obvious that
a decrease in inductance/capacitance would shift the resonance to the higher frequency.
Slits are introduced in each resonator to move the resonance to the higher frequency to
27 GHz. Shape 3 consists of the same split in each resonator but 90◦ apart. The inner ring is
placed 90◦ from the outer one to create mutual coupling so that the resonance shifts to the
higher frequency. Figure 2b shows that the structure operates at 31.3 GHz (which is above
the desired 28 GHz 5G band). Shape 4 contains two single-split resonators that operate at
26.82 GHz placed 180◦ apart. Eventually the proposed shape contains two splits in both
resonators with optimum coupling between the resonators to operate at 28 GHz (green
dotted line in the figure) with a −10 dB bandwidth of around 2 GHz.
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Figure 2. (a) Development of unit cell, (b) reflection coefficient, S11 (dB) response of different
unit structure.

A parametric study of the proposed unit cell is conducted for the splits (denoted by
‘s’), width of the metal strips (denoted by ‘d’), and the distance between the resonators
(denoted by ‘e’). It is evident from Figure 3 that these three parameters have significant
impact on the structure to regulate its resonance frequency. Figure 3a exhibits the impact of
splits on the resonance. When the split varies from 0.05 to 0.50 mm, the resonance frequency
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shifts from the lower frequency to the higher one. The structure operates at 28 GHz when
the split is 0.15 mm wide.

Figure 3b shows the effect of metal strips’ width on regulating the resonance frequency.
As the width of the metal strip varies from 0.01 to 0.20 mm, the resonance shifts from lower
to higher frequency. The change in the gap helps regulate the mutual coupling between the
resonators to control the resonance frequency. The structure exhibits resonance at 28 GHz
with a bandwidth of around 2 GHz.

The distance between the resonators/rings is quite significant for the unit cell res-
onance. Figure 3c shows the response of the structure for various ‘e’ values. As the
distance between the rings varies from 0.10 to 0.30 mm, the resonance shifts from lower to
higher frequency.
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Figure 3. (a–c) Effect of ‘s’, ‘d’ and ‘e’ on the magnetic resonance.

4. Results

Figure 4a shows the reflection coefficient (S11) and transmission coefficient (S21) of the
optimized unit cell, and Figure 4b shows the magnitude and phase behavior. It exhibits
a−10 dB S11 bandwidth of more than 2 GHz. The phase curve of the reflected wave crosses
0◦ at 28 GHz, at which the magnitude of S11 is minimum (−38.73 dB).
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Figure 4. (a) Reflection coefficient (S11) and transmission coefficient (S21) vs. frequency, (b) S11

magnitude, and phase of the structure.

This zero-reflection phase incidence indicates that the structure would be a great
candidate for metamaterial/metasurface applications at 28 GHz.

Figure 5a–c shows the current distribution, electric field, and magnetic field responses
of the unit cell at 25.5 GHz, 28 GHz, and 30 GHz. The observation is made at two non-
resonant frequencies along with the resonance frequency to understand the behavior of
the unit cell. The surface current (electrical current) is predominant on the rings/metal
strips. Current flows through the conducting surface of the structure more than any other
fundamental parts of the structure. The splits of the rings regulate the current to rotate in
the same direction in the same ring, causing passband behavior at the resonance frequency.
It is evident from Figure 5a that the current density at 28 GHz is much higher than that at
other non-resonant frequencies.



Electronics 2023, 12, 174 8 of 15

Due to the propagation of a homogenous wave along the X-axis, polarization occurs
on the z-axis of the unit cell. As a result, a magnetic dipole in the y-direction is created
because of the electric field in the x-direction, and an electric dipole in the x-direction is
created because of the magnetic field in the y-direction [26]. The overall impact of these
parameters is shown with color maps in Figures 5b and 5c, respectively.

Figure 5b shows the electric field response, and Figure 5c shows the magnetic field
phase response (0◦ and 90◦) of the unit cell at 25.5, 28, and 30 GHz, respectively. It is
obvious from Figure 5b that the electric field response of the unit cell at 28 GHz is higher
than that at 25.5 and 30 GHz (non-resonance frequencies). However, the response is intense
when the wave is being propagated at the 90◦ phase on the structure, which satisfies the
condition of Maxwell’s equation where the surface current must be in-phase with the
magnetic response and should be opposite to the electric field. Figure 5c confirms that the
magnetic response is in-phase with the current flowing through the structure at 28 GHz,
where it shows near-zero response at 90◦.
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Figure 5. (a) Current distribution, (b) electric field, (c) magnetic field response at 25.5 GHz, 28 GHz,
and 30 GHz and (d) effective dielectric parameters of the unit cell at 28 GHz.

The splits or gaps in the structure are considered as capacitors since they store energy
in the form of electric fields. As a result, the combination of a dielectric response and
an electrical resonance forms permittivity. Initially the fundamental energy of this ring
resonator is stored as a magnetic field. This creates a magnetic resonance and combines
with the dielectric response to create permeability. The electric field creates a magnetic
dipole moment of the structure leading to form an artificial magnetism which turns out to
be an effective negative permeability. Similarly, effective negative permittivity is created by
the combination of magnetic and electric resonance. This imbrication carries out to be the
effective negative refractive index of this metamaterial.
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Figure 5d exhibits the behavior of the effective dielectric parameters of the structure
over the frequency of operation by using the NRW method. It can be seen from the figure
that the structure shows negative values for all the effective dielectric parameters, which
makes the structure double-negative (DNG) metamaterial. Table 2 shows the frequency
range of the effective dielectric parameters.

Table 2. Frequency region of effective dielectric parameters of the developed unit structure.

Parameters Freq. Range (GHz) Negative Index At 28 GHz

Effective Permittivity 27.475–30 −10.60
Effective Permeability 26.37–30 −18.68

Effective Refractive Index 25–30 −14.082
Double Negative region 27.475–30 −10.60 & −18.68

5. Array Configuration

A comparative study is made on 1 × 2, 2 × 2, and 4 × 4 array configurations to
validate the unit cell structure. Figure 6a shows the configuration of the 1 × 2 array where
two unit cells are placed 0.20 mm (denoted by ‘b’) apart. Figure 6b shows the parametric
study to determine the optimum distance for the unit cells. The study is performed for
the distance from 0.10 mm to 0.70 mm, where the structure shows resonance at 28 GHz
at 0.20 mm and 0.50 mm distance. However, the distance between the units is selected
as b = 0.20 mm to make the overall structure compact, and at this distance (0.20 mm) the
structure exhibits slightly higher bandwidth than that at 0.50 mm.
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The same process is followed to design 2 × 2 and 4 × 4 arrays. The S11 magnitude of
these arrays with the unit cell is shown in Figure 7a. All the arrays operate at 28 GHz indi-
cating the accuracy of the unit cell simulations. The unit cell and 4 × 4 array configurations
are further simulated in finite-element-method (FEM)-based high-frequency simulation
software (HFSS) to validate its result. The result from HFSS shows good agreement with
those obtained from CST. This study also confirms that arrays of this unit cell can be used
in developing metamaterial-based FSSs, electromagnetic absorbers, filters, super lenses, etc.
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6. Effective Dielectric Parameter Analysis of the Arrays

Figure 8 shows a comparative analysis of effective dielectric parameters between unit
cell and array configurations. Similar NRW and direct retrieval methods are used to extract
the values of these parameters. Figure 8 shows the results within the frequency range of
25 to 30 GHz, where the structure exhibits DNG properties for all the configurations. The
unit cell shows negative effective permittivity (within 25 to 30 GHz) from 27.475 GHz to
30 GHz with a minimum value of −48.22. The array configurations follow the trend of the
unit structure with a slight shift in frequencies. In the case of the 1 × 2 array, the range is
from 27.725 to 30 GHz, with a minimum value (PMV) of −38.10; for the 2 × 2 array, the
range is from 27.705 to 30 GHz, with a PMV of −38.55; and for the 4 × 4 array, it is from



Electronics 2023, 12, 174 12 of 15

27.78 to 30 GHz, with a PMV of 33.20. The arrays exhibit similar agreement in other effective
dielectric parameters (effective permeability and refractive index). Table 3 summarizes
these parameters for different arrays. It is evident from Table 3 that all the configurations
show negative values of the effective dielectric parameters within the frequency range of
25 to 30 GHz (including the resonance frequency), which further validates that the structure
is a DNG metamaterial at 5G mmWave frequency (28 GHz).
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Figure 8. Negative effective parameters of (a) unit cell, (b) 1 × 2 array, (c) 2 × 2 array, and (d) 4 × 4
array formations.

Esmail et al. [3] have proposed a process to reconfigure the radiation pattern of planar
antennas using metamaterial for 5G applications. The size of the unit cell is 3.3 × 3.2 mm2,
where the operating frequency of the structure is 28.95 GHz. The single-layered structure
is developed on a Rogers RT/duroid 5880 substrate with a thickness of 0.254 mm. Khalili
et al. [28] have proposed a 1.4 × 1.4 mm2 unit cell operating at 30 GHz to achieve a very
good isolation between the output ports of a millimeter-wave power divider (MWPD).
Both these unit cells are developed to resonate at 5G mmWave frequency. However, neither
of these cells is focused on 28 GHz, and they are being used to improve the performance of
the antenna. El-Nady et al. [29] have proposed an Epsilon-near-zero (ENZ) metamaterial
for 5G applications. The 2.5 × 2.5 mm2 unit cell is on a comparatively thicker substrate RT
6035 with a thickness of 0.508 mm. Naqvi et al. [30] have recently proposed an 8 × 8 mm2

metamaterial absorber that can be used for 24 GHz and 28 GHz applications. Nevertheless,
the structure is developed on a thicker FR-4 substrate, and the size of the unit cell is bigger
than our proposed work. Al-Bawri et al. [31] presented a single-layered hexagonal-shaped
near-zero-index (NZI) metamaterial-based mimo antenna for mmWave applications. The
4 × 4 mm2 unit cell was developed on a 0.787 mm thick Rogers RT 5880 substrate, where the
structure has a wide negative range of single mu metamaterial (MNG). All the metamaterial
unit cells mentioned above are highly effective in their particular applications, but none
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of them has reported the DNG characteristic at the resonance frequencies. Most of the
unit cells mentioned in this discussion are either bigger in size or developed in a thicker
substrate, which makes the proposed structure unique from the rest. The comparison of
the proposed structure with the existing works is shown in Table 4.

Table 3. Frequency range of negative effective dielectric parameters of the unit structure and differ-
ent arrays.

Structure Parameters Frequency Range (GHz) Peak
Minimum Values

Values at
28 GHz DNG Region (GHz)

Unit cell
Permittivity 27.475–30 (BW of 2.525) −48.22 −10.60

27.475–30 (BW of 2.525)Permeability 26.37–30 (BW of 3.63) −44.39 −18.68
Refractive index 25–30 (BW of 5) −41.50 −14.08

1 × 2 array
Permittivity 27.725–30 (BW of 2.275) −38.10 −18.79

27.725–30 (BW of 2.275)Permeability 26.48–30 (BW of 3.52) −40.54 −19.3609
Refractive index 25–30 (BW of 5) −33.96 −19.2519

2 × 2 array
Permittivity 27.705–30 (BW of 2.295) −38.55 −17.93

27.705–30 (BW of 2.295)Permeability 26.475–30 (BW of 3.525) −40.67 −19.36
Refractive index 25–30 (BW of 5) −34.73 −18.79

4 × 4 array
Permittivity 27.78–30 (BW of 2.22) −33.20 −20.5579

27.78–30 (BW of 2.22)Permeability 26.545–30 (BW of 3.455) −44.85 −19.5076
Refractive index 25–30 (BW of 5) −31.63 −20.3937

Table 4. Comparison of the proposed DNG metamaterial with previous works.

Previous Works Freq.
Band (GHz) Size (mm2)

Type of Sub-
strate (Thickness) Metallic Layer

Esmail et al.
(2020) [3] 28.7–29.2 3.3 × 3.2 RT-5880 (0.254 mm) one

Khalili et al.
(2021) [28] 28.0–32.0 1.4 × 1.4 RT-5880 (0.254 mm) one

El-Nady et al.
(2021) [29] 28.5–30.5 2.5 × 2.5 RT-6035 (0.508 mm) one

Naqvi et al.
(2022) [30]

24.25–24.45 &
27.5–28.35 8.0 × 8.0 FR-4 (1.6 mm) one

Al-Bawri et al.
(2020) [31] 26.4–29.1 4.0 × 4.0 RT-5880 (0.787 mm) one

Proposed Work 27.1–29.2 3.05 × 2.85 RT-5880 (0.254 mm) one

7. Conclusions

In this article, double-negative rectangular metamaterial unit structure at 5G mmWave
frequency was designed and studied. Rogers RT/Duroid 5880 as substrate material and
conventional copper clay as conductive path were used to model the structure. The
performance of the structure was simulated on CST simulation software, where the NRW
approach was used to retrieve the metamaterial properties. Different array configurations
were developed to verify the performance of the unit cell. The results were confirmed by
Ansys HFSS simulation software. Negative values of the effective dielectric parameters
and the plots of scattering parameters of various array configurations at 28 GHz confirmed
that the proposed metamaterial structure is suitable for mmWave 5G applications. The
unit cell exhibits a 2 GHz bandwidth of operation and can be used to develop mmWave-
frequency-selective surfaces, antennas, absorbers, or filters.
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