Progress In Electromagnetics Research M, Vol. 124, 99-106, 2024

PIERM

(Received 13 October 2023, Accepted 23 February 2024, Scheduled 5 March 2024)

A Gompact, High Gain Ring Metamaterial Unit Cell Loaded
Triple Band Antenna for 5G Application

KM Neeshu' and Anjini Kumar Tiwary> "

! Electronics & Communication (ECE), Birla Institute of Technology Mesra, Ranchi, Jharkhand, India
2Electronics & Communication, Birla Institute of Technology, Mesra, Ranchi, Jharkhand, India

ABSTRACT: A novel planer, compact and quarter-wave transformer-coupled fed multi-band antenna is proposed and designed. The an-
tenna uses a split-ring resonator (SRR) inspired ring metamaterial unit cell. The proposed ring metamaterial unit cell gives single negative
(Epsilon negative) behaviour, which improves antenna performance. A partial ground and a quarter-wave transformer-coupled feed line
are used to improve the impedance matching of the antenna. The antenna gives multi-band operation at resonating frequencies, 3.5,
8.5, and 13.7 GHz, with 2.9-4.5 GHz, 8.0-10.34 GHz, and 12.3—14.3 GHz, respectively. The maximum gains at resonating frequencies
are 1.5dBi, 4.1 dBi, and 6.5 dBi, with good impedance matching. The novelty of the antenna design is that the loading of the ring unit
cell gives resonance at a much smaller wavelength than the resonant wavelength. The proposed antenna provides a miniaturized and

multiband response compared to a conventional patch antenna.

1. INTRODUCTION

In a modern wireless communication system, an antenna that
comprises multiple wireless standards for providing multiple
applications such as Wi-Fi, Wi-MAX, and RFID is required.
This antenna is known as a multi-band antenna, and it reduces
the space and cost of the system. Microstrip antenna [1, 2] has
low profile, light weight, easy integration, and low cost com-
pared to conventional horn and Yagi-Uda antenna. These ad-
vantages of the microstrip antenna make it more suitable and
flexible for multi-band antenna design. One of the basic tech-
niques to implement a multi-band antenna is integrating multi-
ple resonating elements, modifying radiating patch and ground
plane in a microstrip patch antenna. In [3, 4], a dipole with
two different arm lengths, using a shorting pin between ground
and patch [5, 6], and parasitic elements in laptop application [7]
result in two resonating frequency bands. Triple and quad-
band [8, 9] patch antennae are discussed using trapezoidal and
crinkle fractal shapes. However, these conventional designs
compromise antenna and structure simplicity, which results in
low efficiency and importable antenna.

Metamaterials are artificial materials that exhibit unnatural
properties [10, 11], such as negative permittivity, permeabil-
ity, and reversal of Snell law. These properties are derived
from their sub-wavelength configurations rather than material,
resulting in left-hand wave propagation [12]. Metamaterial is
used to design a multi-band antenna [13, 14] with the loading
of SRR and complementary SRR (CSRR) in rectangular patch
antenna and hexagon patch antenna, respectively. Eleftheriades
and Antoniades presented a dipole antenna with the metama-
terial transmission line [15] for multiband response. The de-
sign validation approach is reported in [16, 17] to achieve a
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multi-band antenna. The multi-band and miniaturization of an-
tenna [18, 19] using metamaterial unit cell loading is proposed.
In some work, offset feed is used to achieve impedance match-
ing, resulting in poor antenna co-cross. However, the radiation
pattern cannot be kept symmetric in the E-plane and omnidirec-
tional in the H-plane due to the asymmetric design. This work
discusses the design and characterization of multi-bands loaded
with a metamaterial unit cell fed by a quarter-wave transformer-
coupled feed line. The metamaterial unit cell consists of four
quad rings under a circular ring to create additional resonance.
Moreover, a quarter-wave transformer-coupled feed line is used
to achieve a better cross-polarization. In the end, partial ground
planes are employed which improves the antenna’s impedance
matching. The proposed antenna is designed and optimized by
the CST microwave studio simulation software based on the
finite integration (FIT) method.

2. UNIT CELL DESIGN

The metamaterial ring unit cell is shown in Figure 1. The
unit cell dimension is comparable to A\, /8, which confirms the
metamaterial periodic condition that the size of the metama-
terial unit cell should be less than A,/4. Figure 1(a) shows
the front view of the ring unit cell, which is connected by four
quad circles. Here, the shape of the unit cell is chosen as circle
because it eliminates the sharp edge discontinuities of electro-
magnetic (EM) waves. Four quad circles utilize the inner space
more efficiently than the conventional split-ring resonator. The
intra-coupling between the outer ring and four quad circles re-
sults in lower frequency shifts. Thus, the unit cell’s loading
helps achieve a miniaturized response compared to a conven-
tional patch antenna. Figure 1(b) depicts the unit cell’s back
view. The sizes of the top and bottom unit cells are the same.
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FIGURE 1. Geometry of the proposed unit cell: (a) Front view, (b) back view.

(b)

FIGURE 2. Schematic presentation of the compact planer dual-band antenna. (a) Front view. (b) Back view.

The dimensions of the proposed unit cell, as shown in Fig-
ure I, are W = L = 10mm, R; = 5mm, Ry, = 2.5 mm,
g = 0.5mm.

3. ANTENNA DESIGN AND ITS EQUIVALENT CIRCUIT
MODEL

Figures 2(a) & (b) show the proposed metamaterial-loaded
multi-band antenna design. The antenna is fabricated on an
FR-4 epoxy substrate of relative permittivity 4.4, loss tangent
0.025, and thickness 1.6mm. The fabricated prototype of the
antenna is shown in Figures 2(c) & (d). Figure 2(a) depicts
that the metamaterial ring unit cell is loaded in the conventional
patch, which gives a lower shift in frequency; thus, a miniatur-
ized response of the antenna is achieved. It is difficult to accom-
plish impedance matching of the electrically small antenna due
to low radiation resistance and high reactance. To overcome
this, the patch antenna is fed by a quarter transformer-coupled
feed line at the center of the patch, which helps eliminate asym-
metric radiation patterns and improve the co-cross polarization
of the antenna. The impedance matching can be improved if the
input impedance of the antenna (Z,) matches the impedance of
the feed line (Z,). The input impedance at the beginning of the
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quarter-wavelength Z, can be calculated by putting

Zi = Zo, Zzn = Zo = (Zg) /Za
Zy = /(50 % Z,)
where  Z, = (90€?) /(e — 1)(L/W)?

The antenna is loaded with a negative permittivity unit cell.
Due to this loading of high permittivity, the metamaterial unit
cell antenna suffers from narrow bandwidth. This can be over-
come by reducing the ground plane length. Also, the ground at
the back of the antenna interprets impedance matching of the
antenna; thus, a partial ground is used. Reducing ground plane
length to a certain value affects the electromagnetic coupling
between the radiating patch and the ground plane, resulting in
better impedance matching and bandwidth improvement. The
antenna is expected to give two resonant modes. The higher res-
onance is due to the conventional patch antenna, and the lower
mode is excited because of the coupling effect due to the load-
ing of the metamaterial unit cell. The effects of each design step
are discussed in the result section. The optimized dimensions
of the proposed antenna are W, = 27.6 mm, L, = 31.8 mm,
Wy =12mm, L, = 16 mm, L; = 5.3mm, Ly = 2.6 mm, and
L3 = 7.9mm.
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FIGURE 3. (a) Equivalent circuit model of antenna. (b) Comparison of S1;.
TABLE 1. Equivalent circuit parameters and its value
Parameters Values Description
Ly 0.88nH Feed line series inductance
Cy 0.17pF Feed line shunt capacitance
L, 3nH Patch inductance
4 1 pF Capacitance between outer ring trace
L1 2.059nH Inductance of outer ring
Co 1 pF Capacitance between inner ring trace and patch
Lo 0.295nH Inductance of inner ring
Ry 28.11Q Feed line resistance
The lumped equivalent model using the Keysight ADS pers is nearly 2.5 GHz, while the proposed unit cell gives nearly
makes the antenna performance defensible. The lumped the same bandwidth in three different bands with a miniatur-
equivalent model of the antenna comprises the patch, ring ized response. The proposed unit cell gives the advantage of
unit cell, and feed equivalent which are depicted in Figure 3. wide band and high gain property by utilizing the epsilon nega-
The transformer-coupled feed is represented by its lumped tive property of metamaterial. To evaluate the behavioral char-
equivalent series resistance inductance (L) and shunt capaci- acteristics of the metamaterial unit cell, its effective parame-
tance (C'f). The equivalent of the radiating patch antenna and ter is extracted, shown in Figure 4. Figures 4(a) and (b) show
the inner and outer rings of the unit cell is series inductance the retrieval results in permittivity and permeability of the ring
(Lp) and a parallel combination of inductance (L;, L) and unit cells. According to metamaterial theory, if both permittiv-
capacitance (C1, C2). The components for the outer ring ity and permeability are negative for the operating band, it is
(L1, C1) and inner ring (L, Cs) give a lower band (3.5 and known as double-negative (DNG) metamaterial. It is shown in
8.5 GHz) response, and the last band corresponds to patch (L p) Figures 4(a) & (b) that the real part of permittivity is negative
resonance. The value of the lumped equivalent parameters for the initial range of frequency up to 3.5 GHz, and the real part
is shown in Table 1. The antenna’s CST simulation and of permeability is switched to the negative region from 3.7 GHz
circuit simulation reflection coefficient S7; (dB) are shown to 6.7 GHz. It confirms that the unit cell exhibits single neg-
in Figure 3(b). It shows that the simulation results from CST ative metamaterial (SNG) behavior for resonating frequency
Microwave Studio match the circuit simulation. There is a 3.5 GHz. This SNG metamaterial suppressed the surface wave
slight difference which may be due to the mutual coupling efficiently, giving a lower operation band from 2.9 GHz to
effect. 4.5 GHz. At the second resonance frequency, the 8.5 GHz unit
cell again exhibits SNG characteristics with negative permittiv-
4. RESULTS AND DISCUSSION ity and positive permeability. However, at 8.5 GHz, the imagi-

nary component of permittivity is high, which results in slightly
lossy behaviour at the second operating band. For the resonat-
ing frequency of the conventional patch 13.7 GHz, both per-
mittivity and permeability are positive. The imaginary parts of
permittivity and permeability are close to zero and one, respec-
tively, ensuring low loss in the operating band.

4.1. Extraction of the Parameter of the Unit Cell

The proposed unit cell size is 10 mm of material FR-4, having a
dielectric constant of 4.4 and a loss tangent of 0.0025. The unit
cell [20, 21] is a three-layer-type unit cell that gives high gain
used in telemetry applications. The bandwidth claimed in pa-
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FIGURE 4. Extracted effective parameters of the unit cell: (a) Real and imaginary effective permittivity (b) Real and imaginary effective permeability.
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FIGURE 5. (a) Experimental set-up of proposed antenna, (a) S11, (b) Gain and Efficiency.

4.2. Reflection Coefficient

The operating principle of the antenna works on the semi-
infinite boundary conditions. The semi-infinite boundary of a
double positive material (Patch antenna) and an epsilon neg-
ative material (Ring metamaterial unit cell) result in two dif-
ferent combinations for the surface wave. These two surface
waves propagate such that they couple with each other and
exchange energy, which enables wave propagation and gives
the desired three-frequency band. Again, metamaterial ring
unit cell loading provides a wideband in resonating frequen-
cies due to the capacitive coupling. The proposed antenna is
fabricated, and the S-parameter is measured using an Agilent
N5230A network analyzer. The experimental setup is shown
in Figure 5. There is a small mismatch between the simu-
lated and measured reflection coefficients due to the fabrica-
tion limitations. It gives impedance matching below —10dB
in operating bands. The designing steps of an antenna and its
corresponding S1; parameter are discussed and shown in Fig-
ures 6(a) and (b). Firstly, a conventional patch of a given di-
mension is designed. It gives impedance mismatch through-
out the band. Then, impedance matching of the proposed an-
tenna is improved by a quarter-wave transformer-coupled feed
line. It provides smooth impedance matching of —18dB at
11.9 GHz. Next, the metamaterial ring unit cell is loaded in
the patch antenna, giving three narrow-band resonance minia-
turized responses. The ground at the back of the antenna is then
changed to the partial ground, improving impedance matching
by widening the band at the operating band. The band was
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enlarged because of unit cell loading, which increased capaci-
tive coupling and decreased inductive coupling. Thus, the low-
quality factor of the antenna is reduced; hence, bandwidth im-
proved parameters. Finally, the proposed antenna’s simulated
and measured reflection coefficients are given in Figure 6(c).
One of the practical applications of the antenna could be as a
wearable antenna. A realistic model known as the voxel phan-
tom consists of the complex permittivity and conductivity of the
human body tissue and is used to study the wearable application
of any antenna. The fabrics used to design wearable antennae
operate at the 2.45 and 5 GHz wireless bands. The proposed an-
tenna owns the band 2.9 to 4.5 GHz. However, the analysis of
antenna behavior near the voxel phantom is required to confirm
the proposed antenna for wearable applications.

4.3. Gain and Efficiency

The simulated peak gain is 1.5, 4.1, and 6.5 dBi in the operat-
ing band, as shown in Figure 7. The antenna gain is improved
by applying a metamaterial unit cell of the same resonating fre-
quency. In this design, the unit cell has a real and negative
value of permeability and permittivity and low imaginary per-
meability and permittivity, which yields improved gain and low
loss. Thus, the loading of the metamaterial unit cell on the pro-
posed antenna gives an additional band at 3.5 GHz with a posi-
tive gain of 1.5 dBi without affecting the gain of another band.
Moreover, the effective area also increases with the higher fre-
quency, resulting in higher gain at a higher frequency. Thus,
gain increases from 1.5 dBi to 3.5 dBi from the lower to upper
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FIGURE 7. Simulated gain and efficiency curve of the proposed antenna.

bands. The antenna radiation efficiency is one of the most im-
portant parameters since it is the most useful and informative
measure of how efficient an antenna is to radiate or receive the
radio wave at a desired frequency. It is defined as the ratio of
the total power radiated by the antenna (P,) to the total power
accepted by the antenna (P,) at its input terminal. The measure-
ment set of efficiency of the antenna comprises a horn antenna
used to transmit the signal, and the proposed antenna is used
to receive the power in an anechoic chamber. The efficiency is
calculated using the formula.

P,

Antenna Radiated efficiency = B

The antenna radiation efficiency is subject to the antenna’s

impedance matching. With the loading of the ring unit cell, bet-

ter impedance matching is achieved for both operating bands,

due to which the efficiency achieved in both bands is more than
75%.

4.4. Radiation Pattern and Current Distribution

An analysis of the radiation behaviour of the proposed antenna
at the resonance frequencies 3.5 GHz, 8.5 GHz, and 13.7 GHz is
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given in Figure 8. Although the measured resonance frequency
is shifted slightly to the simulated one, the operating band cov-
ers the simulated frequencies, so the radiation pattern is ob-
served at aforesaid frequencies. It is observed that at 3.5 GHz,
the antenna behaves as a monopole and radiates omnidirection-
ally. The radiation patterns at 8.5 and 13.7 GHz are in all di-
rections and give a multilobe pattern with null observed in the
negative y-direction.

Figure 9 illustrates the measured and simulated co-
polarization and cross-polarization radiation patterns at
3.5GHz, 8.5 GHz, and 13.7 GHz, respectively. It is observed
that the antenna has a nearly omnidirectional radiation pat-
tern at all three resonating frequencies. Moreover, in the
FE plane, the antenna gives good isolation between co- and
cross-polarizations of —20dB. The antenna gives excellent
isolation between co- and cross-polarizations of more than
100dB in all 360° beam angles in the H plane. Thus, the
proposed antenna indicates excellent linear polarization purity.
At higher resonating frequencies, the pattern is shifted by an
angle of 30° in the H plane, keeping the E plane radiation
almost the same. There is a good agreement between the
measurement and simulation, and a monopole-like radiation
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FIGURE 8. 3D radiation pattern at (a) 3.5, (b) 8.5 GHz, (c) 13.7 GHz.
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FIGURE 9. Radiation pattern of the antenna, (a) F Plane at 3.5 GHz, (b) H Plane at 3.5 GHz, (c) E Plane at 8.8 GHz, (d) H Plane at 8.5 GHz, (¢) F
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FIGURE 10. Current distribution at (a) 3.5 GHz (b) 8.5 GHz and (¢) 13.7 GHz.
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TABLE 2. Comparison of the proposed work with the recently published works.

Ref. No. (Year) Frequency (GHz)  Electrical size (Xo)?)
Proposed Antenna 3.5,8.5,13.7 0.32 x 0.27 x 0.016
[22] (2019%) 3.1,5.0,6.6 0.48 x 0.43 x 0.018
[23] (2020%) 22,28,3.5 0.29 x 0.29 x 0.018
[24] (20217%) 1.8,24,5.2 0.14 x 0.14 x 0.01
[25] (2022) 24,32,6.5 0.13 x 0.13 x 0.12
[26] (2023) 3.02,4.14,5.44 0.97 x 0.97 x 0.025

Imp. BW (%) Gain (dBi) Efficiency (%
43,25, 15 1.5,4.1,6.5 <75

5.11,7.33,11.70 2.72,3.8,2.12 41.2,84.7,52.8
4.5,6,7 1.5,6.5,1.7 NA*
2.09, 1.64,2.71 —7.25,—1.8,0.12 NA*
4.1,22 < 2dBi 60, 78
3,9,5 < 4dBi NA*

References with * marks have more than three bands, and only the first three bands have been considered for comparison. N A* means data not

given.

pattern is obtained at each frequency. The current distribution
in the radiating element at resonance frequency is shown in
Figure 10, respectively. It can be observed that the intensity of

the
the

distributed current is more vigorous in the upper band than
lower band. The simulated surface current is concentrated

near the antenna’s feed line, confirming monopole radiation at
3.5GHz. Then, as frequency increases, more draft is focused
on the top of the patch in the middle band. As a result, the
radiation patterns will be gradually close to the y-direction.
Moreover, compared to the lower frequency, the current varia-
tion at 8.5 and 13.7 GHz is diverse in all directions, resulting
in multi-beams. The antenna performance is compared with
recently published articles in Table 2. It is confirmed that the
proposed antenna gives the widest bandwidth with positive
gain and good efficiency.

5. CONCLUSION

A planer miniaturized, quarter-wave transformer-coupled fed
multi-band antenna loaded with a metamaterial ring unit cell

has
the

been discussed. The frequency bands originated due to
loading of the unit cell and the resonant patch itself. The

impedance matching is achieved using a transformer-coupled
feed line, which helps to get minimum cross-polarization. The
antenna can radiate a good omnidirectional, nearly monopole-
like radiation pattern in both bands. The proposed antenna ex-
hibits good radiation performance with positive gain in both

ban
5G

ds. It can be easily fabricated to find applications in the
sub-band (3.3-4.2 GHz), X band (8-12 GHz), and Ku band

(12-14 GHz) for upper resonance.
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