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Preface

In recent years, wireless communication has undergone a transformative evolution, becoming a

global network connecting billions of entities, from individuals to enterprises. This shift has enabled

intelligent interconnections among various physical objects, including vehicles, smartphones,

habitats, and more. At the core of this revolution is the Internet of Things (IoT), a crucial technology

for the next generation of communication. The IoT seamlessly integrates cost-effective data collection

and dissemination devices, such as sensors and RFID tags, enabling rapid communication across

locations and times. The primary objective of this reprint is to present creative academic

papers focusing on antennas for various communication system applications. Numerous studies

have concentrated on improving microwave and radio frequency (RF) components, especially

antenna systems, considered the foundation of wireless systems. Advanced communication antenna

technology has significantly progressed in recent years, enhancing communication quality in home

and business applications.

This reprint focuses on developing various antenna structures for wireless communication

systems. A low-profile millimeter-wave broadband metasurface-based antenna is investigated.

Characteristic mode analysis (CMA) guides the design and optimization, using a printed circuit

board with differently sized coplanar patches to create broadside modes. Innovation is introduced

by etching slots on the parasite patch, generating a new resonant mode to increase low-frequency

bandwidth. The orthogonal modes of selected modes are shifted out of the operational region,

reducing cross-polarization. A dual-band printable monopole antenna is presented, showing

enhanced bandwidth and gain.

Moreover, the demand for fast communication has led to the construction of terahertz (THz)

antennas with high data rates. The design of a THz Multiple-Input Multiple-Output (MIMO)

antenna with a metamaterial is analyzed. The proposed two-port antenna design leverages a

split-ring resonator patch that is complementary, achieving a 50 dB improvement in isolation and

an ultra-broadband response.

In conclusion, a diverse range of antennas are showcased in this reprint, revealing their potential

to revolutionize the next generation of wireless communication, as we navigate communication

technologies’ dynamic landscape, the integration of IoT, advancements in 5G, and the impending

arrival of 6G open new frontiers for exploration. This compilation of academic contributions serves

as a testament to ongoing efforts to push antenna design boundaries, ensuring optimal performance

in the connected world. The journey from 5G to 6G is marked by innovation, shaping the future of

wireless communication.

Trushit Upadhyaya and Hari Shankar Singh

Editors
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In recent years, there has been a significant expansion in wireless communication,
evolving into a global network connecting billions of entities, including individuals and
enterprises. This transformation has given rise to intelligent interconnections among
various physical objects, such as vehicles, smartphones, habitats, and their occupants. A
pivotal technology for the next generation of communication is the Internet of Things (IoT),
incorporating cost-effective data collection and dissemination devices like sensors and
RFID tags. These facilitate rapid communication between objects and individuals across
any location and time, finding applications in remote healthcare, wearables, autonomous
vehicles, wireless robots, and smart homes [1–3].

As the demand for application-oriented end-user apps continues to grow, the fifth
generation of communication (5G) has replaced the fourth generation, requiring a thorough
investigation of elements enhancing its applicability. This includes a discussion on antenna
design and measures to improve antenna performance [4,5]. Notably, the implementation
of 5G in the IoT and the emergence of the sixth generation (6G) have become areas of
active research, with 6G expected to be implemented by 2030. The paper aims to cover the
evolution from 5G to 6G, emphasizing the integration of IoT with both generations and
addressing antenna design and performance enhancement for 5G [6–8].

The objective of this Special Issue is to present creative academic papers focusing
on antennas for various communication system applications. As high-speed internet con-
nections serve as vital conduits connecting multiple devices, user demands are escalating
rapidly due to technological advancements in wireless communication systems. Numerous
studies have concentrated on improving microwave and radio frequency (RF) components,
especially antenna systems, considered the foundation of wireless systems. Advanced
communication antenna technology has significantly progressed in recent years, enhancing
communication quality in home and business applications.

Antenna design faces challenges in balancing cost-performance trade-offs and physical
parameters while achieving ideal radiation performance. Research is exploring innovative
technologies such as terahertz antennas, Massive-MIMO, UWB-MIMO, and MIMO to meet
data rate requirements while keeping costs low. The Special Issue seeks designs with
optimal performance.

Low-Profile Antenna Design (Contributions 1 and 5): In this work, a low-profile
millimeter-wave broadband metasurface-based antenna is used. The characteristic mode
analysis (CMA) is utilized in the design and optimization of the suggested antenna to
direct the mode excitation. A small, printed circuit board with four sets of differently sized
coplanar patches was used to create four neighboring broadside modes that are fed directly
by a coaxial probe. Next, by etching slots on the parasite patch, a new resonant mode
is produced to increase the low-frequency bandwidth. The radiation performance of the

Micromachines 2024, 15, 115. https://doi.org/10.3390/mi15010115 https://www.mdpi.com/journal/micromachines1
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old modes remains mostly unchanged despite the addition of a new mode. Additionally,
the orthogonal modes of the selected modes were moved out of the operational region
by creating dual slots on the mid-patch fed by the coaxial probe. It lowers the degree of
cross-polarization by shifting the selected modes’ orthogonal modes outside of the working
band. Further, in Contribution 5, a dual-band printable monopole antenna is created
and displayed. With enhanced bandwidth and gain, the proposed antenna responds in a
promising manner. With a strength of 3.7 dBi and 5.26 dBi, the antenna may radiate from
3.49 GHz to 3.82 GHz and from 4.83 GHz to 5.08 GHz, respectively, with a bandwidth of
9.09% and 5.06%. The newly created antenna is novel in that it has enough engineered
resonating elements without requiring an additional reactive component. The substrate is
a reasonably priced FR-4 laminate. For both resonances, this structure has an efficiency of
more than 83%.

Moreover, Ultrabroadband Antenna Design (Contribution 2): The requirement for
fast communication has made it possible to construct THz antennas with high data rates,
speeds, and frequencies. This manuscript describes the design of a THz MIMO antenna
with a metamaterial. The suggested two-port antenna design makes use of a split-ring
resonator patch that is complementary. To demonstrate the improvement, the design
outcomes are also contrasted with a straightforward patch antenna. A 50 dB improvement
in isolation is shown in the design. It is possible to attain a broadband width of 8.3 THz
using this complimentary split-ring resonator architecture. 90% of the bandwidth is utilized,
indicating an ultrabroadband response.

In Contribution 10: For sub-6 GHz MIMO communication, a four-port dielectric
resonator (DR)-based multiple-input multiple-output (MIMO) antenna is described. Dual-
band resonance was achieved via an aperture feeding the dielectric resonator. The DRA
operates at 3.3 GHz and 3.9 GHz in the modes TE01δ and TE10δ, respectively. Without the
need for an additional isolation mechanism, the built antenna provides port isolation of
greater than 20 dB at the desired frequencies. The simulation calculation was performed
using full-wave high-frequency simulation software. At 3.3 GHz and 3.9 GHz, respectively,
the antenna’s maximal gain and efficiency are 5.8 dBi and 6.2 dBi, and 88.6% and 90.2%,
respectively. There are good MIMO diversity parameters for the suggested resonator.

In conclusion, a range of antennas has been developed within this Special Issue,
showcasing their potential to become key candidates for revolutionizing the next generation
of wireless communication.

Author Contributions: Writing—original draft preparation, H.S.S.; writing—review and editing, T.U.
and H.S.S. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are thankful to the Science and Engineering Research Board (SERB), Gov-
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Enhanced Bandwidth
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Abstract: A millimeter-wave broadband metasurface-based antenna with a low profile is proposed.
In order to guide the mode excitation, the characteristic mode analysis (CMA) is used for the design
and optimization of the proposed antenna. Four sets of coplanar patches with different dimensions
on a thin printed circuit board are used to generate four adjacent broadside modes, which are
directly fed by a coaxial probe. Then, to expand low-frequency bandwidth, a new resonant mode
is introduced by etching slots on the parasite patch. Meanwhile, the extra mode introduced does
not significantly change the radiation performance of the original modes. Moreover, dual slots are
etched on the mid patch fed by the coaxial probe, which moves the orthogonal modes of the chosen
modes out of the operating band to reduce cross-polarization levels. The proposed antenna realized
25.02 % (30–38.58 GHz) impedance bandwidth with dimensions of 1.423 × 1.423 × 0.029λ3

0 (λ0 is the
wavelength at 34 GHz in free space), and the realized gain in the band is 8.35–11.3 dB.

Keywords: broadband antenna; characteristic mode analysis (CMA); metasurface-based antenna;
millimeter-wave antenna

1. Introduction

Following the development of wireless communication technology, it has become
deeply integrated into the daily life of humans. In recent years, the development of 5G
has driven widespread demand for millimeter-wave technologies, which require greater
bandwidth for high-speed data transmission. With the increasing use of millimeter-wave
bands in wireless communications and the continuous increase in data transmission in
communication scenarios, the ease of integration and the characteristics of the co-type make
microstrip antennas promising for a wide range of applications. However, the disadvantage
of the narrow operating band of microstrip antennas has become more and more prominent
and has motivated the vigorous development of bandwidth expansion techniques for
microstrip antennas.

A traditional microstrip antenna shows a narrow impedance bandwidth due to its
single-resonance working mechanism. Etching slots [1] and loading short circuit pins or
holes [2,3] are used to improve its performance. However, it shows low-level improvements
in performance. Loading parasitic resonant patches [4–6] will increase cross-polarization
levels and the analysis difficulty. Laminated patches [7,8] and air substrates [9] will intro-
duce bulk to the antenna.

All the above techniques can broaden the bandwidth of the antenna well. However,
these techniques make the structure of the antenna relatively complex, resulting in increas-
ing analytical complexity. In order to implement broadband antennae with the advantages
of low profile, low cost, and easy integration, metasurfaces have entered the research field.
Early studies utilized composite periodic structures such as EBG (electromagnetic band-
gap) and AMC (artificial magnetic conductor) to present an artificial impedance-controlled

Micromachines 2023, 14, 1403. https://doi.org/10.3390/mi14071403 https://www.mdpi.com/journal/micromachines4
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surface [10–12] for size reduction, wide bandwidth, and back radiation reduction. All these
can be considered metasurface-based structures in a broad sense. On the one hand, meta-
surface is widely used in low reflection cross sections (RCS) [13–17] and filtering [18–21].
On the other hand, its multi-mode resonance characteristics show a prominent advantage
in broadband [22–28], multi-band [29], and omnidirectional radiation [30–33] applications.

In addition, metasurface antennae not only retain the characteristics of low profile
and easy integration, but also have the structure of multiple radiation patches, which
can achieve broadside gain and broadband bandwidth that can exceed 50% [34–36], so it
has attracted more and more attention. In our work, these methods are developed. The
periodicity of the structure is broken to achieve a better bandwidth and frequency control
capability. However, a traditional metasurface requires a multi-layer PCB feeding structure,
which increases the antenna profile thickness. For millimeter-wave antennas, broadband
antennas with more resonant modes, low profiles, and simple structures are needed to
accommodate the increasing number of millimeter-wave mobile terminals.

It is a common design method for broadband metasurface antennas to excite multiple
modes of metasurface for broadband operation [22,37]. With the help of CMA, the modal
characteristics of the metasurface can be predicted to a certain extent, and the effects of
structural changes can be revealed. In this way, it is possible to find a way to expand
the bandwidth without significantly affecting the desired modes. In order to further
increase the bandwidth without changing the overall size, targeted changes can be made
to the characteristics mode of the metasurface by adjusting the patch size [29], patch
segmentation [38,39], cutting angle [40], patch hollowing [34], and other methods. However,
the coupling between the metasurface structures is very tight, and the desired modes are
inevitably affected once the metasurface structure is drastically changed. For example, the
sidelobe of Modal J9 is suppressed by splitting the corner patches into four small patches,
but the sidelobe level of the H-plane is increased [29]. Moreover, the segmented small-size
patch has a nearly uniform effect on the desired radiation pattern, increasing the difficulty
of adjusting a particular mode. In addition, complex feeding structures may also affect
the characteristic mode of the metasurface, which increases the difficulty of designing the
metasurface antenna. For example, dipole feeding [41] and slot coupling feeding [35,36]
introduce new modes that can be used to expand the bandwidth of the antenna, but this
puts forward higher requirements for the collaborative design of metasurface and feeding
structure, and it will increase the profile.

In this paper, we propose a multi-mode resonant millimeter-wave metasurface-based
antenna. Multiple patches are used to generate the characteristic broadside modes in
adjacent frequency bands with coaxial probe excitation. Based on this, a new mode is
introduced by etching slots on parasite patches, and an additional resonant point is added
in the low-frequency region, which further enlarges the bandwidth of the antenna. Then,
dual slots are etched on the mid patch fed by the coaxial probe, which moves the orthogonal
modes of the chosen modes out of the operating band to reduce cross-polarization levels.
Moreover, the etched slot does not significantly change the radiative properties of the
original mode. Meanwhile, the metasurface-based structure consisting of multiple patches
guarantees high antenna gain. Due to the simple feeding structure, the processing technique
is straightforward. All this gives the antenna broadband, high gain, miniaturization, and a
low profile.

2. Antenna Design

Figure 1 shows the configuration of the proposed antenna. The metasurface was
printed on the top of a square single-layer PCB board with a thickness of 0.254 mm and a
dimension of Wg ×Wg. The dielectric substrate was ROGERS RT/duroid 5880 (εr = 2.2). A
total of 13 patches of 4 sizes were used, which were divided into C1, C2, C3, and C4 groups.
Patch C1 is in the center, on which two slits with a width of 0.15 mm are etched. All patches
except C1 are square. Two groups of 4 patches of different sizes are symmetrically arranged
around C1. The rest are square patches with side length L4. The spacing between C1 and
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C2, C3, and C4 is S12, S13, and S14, and the slots between C2 and C4, C3 and C4 is S24 and
S34, respectively. There is a metalized via under C1, which is used to feed, and its diameter
is 0.3 mm. The dimensions are summarized in Table 1.

Figure 1. Configuration of the proposed antenna (a) top and (b) bottom.

Table 1. Summary of antenna geometry (unit: mm).

Par. Val. Par. Val. Par. Val.

W1 2.65 S13 0.2 Ls1 2.3
L1 2.94 S14 0.45 Ls2 1.08
L2 2.6 S24 0.2 Ws1 0.15
L3 2.53 S34 0.3 Ws2 0.2
L4 2.41 Ds1 2 L f 1.2
S12 0.2 Ds2 0.5

The resonance behavior of source-free metasurface was characterized by CST. In this
paper, the ground plane is infinite for CMA simulations, while in other simulations, the size
of the ground plane is consistent with that of the dielectric substrate, which is Wg × Wg. As
shown in Figure 2, the lower surface of the dielectric substrate is set as the PEC boundary,
and the remaining directions are open. When CST is used for characteristic mode analysis,
the influence of feeding structure is not considered, which means CMA is carried out for
metasurface without feeding structure. Five adjacent broadside characteristic modes are
selected. The modal significance is shown in Figure 3, and the resonant frequencies are
28.864, 32.524, 35.656, 37.264, and 39.512 GHz, respectively. The corresponding modal
current and radiation patterns at the resonant frequency are shown in Figures 4 and 5. The
modal current of Mode J1 is mainly concentrated around the slots of C3 patches, which
is called slot mode. The mode currents of the other four modes are concentrated in the
patch sets of C1, C2, C3, and C4, respectively, which are dominated by the corresponding
patch sets.
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Figure 2. Geometrical modeling and boundary setup.

Figure 3. Modal significances of the proposed metasurface-based antenna.

Figure 4. Modal currents at resonant frequency for (a) Modal J1; (b) Modal J2; (c) Modal J3;
(d) Modal J4.
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Figure 5. Modal radiation pattern at resonant frequency for (a) Modal J1; (b) Modal J2; (c) Modal J3;
(d) Modal J4; and (e) Modal J5.

The mainly modal currents are polarized along −45
◦

and can be excited simultaneously
by a coaxial probe. The modal significances of Modal J2 gradually decreases after 32.5 GHz,
and the contribution of the radiation mode provided by Modal J2 to the total radiation mode
of the antenna also gradually decreases. After Modal J2 degenerates to a non-significant
mode (MS ≤ 0.707), there is no other mode that can provide the required radiation mode.
Therefore, the antenna gain in this frequency range will gradually decrease. Until the
contribution of Modal J3 and Modal J4 to the total radiation pattern of the antenna cancels
out the decreasing trend due to the attenuation of the radiation pattern provided by
Modal J2. In other words, the half-power bandwidth of Modal J2 and Modal J3 does not
completely cover the frequency interval between the resonance points of the two modes,
where the antenna gain deteriorates. Mode J3 and Mode J4 were both significant modes
(MS ≥ 0.707) between their resonant frequency points, which makes these two modes
present as mixed modes.

Modal J5, which is dominated by the C4 patch group and has a resonant frequency
of 39.5 GHz, is not in the operating frequency band. Modal J5 forms a resonance point
with the Modal J4 that degenerates into an insignificant pattern. As frequencies close to
39.5 GHz, the Modal J5 excitation level gradually increases and contributes to the dominant
radiative features, which makes the antenna gain increase. Thus, the antenna gain still
shows an increasing trend beyond the half-power bandwidth of the Modal J4.

Figure 6 shows the characteristic mode analysis results of the grooveless metasurface-
based antenna, which is called Antenna 2 (Figure 7b). Compared to Figure 3, the resonant
frequencies of Modal J2 and Modal J4 change slightly after etched slots, while the radiative
properties of the other modes do not change significantly. The slots etched on C3 introduce
a new resonant mode, Modal J1, in the low-frequency region, which further broadens
the frequency band of the metasurface-based antenna. The etched slots on C1 cause the
orthorhombic modes of the selected mode to move out of the band, optimizing the cross-
polarization level. Modal currents of Modal J1 are mainly distributed on both sides of
the slots. The modal current flows around the slots on the C3 patch, consisting of two
polarization currents polarized along and perpendicular to the slots, and the polarization
purity of the modal current is not very high. When a coaxial probe is used for feeding, the
electric field emanating from the feeding point cannot excite it to the maximum extent, and
the antenna gain will be low when this mode dominates. The resonant frequency is affected
by the dimensions of the slots, which can be adjusted to shift the mode into the band.
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Figure 6. (a) Modal significances of the metasurface without slots; modal radiation pattern of the
metasurface without slots for (b) Modal J2; (c) Modal J3; (d) Modal J4; and (e) Modal J5.

Figure 7. Configuration of the reference antenna for (a) antenna 1 and (b) antenna 2.

To evaluate the effectiveness of this strategy, the performance of this antenna is com-
pared with that of two reference antennas (Figure 7). Simulated |S11| and broadside gain is
shown in Figure 8. The slots etched on the C3 patch dominates the Modal J1, introduces a
new resonant point in the low-frequency region, and widens the impedance bandwidth of
the metasurface-based antenna by 0.56 GHz. Since the polarization purity of the Modal
J1 is not high, the gain of the antenna is low with respect to the other frequency points
when this mode dominates. The Modal J2 is dominated by the C1 patch, and the etching
slots essentially do not change its resonance frequency, only the impedance matching.
Modal J5, which is dominated by the C4 patches, introduces a new resonance point in the
high-frequency region, further expanding the bandwidth. Since the modal currents on
C4 patches are in phase with the primary polarization currents, the gain of the antenna
is enhanced. When Modal J3 and Modal J4 dominate, the modal current on C4 patches
is in phase with the main polarization current, which improves the gain deterioration
in Antenna 1. However, the currents on the C1 patch are out of phase with the main
polarization current, and the etched slots enhance the out-of-phase currents on the C1 patch
and weaken the gain when Modal J2 and Modal J3 dominate. Hence the gain of Pro.Ant
deteriorates again. This gain fluctuation is acceptable, considering the bandwidth gain
from the etching slots.
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Figure 8. (a) Simulated |S11| and (b) broadside realized gains of reference antenna 1, antenna 2, and
proposed antenna.

After the introduction of the new resonance point, there is a peak impedance in the
low-frequency region, as shown in Figure 9. The real part of the peak impedance increases
by 10 Ω, and the reactance increases from −9.7 to −5.6. The impedance matching with
the 50 Ω port is significantly improved, while the impedance of other frequencies also
approaches the impedance of 50 + j0 Ω.

Figure 9. The influences of slots on impedance.

3. Parametric Study

The influences of L2, L3, L4, and Ls2 on |S11| are shown in Figure 10. When Modal
J2, Modal J3, and Modal J5 are dominant, there is a strong polarization current across
the C2 patches, so these modes are affected to varying degrees when L2 is varied. The
polarization current of Modal J4 is mainly concentrated on the C3 patches. Since Modal J4
is mixed to varying degrees with Modal J3 and Modal J5, the impedance matching of the
two resonant points in the high-frequency region can be tuned by adjusting L3, and the
resonant frequency does not change significantly.
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Figure 10. Influences of (a) L2, (b) L3, (c) L4, and (d) Ls2 on |S11|.

As the length of L4 decreases, the resonant frequency of the fourth resonant point
gradually shifts to a higher frequency, while the frequencies of other resonant points hardly
change. As the length of Ls2 increases, so does the length of the current path flowing around
the slots, and thus the resonant frequency shifts to lower frequencies. When the slot length
Ls2 is shortened to 0.98 mm, the resonant frequency of the slot mode is very close to that of
mode 1. If the length of Ls2 is further shortened, the resonant point generated by the slot
mode can no longer be observed independently. The variation of the slot length does not
affect the characteristics of the other modes.

Considering bandwidth and impedance matching, the four parameters are set as
L2 = 2.60 mm, L3 = 2.53 mm, L4 = 2.38 mm, and Ls2 = 1.08 mm.

4. Measured Results

A prototype sample of the proposed metasurface-based antenna is shown in Figure 11.
The metasurface-based antenna is printed by a single-layer PCB with a copper foil thickness
of 0.018 mm. It is fed by a 3 × 3 × 3 mm3 RF coaxial connector with a characteristic
impedance of 50 Ω (the coaxial probe is not inserted into the dielectric substrate, only
welded to the bottom pad). The antenna is measured by an Agilent 5230Avector network
analyzer and the standard anechoic chamber, as Figure 12 shows.
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Figure 11. Prototype of the proposed metasurface-based antenna’s (a) top view and (b) bottom view.

Figure 12. Far-field measurement environment.

Figures 13 and 14 show the measured results of the antenna impedance matching, peak
gain, and radiation pattern. Due to welding, thick, irregularly shaped solder is deposited
at the feeding point and edges of the C1 patch at the top of the antenna, which causes a
slight change in the size of the C1 patch, resulting in a difference in impedance matching
and resonant frequency. The measured impedance bandwidth of the metasurface-based
antenna is 25.02% (30–38.58 GHz), and the realized gain in the band is 8.35–11.3 dB. The
performance of the metasurface-based antenna is in line with expectations.

Figure 13. Simulated and measured |S11| and broadside gain.
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Figure 14. Simulated and measured radiation patterns at 32.5, 35, and 37.5 GHz.

As shown in Figure 15, the radiation efficiency of the antenna in the high-frequency
region decreases gradually, and the in-band efficiency stays above 75%. The rapid decrease
in radiation efficiency of the proposed antenna is due to the effects of the SSMP connec-
tor. Also, the effects of the measured equipment could not be completely ruled out as a
possible cause.

Figure 15. Measured radiation efficiency of the proposed antenna.
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5. Conclusions

In this paper, we propose a low-profile broadband metasurface-based antenna with
five resonant modes. CMA is used to guide the design of the proposed antenna. A new
resonant mode is introduced by etching slots, and a coaxial probe is used to excite all
modes, resulting in a wide bandwidth. The etched slots expand the bandwidth without
significantly affecting the original mode while reducing the cross-polarization level. The
proposed antenna realized 25.02% (30–38.58 GHz) impedance bandwidth, and the realized
gain in the band is 8.35–11.3 dB. The antenna possesses the advantages of having a small
size, large bandwidth, and practical value.
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Abstract: The need for high-speed communication has created a way to design THz antennas that
operate at high frequencies, speeds, and data rates. In this manuscript, a THz MIMO antenna is
designed using a metamaterial. The two-port antenna design proposed uses a complementary split-
ring resonator patch. The design results are also compared with a simple patch antenna to show the
improvement. The design shows a better isolation of 50 dB. A broadband width of 8.3 THz is achieved
using this complementary split-ring resonator design. The percentage bandwidth is 90%, showing
an ultrabroadband response. The highest gain of 10.34 dB is achieved with this design. Structural
parametric optimization is applied to the complementary split-ring resonator MIMO antenna design.
The designed antenna is also optimized by applying parametric optimization to different geometrical
parameters. The optimized design has a 20 μm ground plane, 14 μm outer ring width, 6 μm inner
ring width, and 1.6 μm substrate thickness. The proposed antenna with its broadband width, high
gain, and high isolation could be applied in high-speed communication devices.

Keywords: MIMO; metamaterial; antenna; optimization; THz; ultrabroadband; high gain; high isolation

1. Introduction

Antennas are a type of transducer used for communicating wirelessly between two
devices. Antennas, which in the past were designed to have a huge aperture size, have now
been reduced to small and compact nanoantennas. This reduction in the size of the antenna
also extensively reduced its gain; therefore, there is now a need for high-gain compact
antennas. There are various ways of improving the gain and bandwidth of an antenna, and
one of these ways is to incorporate metamaterials. Today, high-speed communication needs
THz antennas to be operated at high speeds. The THz antenna has in recent times been
researched by many researchers to be used in high-speed wireless communication devices.
The THz antenna offers a higher bandwidth, which could be used to transfer more data at
high speeds. The need for high-gain and high-bandwidth THz antennas has increased. The
gain and bandwidth of these THz antennas can be improved using metamaterials.

Metamaterials are artificial materials that can be used to improve many parameters of
THz antennas [1]. Split-ring resonators or thin wires can be used to create these metama-
terials [2]. Complementary split-ring resonators can also be applied to THz antennas to
improve their bandwidth and gain [3]. Metamaterial structures can be used to improve
the frequency of THz peaks. Simulation results showing a peak enhancement of 0.5 THz
were achieved using metamaterial structures [4]. A graphene-material-based metamaterial
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design has previously been used to improve the gain of the THz antenna design [5]. The
design of a microstrip antenna was also presented for THz applications. The antenna was
designed with metamaterial loading, offering a metamaterial realization of the circular
split-ring resonator. Traditional microstrip patch antennas are produced to be smaller and
using more efficient metamaterials [6]. For THz uses, current research delves into the topic
of designing adjustable MIMO antennas with superior isolation, both in terms of their
laterality and orthogonality placement. It is possible to tune antennas by changing the
chemical potential of the patches composed of trapezoidal graphene loaded onto metallic
patch antennas. With the help of flawed ground structures, mutual coupling between the
MIMO antennas can be reduced, even when they are placed laterally [7]. A triple-band
MPA built on a polyimide substrate and integrated with a metamaterial has been presented
as a potential solution for future healthcare applications in the terahertz band [8]. An
antenna with a tunable resonance frequency via an external voltage was presented through
the use of a graphene material. The graphene SRR was used as a metamaterial element in
the design. By taking advantage of the fact that the chemical potential of graphene can
be altered separately for the patch and the array, it is possible to optimize the material’s
properties. A lens could then be incorporated into the design to improve the radiation
properties of the proposed layout [9]. MIMO antennas are used in high-speed wireless
communication applications [10]. MIMO antennas are applicable in 5G applications [11]
and millimeter-wave applications [12].

Today, THz MIMO antennas are used in high-speed communication devices because
of their good isolation, high gain, and high bandwidth. MIMO array antennas have been
designed with graphene materials, and high isolation has been achieved using a serpentine
resonator. The antennas have been applied in THz communication [13]. The two-port
MIMO antenna design was created for THz communication where the graphene-based de-
sign provides high isolation with simultaneous transmit and receive modes [14]. One other
two-port MIMO communication channel design has been used for THz applications, where
the light in the design is maintained between MIMO channels. To maximize the system’s
throughput and reliability, parallel channels created using appropriately spaced antenna
elements have been used, inspired by the principles of diffraction-limited optics [15].
Single-element monopole antennas have been extended into four-port MIMO antennas,
and designed with improved isolation for THz applications. The bandwidth was improved
using the four-element MIMO antenna design [16]. The graphene-material-based patch an-
tenna design is reconfigurable through the change of the chemical voltage of the graphene
material. This reconfigurable MIMO antenna is applicable in THz applications [17]. MIMO
THz antennas are also applicable in the design of quantum key distribution. The MIMO
antenna design has been shown to have a more powerful distribution compared to the
single-element antenna design. The MIMO antenna has one extra secret key component
compared to the simple antenna design [18], which is the tapered square patch design
used for THz communication. The design is fed through using a microstrip line with a
partial ground plane. This design has been shown to be capable of achieving good results
for application in high-speed THz communication devices [19]. The MIMO antenna also
provides better performance when loaded with metamaterials, which can be realized in
the form of different components, such as thin wires, split-ring resonators, complementary
split-ring resonators, etc. The improved MIMO antenna is applicable in many GHz [20]
and THz applications [21].

The MIMO antenna design has been investigated for use in 5G communication, and
has also been presented for integration with portable devices [22]. The use of the broadband
THz four-port MIMO antenna covering a broad spectrum of frequencies was presented
in [23]. The isolation of the MIMO antenna is important, as all the radiating elements need
to be isolated from each other. High isolation is, thus, important, and one such MIMO
antenna design with high isolation was presented in [24]. The loading of metamaterial
elements onto the MIMO antenna design allows for the tunability of the polarization, which
is important when used for differently polarized antennas [7]. The size of the antenna is
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also important if desired to use in portable applications. One such compact antenna for 5G
applications was presented in [25]. High-gain and wideband antennas are applicable in
many applications, as they cover most frequency bands for different applications. One such
MIMO antenna for achieving a high-gain and wideband response was presented in [26] for
vehicular applications.

The optimization of the structural design is essential in achieving the optimized
parameters. The different types of optimization that can be applied to these designs are
nonlinear parametric optimization and linear parametric optimization [27]. The selection
of the optimization algorithm is based on the behavior of the response, whether it be linear
or nonlinear [28]. Nonlinear parametric optimization has previously been presented and
used to achieve high absorption for the design of a solar absorber [29]. A similar approach
could also be applied for the design of an efficient antenna with enhanced parameters, such
as the bandwidth, gain, etc. Mutual coupling between patch antenna array elements can be
reduced through several approaches. One of the approaches was discussed in detail using
a ladder resonator, presented in [30].

The growing demand for high-speed wireless communication devices has led the way
toward the design of an antenna that works at the THz frequency. As such, we propose
a MIMO antenna design that shows a broadband and high isolation response at the THz
frequency range. The proposed antenna is designed with a CSRR-loaded patch antenna.
The antenna design comprising a simple microstrip patch is also designed with similar
dimensions to show the improvement in the design. Nonlinear parametric optimization
is applied to different parameters to achieve the optimal MIMO antenna design. The
proposed antenna could be essential for use in high-speed wireless communication devices.
We show the design, results, and analysis in the upcoming sections.

2. THz MIMO Antenna Design

The THz MIMO antenna design was first prepared with a simple square patch, com-
plemented by split-ring resonator etching, and, finally, through preparing the design of the
complementary split-ring resonator patch antenna. The design is presented in Figure 1,
showing different views for a better understanding of the design. The blue color indicates
the dielectric substrate, and the gray part is the metal patch and ground plane. The com-
plementary square split-ring resonator patch was 41 × 41 μm2 in size. The two elements
of this patch were used to prepare the two-port MIMO antenna. The MIMO antenna was
fed through with a matched microstrip line, as shown in Figure 1a. The two-port MIMO
antenna was placed over a 122 μm substrate with two resonating elements 20 μm apart
from one another. The MIMO antenna was backed with a defected ground structure, which
was used to improve the performance of the antenna. The ground was defected through
etching a section of the ground plane. The width of the ground plane was then reduced from
61 μm to 20 μm. The thickness of the substrate layer was optimized to 1.5 μm. The optimization
results are given in the following results section. The complementary split-ring resonator width
was also optimized. The optimized value of the CSRR rings was R1 = 14 μm and R2 = 6 μm.

The antenna parameter calculation mainly depended on the following equation, where
the length and width are inversely proportional to the frequency, as shown in Equations (1)–(4):
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C
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The envelope correlation coefficient (ECC) and diversity gain (DG) could be calculated
as per Equations (5) and (6) [31].

ECC =
|S∗11S12 + S∗21S22|2(

1 −
(
|S11|2 + |S21|2

))(
1 −

(
|S22|2 + |S12|2

)) (5)

The improvement in the SNR of the multiple-element system over a one-element
system is referred to as diversity gain (DG). The DG was calculated using the following
Equation (6).

DG = 10
√

1−|ECC|2 (6)

The results of the ECC and DG are discussed further in the results and discussions section.

Figure 1. The CSRR metamaterial-based MIMO antenna design. (a) Top view of the THz MIMO
antenna design showing the complementary split-ring resonator design. The patch was 41 × 41 μm2.
(b) Front view of the THz MIMO antenna design showing the MIM layer design. (c) Defected ground
plane with 20 μm ground plane width (GW). The substrate and ground plane length was 122 μm.
The width of the substrate was 61 μm. The substrate thickness (ST), inner ring width (R2), and outer
ring width (R1) were 1.5 μm, 6 μm, and 14 μm, respectively.
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3. THz MIMO Design Results

The design presented in Figure 1 was analyzed to obtain its results for different S-
parameters. The square patch design 41 × 41 μm2 in size was simulated first, and its
response in terms of the S-parameters and gain was obtained. The square patch design
was then etched with a split-ring resonator, and a complementary split-ring resonator
metamaterial patch design was obtained, given in Figure 1. The new metamaterial design
was analyzed and its results were obtained and shown in Figure 2. The results for the
simple patch MIMO design were compared with the complementary split-ring resonator
metamaterial patch antenna design, with the comparison showing that the metamaterial
design had better performance in terms of the S-parameters and gain. The bandwidth
obtained was also higher for the metamaterial design. The bandwidth obtained for the
CSRR metamaterial patch MIMO antenna design was 8.3 THz, showing its ultrabroadband
behavior. This high bandwidth could be used for the development of higher bandwidth
high-speed communication system designs. The simple patch MIMO antenna design had
the highest bandwidth of 1 THz between 14 THz and 15 THz. The simple MIMO antenna
design gave four bands with the highest bandwidths of 1 THz. The highest isolation of
approximately 50 dB was achieved for the CSRR metamaterial patch MIMO antenna design.
The design’s results were further optimized using changes in various physical parameters,
such as substrate height, ground plane width, outer ring width, and inner ring width.
The results for the different MIMO parameters, such as ECC and DG, were analyzed and
presented in this section. The gain results for the two designs were also analyzed and
presented in Figure 3. The antenna designed in this research could be easily fabricated
through the use of lithography and by placing the metal patch over the substrate and
etching the patch to create a CSRR shape.

Figure 2. S-parameter results in dB for THz MIMO antenna designs. (a) CSRR metamaterial-loaded
patch antenna. (b) Simple patch design. The patch was 41 × 41 μm2 backed with 122 × 61 μm2

SiO2 substrate. The ground plane and patch were composed of a gold material. The thickness of the
ground plane and patch was 500 nm.
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Table 1. CSRR metamaterial MIMO antenna design comparison with simple patch MIMO antenna design.

Design Bandwidth (THz) Gain (dB) Isolation (dB)

CSRR metamaterial
MIMO antenna design 8.3 10.34 50

Simple patch MIMO
antenna design 1 4.18 45

 

Figure 3. Gain results for both MIMO designs in dB. (a) CSRR metamaterial-loaded patch antenna.
(b) Simple patch design. The highest gain of the CSRR metamaterial-loaded patch design was
10.34 dB, while the simple patch design was 4.18 dB. The metamaterial inclusion improved the gain
by more than double its original value. The comparison of the two designs for different antenna
parameters is presented in Table 1. The comparison showed that the CSRR metamaterial MIMO
antenna design outperformed the simple patch MIMO antenna design.
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The highest gain for the simple patch MIMO antenna design was 4.3 dB, as shown in
Figure 3b. The results presented in the figure showed that the gain for the simple patch
antenna design was on the lower side. The addition of metamaterial loading improved
the gain of the design. The CSRR metamaterial patch MIMO antenna resulted in 10.34 dB,
which was greater than the simple patch MIMO design. The increase in the gain was
achieved through the etching of the metamaterial in the simple patch design. The etching
of the split-ring resonator from the patch changed its permittivity and permeability, which
resulted in the improved response of the antenna design.

3.1. MIMO Antenna Parameter Analysis

The different MIMO antenna parameters, such as the diversity gain (DG) and envelope
correlation coefficient (ECC), were calculated in this section to show their effect on the
analyzed spectrum ranging from 5 to 15 THz. Both parameters were analyzed using
Equations (5) and (6). The S-parameter results were applied to the equation, and the results
achieved for the ECC and DG were given in Figure 4. The ideal value for the DG was
10 dB, but because of losses, it was not achieved fully. The diversity gain reached a value
of 10 dB throughout the studied spectrum from 5 to 15 THz, except in some parts of the
spectrum at approximately 9 THz. The diversity gain value decayed for some frequencies
at approximately 9 THz, which presented the idea that the diversity was inadequate only
in this frequency range. The S-parameter curves and isolation between the two antennas
was weak around that frequency, which showed that the diversity was also weak, reducing
the diversity gain at that point. Similarly, the way the ECC increased at the same frequency
also showed that the behavior of the design was adequate in the frequency range of 5 THz
to 15 THz. The diversity was good overall for the data transmission and reception in the
studied range. The ideal diversity value would have been zero, but there were still some
minor values available.

Figure 4. CSRR metamaterial MIMO antenna design parameters: (a) DG and (b) ECC.
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3.2. Structural Parameter Optimization

The optimization algorithms could be applied to different structural parameters to
obtain optimized parameters that give not only the best results, but also a compact design.
The parametric optimization method can be applied to these structural parameters to obtain
different optimized parameters. There are two main types of parametric optimization
algorithms [32]. The first one is linear parametric optimization, and the second is the
nonlinear parametric optimization method [33]. The selection of this method is based on
the behavior of the design, whether the behavior of the design is linear or nonlinear. Based
on this behavior, the correct type of optimization algorithm can be applied. The results
of the reflectance clearly showed that the behavior of the results was nonlinear, and, thus,
the nonlinear parametric optimization method could be applied to obtain the optimized
structural parameters.

The functions did not behave linearly, which gave this optimization. It had function
f (x), constraint ci(x) = 1, 2, . . . n, or dj(x) = 1, 2, . . . n, which are components of x that
were nonlinear [34].

The optimization of different structural parameters, such as the substrate height,
ground plane width, and CSRR ring widths, was carried out to optimize antenna results,
such as the bandwidth and S-parameters.

3.3. Substrate Thickness (ST) Optimization

The ST optimization was carried out to obtain the highest bandwidth and good results
for the MIMO antenna design. The optimization was applied to the CSRR metamaterial-
loaded MIMO antenna design. The substrate of the design varied from 0.5 μm to 1.5 μm
to observe its effect on the absorption results. The variation was kept at 1.5 μm, because
increasing the substrate more than this would increase the overall area of the structure,
as well as the cost of the structure, so it was preferential to increase it to a certain limit,
keeping it to a 1.5 μm thickness, so that the substrate was kept to a limit, suitable for
fabrication and also reducing the cost of the substrate. The variation in the figure clearly
showed that the reflectance shown in Figure 5a had the highest bandwidth for the 1.5 μm
thickness. The reflectance level was also high for this value only. The yellow color curve
showed the reflectance for the 1.5 μm thickness. The red and blue color curves showed
a low bandwidth and low reflectance. The transmittance of the design is presented in
Figure 5b, also showing that the transmittance results of the yellow curve of the 1.5 μm
thickness were −50 dB higher, which showed that there was a 50 dB isolation, which is
very good for MIMO antennas. The optimized value of the ST was 1.5 μm.

3.4. Ground Layer Width (GW) Optimization

The GW optimization was carried out to obtain the highest bandwidth and good results
for the MIMO antenna design. The optimization was applied to the CSRR metamaterial-
loaded MIMO antenna design. The ground layer width of the design varied from 20 μm to
35 μm to observe its effect on the absorption results. The variation was kept from 20 μm to
35 μm, because increasing the ground layer width further would have given abrupt results,
and the defected ground concept was implemented by etching the part of the ground plane.
The variation in the figure clearly showed that the reflectance shown in Figure 6a had the
highest bandwidth for the 20 μm ground layer width. The S21 results of the design are
presented in Figure 6b, showing that for 20 μm, the average value was less than −20 dB,
with the highest depth obtained at approximately −50 dB. When the ground layer width
was increased to 25, the reflectance showed only one band with a much lower bandwidth,
and the transmittance also showed a low isolation compared to the 20 μm results. The
increase in the ground layer width did not improve the results any further. Thus, the
optimized value of the GW obtained was 20 μm.
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Figure 5. ST variation from 0.5 μm to 1.5 μm. (a) S11 and (b) S21. The variation was carried out for a
5 to 15 THz frequency range. The optimized value for the ST was 1.5 μm, shown as the yellow-colored
curve in the figure.

3.5. Inner Ring Width (R2) Optimization

The inner ring width (R2) optimization was carried out to obtain the highest bandwidth
and good results for the MIMO antenna design. The optimization was applied to the CSRR
metamaterial-loaded MIMO antenna design. The inner ring width of the design varied
from 6 μm to 8 μm to observe its effect on the absorption results. The variation was kept at
6 μm to 8 μm, because increasing the width of the inner ring further would mix with the
outer ring of the CSRR. The change in the ring width would change the capacitance of the
metamaterial design. The increase in the width increased the capacitance and degraded the
results, as shown in Figure 7. The blue-colored curve in Figure 7a showed the maximum
bandwidth of 6 μm. The increase in the inner ring width degraded the response, and
there was a reduction in the bandwidth, with more resonating bands available at a lower
bandwidth. When the width increased to 8 μm, the result worsened, and there was a
mismatch in the power that also resulted in one peak of 20 dB reflectance, which was
not valid and, therefore, we could not consider this width for the design of the antenna.
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The results showed a mismatch as we further increased the inner ring width; thus, only
these three values were considered in this result. The S21 results also showed that for the
increased inner width, the results of the transmittance showed a peak of 20 dB, which
was not valid and could not be considered. The optimized value of the inner ring width
was 6 μm.

Figure 6. GW variation from 20 μm to 35 μm. (a) S11 and (b) S21. The variation was carried out for
the 5 to 15 THz frequency range. The optimized value of GW was 20 μm, shown as the blue-colored
curve in the figure.
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Figure 7. Inner ring width (R2) variation from 6 μm to 8 μm. (a) S11 and (b) S21. The variation was
carried out for 5 to 15 THz frequency range. The optimized value of inner ring width (R2) was 6 μm,
shown as the blue-colored curve in the figure.

3.6. Outer Ring Width (R1) Optimization

The outer ring width (R1) optimization was carried out to obtain the highest bandwidth
and good results for the MIMO antenna design. The optimization was applied to the CSRR
metamaterial-loaded MIMO antenna design. The outer ring width of the design varied
from 14 μm to 16 μm to observe its effect on the absorption results. The variation was
kept at 14 μm to 16 μm, because increasing the width of the outer ring would increase
the capacitance of the structure. The increase in the width increased the capacitance
and degraded the results, as shown in Figure 8. The blue-colored curve in Figure 8a
showed the maximum bandwidth of 14 μm. The reflectance for the 14 μm outer width
thickness showed better results, giving the maximum bandwidth compared to all the other
investigated design lengths. The 15 μm outer ring width was shown with an orange, dashed
color plot in the figure, with the plot showing less than −10 dB results for three bands with
a maximum bandwidth at approximately 1 THz, which was much lower compared to the
8.3 THz bandwidth of the 14 μm width design. The results were even more degrading
for the 16 μm design results, which showed only one band with at approximately −12 dB
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reflectance, and with a lower bandwidth. Similar results were also obtained for S21, with
the results presented in Figure 8b. Thus, the optimized outer ring width obtained was
14 μm.

Figure 8. Outer ring width (R1) variation from 14 μm to 16 μm. (a) S11 and (b) S21. The variation was
carried out for 5 to 15 THz frequency range. The optimized value of inner ring width (R1) was 14 μm,
shown as the blue-colored curve in the figure.

The permittivity, which is very important for metamaterials, was also obtained and pre-
sented in Figure 9. Both the real and imaginary parts were presented. The complementary
split-ring resonator metamaterial was placed in a two-port network and the permittivity
was calculated based on the metamaterial approach given in [35]. To be a metamaterial, its
permittivity would have to be negative and in the figure; it was visible that the permittivity
attained negative values in the investigated spectrum. The current distribution in the
MIMO antenna design is also presented in Figure 10. The current distribution showed the
highest current density of 3 × 104 A/m. The 2D radiation pattern plot is also presented
in Figure 11 for different phi values. Four different radiation patterns were presented for
phi values of 45◦, 90◦, 135◦, and 180◦. Radiation patterns were presented for a reference
frequency of 10 THz. The radiation patterns for the other frequencies and other phi values
could also be similarly achieved.
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Figure 9. The permittivity curve for the investigated wavelength range of 5 μm to 15 μm. The
real part and imaginary parts of permittivity are presented as red-colored and blue-colored dashed
lines, respectively.

 

Figure 10. The current distribution in the MIMO antenna design: 3 × 104 A/m.

The THz MIMO antenna design for the CSRR metamaterial patch element and simple
patch element was compared with outer designs and presented in Table 2. From the com-
parison, it was clear that the design had a high bandwidth and high gain. Apart from this,
the design of the antenna was simple to fabricate and low cost, as we achieved everything
with a two-port MIMO design only compared to a four-port design. Thus, the novelty of
the design was shown to be a high bandwidth, high gain, low cost, easy fabrication, and
compact size. These were the five novelties associated with our metamaterial MIMO design.
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Figure 11. Radiation patterns for different theta values for 10 THz frequency. (a) Phi = 45◦;
(b) Phi = 90◦; (c) Phi = 135◦; (d) Phi = 180◦.

Table 2. CSRR metamaterial MIMO antenna design comparison with simple patch MIMO antenna
design and other designs.

Design Bandwidth (THz) Gain (dB) Isolation (dB)

CSRR metamaterial MIMO
antenna design 8.3 10.34 50

Simple patch MIMO
antenna design 1 4.18 45

[7] 1.4 - 38

[36] 0.6 7.23 55

[37] 0.15 5 50

[15] - 7.69 -

[38] 1.25 5.72 30

[39] 0.5 3.9 52

[40] 0.12 - 30

[41] 1 - -
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4. Conclusions

We compared two THz MIMO antenna designs in our research, namely, a CSRR
metamaterial design and a square patch design. The gain and S-parameters were compared
for these two designs. The CSRR design showed better performance compared to the
other design at a 50 dB isolation, 10.34 dB gain, and 8.3 THz ultrabroadband width. The
investigation was carried out for a 5 to 15 THz frequency range. Nonlinear parametric
optimization was applied to the ground layer width, substrate thickness, CSRR inner
ring width, and CSRR outer ring width. The optimized design parameters were achieved
through this optimization. The current distribution and radiation patterns were also
presented for the CSRR metamaterial design. The permittivity of the CSRR metamaterial
design showed a negative behavior for its real and imaginary parts. The designed MIMO
antennas were also compared with other published works. Overall, the proposed MIMO
antenna with its high isolation, high gain, and broadband response could be applied in
high-speed wireless communication devices.
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Abstract: A dual-polarized double-layer microstrip antenna with a metasurface structure is proposed
for 5G and 5G Wi-Fi. A total of 4 modified patches are used for the middle layer structure, and
24 square patches are used for the top layer structure. The double-layer design has achieved −10 dB
bandwidths of 64.1% (3.13 GHz~6.08 GHz) and 61.1% (3.18 GHz~5.98 GHz). The dual aperture
coupling method is adopted, and the measured port isolation is more than 31 dB. A low profile of
0.096λ0 is obtained (λ0 is the wavelength of 4.58 GHz in the air) for a compact design. Broadside
radiation patterns have been realized, and the measured peak gains are 11.1 dBi and 11.3 dBi
for two polarizations. The antenna structure and E-field distributions are discussed to clarify its
working principle. This dual-polarized double-layer antenna can accommodate 5G and 5G Wi-Fi
simultaneously, which can be a competitive candidate for 5G communication systems.

Keywords: microstrip antenna; double-layer; low-profile; wideband; periodical structure;
dual-polarized

1. Introduction

The popularity of intelligent wireless terminals, autopilot, Virtual Reality (VR), and
the Internet of Things (IoT) has put forward high requirements on wireless communication
networks in terms of large system capacity, high transmission speed, and low network delay.
Compared with 4th Generation (4G) wireless communication technology, 5th Generation
(5G) technology can achieve a high-speed data rate with reduced network delay. It can carry
out stable transmission in different scenarios. Recently, 5G wireless systems have been
deployed widely. In addition, 5G WiFi has been developed for wireless environments inside
buildings to improve indoor wireless network coverage. It has strong anti-interference
ability, broad bandwidth, high throughput, and scalability. Most 5G systems operate
between 3.3 GHz and 5 GHz, and the 5G WiFi band is from 5.15 GHz to 5.85 GHz.

Antennas for 5G and 5G Wireless-Fidelity (Wi-Fi) can be applied in the fields of mobile
communication for high-speed data transmission and low-latency communication services,
vehicle networking to achieve safer and more intelligent transportation systems, industrial
automation for large-scale IoT device connections and data transmission, and medical and
health for real-time interaction between medical devices and cloud data.

Single-polarized antennas have been studied extensively [1–8]. However, polarization
diversity antennas have several advantages over traditional single-polarized antennas.
Firstly, they can provide better signal quality and reliability by reducing signal fading
and interference caused by polarization mismatch, which is particularly important in
urban or crowded environments with multiple signals. Secondly, polarization diversity
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antennas can improve the range of wireless communication systems by reducing the effects
of multipath propagation. Multipath propagation occurs when signals are reflected off
surfaces and arrive at the receiving antenna at different times and phases, causing distortion
and interference. Using two antennas with different polarization orientations, the receiver
can combine the signals from both antennas and effectively cancel out the interference
caused by multipath propagation. Finally, polarization diversity antennas can increase the
capacity of wireless communication systems by allowing multiple users to transmit and
receive data simultaneously on the same frequency band without interfering with each
other. Overall, polarization diversity antennas offer significant improvements in signal
quality, reliability, range, and capacity compared to traditional single-polarization antennas,
making them a popular choice for a wide range of wireless communication applications.

Many antennas with dual-polarization performance have been investigated widely,
for example, dipole [9–14], patch [15–20], and slot designs [21–23]. Many dual-polarized
antennas working at the 5G frequency band have been designed. For dipole designs, a
pair of printed bent dipoles was introduced with a balun and parallel transmission line for
wideband performance [9]. A bandwidth of 10.5% was obtained with a port isolation of
52 dB and cross-polarization of 40 dB. A dual-polarized fan-shaped dipole antenna was
designed with a frequency range from 3.3 GHz to 4.2 GHz [10]. A dual-polarized dipole
antenna was exploited in [11]; the metasurface structure was placed between the dipole
and the ground for a low profile. A bandwidth greater than 29.5% was achieved with an
isolation of 34 dB and a height of 0.096λ0. The bandwidth was extended by a metal plating
antenna with a 3D printing process [12]. It consisted of two orthogonal polarized dipoles.
The tested bandwidth was from 3.5 GHz to 5.1 GHz with the voltage standing wave ratios
less than 1.5. The antenna height was 0.24λ0 and the isolation was better than 18 dB. A
novel dual-polarized magneto-electric dipole was reported in [13] with dielectric substrate
loading. The antenna structure included vertical short-circuit patches and horizontal planar
dipoles. Based on this design, the antenna had an impedance matching bandwidth of
24.9% and a height of 0.15λ0. The bandwidth of the dual-polarized magneto-electric dipole
antenna was further improved to 65.9% [14]. It had stable radiation patterns with a port
isolation greater than 36 dB. However, the antenna had a relatively larger height of 0.24λ0.

For the patch designs, a single-ended, dual-polarized patch antenna was proposed
in [15]. Although an extremely low profile of 0.06λ0 was realized, it had a limited bandwidth
of 5.7% with a port isolation of 25.4 dB. A patch antenna was discussed in [16] with a hybrid
feed structure. The −10 dB bandwidth was 14% and the isolation level between two ports
was less than 40 dB. To expand the bandwidth, a differentially driven dual-polarized
patch antenna was investigated [17]. A wide impedance matching frequency band of
17.2% was obtained from 3.17 GHz to 3.77 GHz with a low profile of 0.067λ0 (λ0 is the
free-space wavelength at 3.5 GHz). It had a high isolation greater than 38.5 dB and a low
cross-polarization level less than −33 dB. A dual-polarized patch antenna was exploited
with an etched bowtie slot [18]. A 10 dB reflection coefficient bandwidth of 18.8% was
realized for two polarizations with a port isolation less than 28.5 dB and a low profile of
0.08λ0. To further improve the working frequency band, microstrip antenna designs using
stacked patches have emerged [19,20]. A two-layer stacked patch was utilized to optimize
the bandwidth [19]. A fractional impedance bandwidth of 19% was realized with a port
isolation of 35 dB. In [20], a differentially fed stacked patch antenna was proposed for base
station application. The driven patch was excited by tuned slots, and the top parasitic patch
was employed to enhance the impedance bandwidth. A broadband performance of 49.4%
was achieved with a high isolation greater than 37 dB.

For the slot designs, a differentially fed dual-polarized slot antenna was proposed
for base station application [21]. Two H-shaped slots were etched on an octagon patch. It
had a bandwidth of 19.3% with a VSWR (voltage standing wave ratio) less than 1.5 and
a port isolation larger than 43 dB. The frequency band was improved by a microstrip-fed
stepped-impedance slot antenna [22]. The slot was excited by a stepped feeding strip. The
tested relative bandwidth was 38.7% from 1.69 GHz to 2.5 GHz with an isolation greater
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than 35 dB. The frequency band was further widened by a dual-polarized cross-shaped slot
antenna, which was excited by U-shaped microstrip lines [23]. A broad bandwidth of up to
68% was achieved with an |S11| less than −10 dB from 1.3 GHz to 2.65 GHz. However,
the port isolation was only 20 dB, and the profile was 0.27λ0.

There are also some other dual-polarized designs. A folded bowtie antenna was
discussed in [24] operating between 3.1 and 5 GHz with a relatively large profile. The
filtering antenna had a wide working band of 25.6% and a low cross-polarization ratio of
22 dB [25]. A differentially fed filtering antenna was reported for the 5G frequency band. It
had dual operation bands from 3.28 GHz to 3.71 GHz and from 4.8 GHz to 5.18 GHz [26].
A wideband differentially fed laminated resonator antenna was reported in [27] with a
wideband of 29% and a port isolation better than 35 dB.

In 2014, a broadband low-profile metasurface antenna was presented based on a
periodical mushroom structure [28]. The proposed antenna was formed using 4 × 4
mushroom cells and a ground plane. The operating principle of the metasurface antenna
was investigated, and the field distributions of the resonance modes were examined.
Then, the metasurface antennas were studied extensively due to their desired features
such as low-profile structure, stable radiation performance, high efficiency, and good
cross-polarizations. Recently, metasurface antennas have been designed to accommodate
different communication systems including 5G and 5G WiFi [29–32]. The bandwidth was
extended to 28% in [29]. A dual-polarized metasurface antenna was reported in [30]. It
had a low profile of 0.058λ0 with a −10 dB bandwidth of 25%, and the port isolation was
greater than 34 dB. To improve the frequency band, a dual-polarized grid-slotted microstrip
antenna was designed using a Y-shaped feeding strip [31]. The tested port isolation was
better than 14.5 dB with a wideband performance of 43%. However, only part of the 5G
band was covered. Then, a dual-polarized antenna with a low profile was designed for the
5G frequency band [32]. Its working band was from 3.2 GHz to 5.1 GHz with a bandwidth
of 53.4%. However, only part of the 5G and 5G Wi-Fi bands were covered. So, some novel
designs are expected to accommodate the 5G sub-6 GHz (3.3 to 5 GHz) and 5G Wi-Fi
(5.15 GHz to 5.85 GHz) bands with a relative bandwidth of at least 55%. Furthermore, a
low-profile design is more appreciated as it can save installation space effectively.

A comparison is conducted in Table 1 including different kinds of dual-polarized
works. References [9,10,12,20,24] have relatively large profiles. References [13,21,22,25–27]
have relatively narrow working frequency bands. Although references [11,15–19,29–32]
have low-profile designs, their working frequency bands are relatively narrow. Refer-
ences [14,23] have broadband performances. However, the reported antenna heights were
higher than 0.23λ0.

To achieve the required bandwidth, low profile, high isolation, and higher gain per-
formance, we designed a dual-polarized low-profile broadband antenna to accommodate
5G and 5G Wi-Fi bands. The paper is organized as follows. The background of the
dual-polarized antenna is discussed in Section 1. The detailed double-layer structure and
materials of the proposed antenna elements are described in Section 2. To validate the
dual-polarized design, a prototype with the metasurface was fabricated and tested in
Section 3. The working mechanism, the influence of the double-layer structure, and the
influence of the feeding strip on the antenna performance are investigated in Section 4.
Some concluding remarks are given in Section 5.
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Table 1. Comparison of this work with other dual-polarized designs.

Ref.
Height

(λ0 @ Center Freq.)

Relative
Bandwidth

(%)

Port
Isolation

(dB)

Element
Peak Gain

(dBi)

Ant.
Type

[9] 0.25λ0 10.5 52 9.9 dipole
[10] 0.26λ0 24 25 7 dipole
[11] 0.096λ0 29.5 20 9 dipole
[12] 0.24λ0 37.2 18 9 dipole
[13] 0.15λ0 24.9 29 8.2 dipole
[14] 0.23λ0 65.9 36 9.5 dipole
[15] 0.06λ0 5.71% 24 10.9 patch
[16] 0.096λ0 14 40 7.4 patch
[17] 0.067λ0 17.2 38.5 8.2 patch
[18] 0.08λ0 18.8 28.5 8 patch
[19] 0.08λ0 19 35 11 patch
[20] 0.27λ0 49.4 37 8.7 patch
[21] 0.13λ0 19.3 43 8.1 slot
[22] 0.16λ0 38.7 35 N.A. slot
[23] 0.27λ0 68 20 9 slot
[24] 0.45λ0 46.9 28 7.5 folded bowtie
[25] 0.14λ0 25 20 N.A. filtering ant.
[26] 0.13λ0 12.3 and 7.6 37 8.34 filtering ant.
[27] 0.115λ0 29.2 35 7.58 laminated ant.
[30] 0.058λ0 25 34 10 metasurface
[31] 0.06λ0 43 14.5 10.1 metasurface
[32] 0.047λ0 53.4 30 9.9 metasurface

2. Materials and Methods

The proposed dual-polarized antenna is shown in Figure 1. The dual-polarized
microstrip antennas consist of a double-layer metallic structure, a ground plane, and
feeding strips printed on dielectric substrates. The double-layer patches are made of copper,
and the substrates are typically made of insulating material. The ground plane serves as
a reflector.

Figure 1. The proposed wideband dual-polarized double-layer antenna.

Relong and Epoxy glass fiber (FR4) laminates are employed for the top and mid-
dle layer substrates. The double-layer structure of the microstrip antennas has several
advantages. It provides improved bandwidth and radiation patterns as the two layers
can be designed to have different dielectric constants and thicknesses to achieve desired
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characteristics. The Relong and FR4 laminates have relative dielectric constants of 2.2 and
4.4, respectively. Their loss tangents are 0.0009 and 0.02. An air gap is used to separate
the Relong and FR4 substrates. The use of low dielectric constant materials in microstrip
antennas offers several advantages. Firstly, it can decrease the Q factor and improve the
radiation efficiency of the antenna by reducing losses due to dielectric absorption. Secondly,
it can increase the bandwidth of the antenna by reducing the effect of surface waves. So, low
dielectric constant materials in microstrip antennas can improve the antenna’s performance.
Detailed antenna structural parameters are in Table 2.

Table 2. Antenna parameters (mm).

Para. Value Para. Value Para. Value Para. Value Para. Value Para. Value Para. Value

LG 125.0 L6 22.0 L12 2.0 L18 2.5 W1 10.5 W7 2.4 G1 1.1

L1 31.0 L7 24.2 L13 5.0 L19 4.0 W2 8.7 W8 3.0 G3 4.6
L2 28.2 L8 9.0 L14 3.8 L20 7.5 W3 15.0 W9 19.5 R1 4.0

L3 11.8 L9 20.1 L15 3.4 L21 7.5 W4 5.0 W10 18.0
L4 12.2 L10 7.1 L16 6.0 L22 80.0 W5 3.0 W11 5.0

L5 4.8 L11 10.0 L17 8.5 L23 83.0 W6 2.3 G1 0.8

The double-layer structure is at the center of the ground with a size of 125 × 125 mm2.
The top layer has a height of 5.3 mm, and the adopted Relong substrate has a size of
80 × 80 mm2 with a thickness of 1 mm. In Figure 2a, 16 square patches are printed at
the center while 8 square patches are at the four edges for better impedance matching,
especially at the higher band. The central patches have a separation of G1 with a length of
W1. The edge patch has a length of W2 with a gap of G2. The middle layer is placed above
the ground with a height of 2 mm. In Figure 2b, there are four metallic patches at the center
of the 0.8 mm thick FR4 substrate with a size of 83 × 83 mm2. The patch shape is optimized
with a circular slot at the center.

In Figure 2c, the feed networks are placed at the bottom of the 31 mil thick Relong
substrate. An aperture-coupled feeding method is adopted for the antenna excitation,
which can decrease the current discontinuity on the patches. An aperture-coupled feeding
technique has several advantages over other feeding methods. Firstly, aperture-coupled
feeding provides a simple and compact structure for easy integration with other circuits
and components. The feeding structure consists of a microstrip line with a slot coupled to
the radiating element. The microstrip line can connect other circuits or components, such
as filters or amplifiers, which makes it a versatile and flexible feeding method for various
applications. Secondly, the coupling between the microstrip line and the radiating element
can be adjusted by varying the gap size, providing more flexibility for a wider operating
bandwidth compared to other feeding methods, such as coaxial or waveguide feeding.
Overall, aperture-coupled feeding can offer a simple, compact, and high-performance
feeding method for antenna design, making it a popular choice in many applications.

For each polarization in this design, two arc-shaped slots are carved on the ground,
stimulated by the feedline on the bottom of this substrate. The feeding strip intersection
would result in low port isolation [31]. A power divider is introduced into the feed
structure, and the microstrip feedlines for two polarization directions are properly designed
to avoid the intersection [30,32]. Good port isolation is achieved across the passband. The
terminals of the feedline structure are modified for better impedance matching, which will
be discussed later.
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a b

Figure 2. The dual-polarized antenna structure: (a) top structure; (b) middle layer; (c) ground plane.

3. Results

The double-layer antenna prototype was fabricated and assembled to verify the pro-
posed antenna design. HFSS (High-Frequency Structure Simulator) software was adopted
for antenna simulation and optimization. HFSS is a powerful 3D electromagnetic simulation
software widely used in the design and analysis of high-frequency electronic components
and systems. It uses the finite element method (FEM) to analyze the electromagnetic
characteristics of three-dimensional objects. An air box was used to surround the antenna
model. By setting radiation boundary conditions on the surface of an air box, an infinite
space can be simulated. HFSS software uses adaptive mesh generation technology to auto-
matically generate accurate and effective meshes to complete the discretization of analysis
objects. Usually, the grid size is less than one-tenth of the wavelength corresponding to the
solution frequency.

The antenna prototype is in Figure 3. The fabrication procedure was as follows: Firstly,
the multilayer antenna structure was fabricated using printed circuit board technology.
Then, the SMA connector was welded to the feed port on the antenna ground. Finally, the
multilayer antenna structures were assembled, and the middle and upper structures were
fixed on the ground at specific heights using plastic screws.
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Figure 3. Antenna prototype.

A Rohde & Schwarz ZVA24 network analyzer was used for the measurement of the
S-parameter, as shown in Figure 4. The parameters of the Rohde & Schwarz ZVA24 network
analyzer are in Table 3. Two ports of the dual-polarized antenna were connected to the
network analyzer, and the tested S-parameter results were measured and exported. Figure 5
depicts the calculated and tested results of the |S11|, |S22|, |S12|, and gain. Although
there were some assembly errors, the test and simulation results are consistent. For Port
1, the calculated frequency band less than −10 dB started from 3.29 GHz, and the tested
band was from 3.13 GHz to 6.08 GHz with a relative bandwidth of 64.1%. For Port 2,
the calculated band started from 3.3 GHz, and the measured band was from 3.18 GHz to
5.98 GHz with a relative bandwidth of 61.1%. Based on the tested results, the frequency
band between 3.3 GHz and 5.875 GHz was completely covered.

Figure 4. Antenna prototype testing scenario with Rohde & Schwarz ZVA24 network analyzer.

Table 3. The performance parameters of the Rohde & Schwarz ZVA24 network analyzer.

Parameter Performance

Frequency range 67 GHz
Port 4

Dynamic range >150 dB
Output power >18 dBm

Measurement speed <2 μs
Sample time 430 ns

IF bandwidth 15 MHz
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a

b

Figure 5. Measured and simulated S-parameters and gains: (a) Port 1; (b) Port 2.

The calculated and tested port isolations are plotted in Figure 6. Due to the assembly
errors, there are certain deviations between the simulated and tested results. Though
the tested |S12| is slightly different from the simulation result, the tested |S12| can be
maintained below −31 dB using the optimized feeding network. So, satisfactory port
isolation has been accomplished for the dual-polarized antenna.

Figure 6. Calculated and tested port isolation.

The radiation performance was obtained in an anechoic chamber. An ATS200 multi-
probe test system with a spherical near-field (SNF) testing method was used to measure the
radiation properties of the antenna [33]. The near-field testing environment had 23 near-
field probes in Figure 7. Its performance parameters are in Table 4. The antenna was placed

39



Micromachines 2023, 14, 942

at the center of the spherical measurement range, and the near-fields were tested at a series
of points on a sphere enclosing the antenna. The SNF method is used to measure the far-
field radiation properties of an antenna, which cannot be directly measured in a laboratory
environment. The technique involves measuring the electromagnetic field on a spherical
surface surrounding the antenna; then, an algorithm is used to convert the measurements
into a far-field radiation pattern. The advantages of the SNF method include its ability to
measure the far-field radiation properties of an antenna in a laboratory environment and
its accuracy in measuring complex radiation patterns. The method is widely used in the
design and testing of antennas for various applications.

 

Figure 7. Antenna prototype testing scenario in the chamber.

Table 4. The performance parameters of the multi-probe test system.

Parameter Performance

Frequency range 800 MHz~6 GHz
Dynamic range 75 dB
Gain stability 0.3 dB
TRP stability 0.5 dB
TIS stability 0.7 dB
Polarization Circular, linear, elliptical

The tested gain performances are also plotted in Figure 5. For the 5G and 5G Wi-Fi
bands between 3.3 GHz and 5.875 GHz, the measured gain of Port 1 varied between 7.9 dBi
and 11.1 dBi. The average value was 9.62 dBi with a tested peak value of 11.3 dB at 5.2 GHz.
The measured gain of Port 2 fluctuated between 7.7 dBi and 11.3 dBi. The average value
was 9.64 dBi with a measured peak value of 11.3 dB at 5.5 GHz.

The calculated and tested radiation patterns of the two polarizations are plotted in
Figures 8 and 9 at 4 GHz and 5 GHz. It is noticed that broadside radiation patterns have
been achieved across the passband. The calculated and tested co-polarization curves almost
overlap with each other. The tested cross-polarizations at 4 GHz and 5 GHz were less than
−14.8 dB for Port 1 and −18 dB for Port 2. The measured back radiation levels at 4 GHz and
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5 GHz were less than −11 dB for Port 1 and −10 dB for Port 2. So, low cross-polarization
and back-lobe levels have been obtained.

Figure 8. Calculated and tested radiation patterns of Port 1: (a) 4 GHz; (b) 5 GHz.

a

Figure 9. Cont.
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b

Figure 9. Calculated and tested radiation patterns of Port 2: (a) 4 GHz; (b) 5 GHz.

4. Discussions

The antenna’s structures were discussed to clarify their influence on the antenna’s
performance, including the top layer and feedline. Many theories have been developed
for antenna mode analysis; for example, the eigenmode [30] and characteristic mode [34].
In this design, the electric field distributions were analyzed to investigate the working
mechanism. Port 2 was selected for the following discussion.

Firstly, the influence of the top layer’s structure on the antenna performance will be
discussed. The comparison of the S-parameters with and without the top layer is conducted
in Figure 10. It is clear that the top layer had a significant effect on impedance matching.
The curve of |S22| without the top layer was above −10 dB. So, the antenna with only
the middle layer had poor impedance matching. After loading the top layer structure, the
|S22| was improved effectively, and the curve was below −10 dB. So, a top layer structure
can improve impedance matching effectively. It was concluded that the middle layer and
the ground formed the basic microstrip structure and the top layer was loaded to augment
the antenna’s performance.

Figure 10. The influence of the top layer on the S-parameter.

The S-parameters with and without edge patches are compared in Figure 11. The red
solid line is based on 16 patches while the blue dashed line is based on the proposed design
with 8 edge patches. It is noticed that the impedance matching with 16 patches deteriorated
slightly near 5.5 GHz and the |S22| was barely maintained at −10 dB. After loading the
eight edge patches, the impedance at the higher frequency became better and the |S22| was
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less than −12 dB across the passband. So, edge patches can improve impedance matching
at a higher band effectively, and a wider bandwidth can be accomplished.

Figure 11. The influence of edge patches on the S-parameter.

The S-parameters with different feeding strips are compared in Figure 12. The red
solid line is with a common straight feeding strip, while the blue dashed line is based on
the feeding strip with a modified terminal structure. It is observed that the |S22| with
an ordinary straight feeding strip was only −7 dB near 4 GHz. To optimize the working
frequency band, the feeding strip structure was modified with an optimized terminal
structure. Then, the impedance matching near 4 GHz was improved effectively and the
|S22| became better than −12 dB across the passband. So, a modified feeding strip can
improve the S-parameter at 4 GHz.

Figure 12. The influence of different feeding strips on the S-parameter.

To analyze the working mechanism of this dual-polarized antenna, effective and
instantaneous electric field distributions between the radiating patches and the ground
are plotted in Figures 13 and 14 with the electric field in the horizontal direction. Three
frequency points were selected at 3.5 GHz, 4.5 GHz, and 5.5 GHz. The eigenmode method
was adopted to discuss its working principle. It is observed from Figure 13 that the effective
electric field distributions were symmetrical with four maximum points along the Y-axis.
As the antenna had a large resonant structure at a low frequency, the effective electric field
area was also relatively large in the polarization direction. When the frequency increased,
the effective electric field area was reduced in the polarization direction.
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a  b  

 
 

Figure 13. Effective electric field distributions of the microstrip antenna: (a) 3.5 GHz; (b) 4.5 GHz;
(c) 5.5 GHz.

  
a  b  

 
 

Figure 14. Instantaneous electric field distributions of the proposed antenna: (a) 3.5 GHz; (b) 4.5 GHz;
(c) 5.5 GHz.

44



Micromachines 2023, 14, 942

Corresponding to the effective electric field distribution, the instantaneous electric
field is plotted in Figure 14. It is noticed that the electric field direction changed three
times in the polarization direction at three frequencies. Because of these separated patch
structures, the electric field phase changed by 180 degrees at the center in the polarization
direction. Based on the electric field distribution, the proposed double-layer microstrip
antenna was mainly in anti-phase TM20 mode at low, middle, and high frequencies. So,
wideband performance was obtained based on the proposed structure.

5. Conclusions

A dual-polarized double-layer antenna was investigated for 5G and 5G Wi-Fi. The
middle layer and the ground constructed the basic antenna structure, and a metasurface
structure was applied for the top layer to improve impedance matching. Broadband
performances of 64.1% (3.13 GHz~6.08 GHz) and 61.1% (3.18 GHz~5.98 GHz) were achieved
with anti-phase TM20 modes across the passband. A feeding strip with a modified terminal
structure can improve the impedance matching of the middle band, and parasitic edge
patches can optimize the impedance matching of the higher band effectively. A high port
isolation of 31 dB was achieved. Furthermore, the antenna had a low profile of 0.096λ0
for space saving and easy installation. The antenna element had realized high peak gains
of 11.1 dB and 11.3 dB with broadside radiation patterns and low cross-polarizations.
With these favorable characteristics, this broadband dual-polarized antenna should find
widespread applications for 5G and 5G Wi-Fi communications.
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Abstract: The manuscript represents a novel square tooth-enabled superstrate metamaterial loaded
microstrip patch antenna for the multiple frequency band operation. The proposed tooth-based
metamaterial antenna provides better gain and directivity. Four antenna structures are numerically
investigated for the different geometry of the patch and tooth. These proposed structures are
simulated, fabricated, measured, and compared for the frequency range of 3 GHz to 9 GHz. The
electrical equivalent model of the split-ring resonator is also analyzed in the manuscript. The
comparative analysis of all of the proposed structures has been carried out, in terms of several
bands, reflectance response, VSWR, gain and bandwidth. The results are compared with previously
published works. The effects are simulated using a high-frequency structure simulator tool with the
finite element method. The measured and fabricated results are compared for verification purposes.
The proposed structure provides seven bands of operation and 8.57 dB of gain. It is observed that the
proposed design offers the multiple frequency band operation with a good gain. The proposed tooth-
based metamaterial antenna suits applications, such as the surveillance radar, satellite communication,
weather monitoring and many other wireless devices.

Keywords: microstrip patch antenna; metamaterial; advanced; multiband; directivity; gain

1. Introduction

An antenna is a prime component in all kinds of wireless communication. We are
converting most wired technology to wireless, to ease equipment usage and to cover long-
range communications, due to the heavy demand for multiple applications, such as mobile
communication, wireless local area networks, global positioning system (GPSs), radio
frequency identification (RFID) and many more. RF engineers always face challenges, such
as multi-bands, wide bandwidths, high gains, and power-efficient antennas [1]. There is a
need to target multiple applications with the same device. To achieve the same multiband
and broadband antenna, it is helpful to cover the broader spectrum. An antenna with a low
profile, a small size and broadband should be located in the front of the system to target
multiple wireless communication applications [2]. One of the significant challenging parts
is to design a smaller antenna, as a microstrip patch antenna is more suitable. A microstrip
patch antenna is also called a printed antenna or patch antenna [3]. The advantages
of patch antennas are their low cost, better reconfigurability and ease of fabrication [4].
However, due to certain drawbacks of microstrip patch antennas, such as their low gain, low
bandwidth and low directivity, some improvement is required [5,6]. Multiband antennas
have tremendous applications in mobile communication [7,8].
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There is always controversy in bandwidths and antenna sizes. The rise of one parame-
ter will degrade another parameter. There are many ways available to achieve a multiband
operation, such as engraving slots on a patch [9], loading shorted slots with outers [10],
etching unit-cells of metamaterial on/around the patch and loading it on a substrate,
ground layer [11]. The explosion in cutting-edge wireless communication methods has led
to a steady rise in the demand for compact mobile devices. Therefore, new approaches to
the design of wireless components are needed to meet many performance requirements at
once. Every wireless mobile component’s design and performance improvement currently
faces significant hurdles, including the need for a compact size, lightweight, low profile and
cheap cost. The antenna is one of the wireless components that will need to be improved,
to keep up with the demands of modern communication networks.

Many methods are available for enhancing the bandwidth and the gain of an antenna.
It can be accomplished by raising the thickness of the substrate [12], but the surface
radiation is affected by changing substrate’s thickness [13]. The solution is achieved by
using a substrate with a low profile [14], a different impedance matching network and a slot
antenna geometry [8,15]. A novel meandered high-impedance patch antenna provides the
desired multiband behavior by inserting narrow slits in the patch [16]. A broadband folded
patch antenna is used for wireless local area network applications [17]. Multiple patches
and ground plane slots are used to achieve the multiband operation [18]. Different shapes
in the patch also enrich the antenna’s bandwidth [19,20]. There are some approaches
available for the antenna’s gain improvement, such as the partial ground method, the
diffractive ground [21], an artificially soft surface [22], micromachining technology and
a substrate with a high dielectric constant, such as liquid (water-sea), rather than copper.
However, there is a high fabrication cost for anElectronic Band Gap ( EBG), including the
artificially soft surfaces and micromachining technology. The substrate multilayer provides
a better bandwidth but degrades the antenna’s gain, as well as the efficiency of antenna’s
structure [23]. The high gain antenna using the hexagon-shaped metamaterial elements, is
presented in the article [6]. The shape variation of the metamaterial elements affects the
band response [24,25]. The metamaterial concept-inspired wearable fractal antenna helps
to target different IoT applications [26]. The fractal Sierpinski-shaped antenna concept
helps to target multiple wireless applications with miniaturization features [27].

A superstrate provides an effective way to reduce the mutual coupling between
radiating elements. It reduces the turns’ mutual coupling and supports the antenna’s
directivity improvement [28,29]. There are many methods available for the antenna’s
improvement, such as an array of the antenna, a surface-mounted horn antenna, composite
conductors and a lens antenna [30–32]. At the same time, the main limitations of these
designs are the large space requirements and the hardware needed for the high-gain
antennas [6,33]. The listed problems are solved by adding artificial properties to the
material, these are called metamaterials.

Metamaterial provides a negative value of permittivity ( ) and permeability (μ) [34].
The primary elements for making metamaterial are the complementary split-ring resonators
(CSRRs) and metal wires. The gap between the two terminals of a metal wire behaves as
the capacitance, and their curvature shape provides an inductance effect. The size of such a
structure is less than the ordinary resonating structure [35]. The metamaterial approach
helps to achieve targets, due to their negative permittivity and negative permeability
concept [36]. Metamaterial-based designs are used for making perfect lenses, invisibility
cloaks, electromagnetic bandgaps (EBGs) and photonic bandgaps (PBGs) [37]. In antenna
development, the composite electromagnetic bandgap structure (EBG) and the metamaterial
inhibit the electromagnetic wave for a specific range of frequency [38,39]. This structure
innovates a new way of developing compact and better performing RF components [40].
The two-dimensional EBG design confines the surface wave in a patch structure and
metamaterial, enhancing the antenna’s gain, directivity and reflectance response [41].
There are a few possible ways for the miniaturization of metamaterial antennas. First is a
substrate with a high permittivity, a low tangent loss and a rising thickness. Second is a
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zero-impedance plane, similar to the perfect electric conductor. Third is inserting an infinite
impedance identical to an excellent magnetic conductor. Efficiency, in the third case, is
reduced due to the dissipative loss [42,43]. Fourth is using metamaterial above a patch
antenna to condense the surface waves. An array of metamaterial rings will enrich the
antenna’s gain, but it also increases the size of the antenna. The solution is provided by
inserting a tooth on the exterior surface of the ring [44].

The manuscript presented here represents a novel metamaterial-based multi-layered
superstrate structure, to achieve the multiband operation for S, C and X frequency bands.
Gain improvement has been achieved by adding a tooth to the metamaterial structure [45].
Four designs are simulated to achieve a high gain, multiband and broadband characteristics.
The first design is a patch with connectors and metamaterial rings with the tooth. The
second is a patch with connectors and metamaterial without a tooth. The third is a patch
without connectors and metamaterial with the tooth. Fourth is a patch without connectors
and metamaterial without a tooth. The charge distribution in the patch region is affected,
due to the connector section of the exterior and interior patch elements. Therefore, it leads
to a change in the reflectance response plot. The effect of the tooth over the metamaterial
loaded structure helps to attain a better performance. All designs are compared using
different substrate materials, such as Rogers RT Duroid 5880 and FR4 materials. The
simulated results are compared, in terms of the number of bands, the bandwidth, VSWR,
the reflectance response (S11) and gain.

2. Materials and Methods

A 3D view of the proposed superstrate rectangular microstrip patch antenna is shown
in Figure 1. The patch antenna has one rectangular cut/cropped section, which helps to
achieve a multiband response and a lower reflectance response (S11). Two substrate layers
of dielectric materials are used to achieve a broader bandwidth. A novel thing introduced
in the manuscript is a tooth around the split ring resonator. The design parameters of the
rectangular patch antenna, include the length (L) and width (w) of the ground plane and
the patch are calculated, based upon selecting the height of the substrate (h), the dielectric
constant of the substrate (εr) and the resonating frequency ( fr) [46].

Figure 2 represents the fabricated prototype of the proposed antenna structure.
Figure 2a represents a split ring resonator with the tooth. Figure 2b shows a split ring
resonator without a tooth. Figure 2c displays the disconnected inner and exterior sides
of the patch. Figure 2d represents the connected inner and exterior parts of the patch.
Figure 2e,f show the side views of the proposed structure. Figure 2g shows the anechoic
chamber during the antenna directivity measurement. Figure 2f displays the reflectance
response measurement using a vector network analyzer.

The side view of the designs are represented in Figure 3a. The ground layer, the patch,
the split ring resonator, and the tooth thickness are 0.35 mm. The height of the substrate
layer is 1.5 mm. The dimensions of the rectangular ground layer and the substrates are
66.4 mm. The patch and all of the split-ring resonators are designed in a centered position.
The upper view of the antenna is represented in Figure 3b. The first (exterior), second
(middle), and third (interior) split-ring resonators are positioned at 8.2 mm, 15.3 mm, and
22.2 mm, from the exterior border, respectively. The width of the SRR is 2 mm. The size
of the tooth is 1.5 × 1.5 mm2. The gap between the two terminals of the SRR is 2 mm,
and it is placed 32.2 mm away from the exterior border. The distance between the tooth
located in the split-ring resonators is, respectively, 4.44 for the first (exterior), 3.78 mm for
the second (middle) and 3.4 mm for the third (interior). The top view of the patch is shown
in Figure 3c. The patch is kept 5 mm away from the exterior edge. The rectangular patch
outer structure (POS) dimension is 56.4 mm. The cropped/cut section in the patch is 2mm.
The patch interior structure (PIS) is 46 mm. The connectors for shorting the PIS with the
POS are 2 mm. The connecters are kept 32.2 mm from the antenna’s exterior. The antenna’s
structure is excited by applying the input from a coaxial feed. The coaxial feed is kept
52.8 mm by 13.5 mm away from the exterior. The radius of the coaxial interior is 0.12 mm,
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and the exterior is 0.43 mm. The ground layer, the patch, the SRR, the tooth and coaxial’s
interior are made of copper. The coaxial’s exterior is made of plastic. Two types of substrate
materials are considered Rogers RT Duroid 5880 ( —2.2) and FR4 ( —4.4) [47].

Figure 1. Three-dimensional interpretation of the proposed rectangular microstrip patch antenna.
Two superstrate layers of substrates are used. The patch consists of a rectangular cut/cropped slot.
Three SRRs with the tooth are located at the top of the upper substrate.

In a SRR, the inductance effect is induced by the circular shape and the capacitance by
the space is between two ring terminals. The inductance (Ls) and capacitance (Cs) per unit
length can be calculated by Equations (1) and (2) [48].

Ls =
μ0b√

π

[
Log

(
32b

w
√

π

)
− 2

]
(1)

Cs = ε
wt
2g

(2)

where, μ0 is the free space permittivity (μ0 = 4 π × 10−7 N/A2), the width of the ring is w,
g is a gap between two split rings, b is the ring length, the series capacitance is Cs, t is the
ring thickness. The RLC circuit of the SRR is shown in Figure 4. The resonating frequency
of the proposed design can be calculated using Equation (3) [49].

f =
1

2π
√

LsCs
(3)
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Figure 2. (a–f) The fabricated prototype of the proposed antenna structure. (e) Directivity measure-
ment using the anechoic chamber. (f) Reflectance response measurement using a vector network
analyzer. (g) Testing of antenna in Anachoic chamber. (h) Measuring reflectance response using
Vector Network Analyser.

The performance index of the high frequency operated antenna structure can be
calculate using the S parameters. The impedance and refractive index is calculated using
the reflectance (S11) and the transmittance (S21) response using in Equations (4) and (5).

n =
1
kd

cos−1
[

1
2S21

X
(

1 − S2
11 + S2

21

)]
(4)

z =

√(
1 + S2

11
)− (S2

21)(
1 − S2

11
)− (S2

21)
(5)

where, d is the substrate width, n is the refractive index, k is the wave vector and z is the
wave impedance.
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Figure 3. (a) Side view of a presented structure. (b) Top view of the patch. (c) Top view of the
rectangular shaped MPA loaded with the tooth and SRR. Dimensions represented in the figure are
in mm.

Figure 4. (a) The complementary SRR is represented. (b) Equivalent model of the structure.
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3. Result and Discussion

The proposed antenna design works in the range of the S, C, and X frequency bands.
Therefore, the response analysis should be carried out by the scattering parameters (S-
Parameters). The S-parameters represent the electrical behavior of a linear electrical system,
describing the input and output relations among the ports of an electrical system. Unam-
biguously, for the high frequency, it is essential to represent a given network, in terms of
waves, not by the voltage (v) or current (i).

Figure 5 represents four antenna structures that are simulated, based upon the on
and off in the interior-exterior of the patch and the tooth in the split ring resonators. The
following notations were given for the design of the antenna: the connected patch interior
and patch outer(CPIO), the disconnected patch interior and patch exterior (DCPIO), the
SRR with a tooth (SWT), and the split ring resonator without a tooth (SWOT). The four
combinations are represented in Table 1. The first structure is the CPIO and SWT. The
second structure is the CPIO and SWOT. The third structure is the DCPIO and SWT. The
fourth structure is the DCPIO and SWOT. The design of all of these structures is represented
in Figure 6. The performance of the four designs is observed by changing both the substrate
materials of Rogers RT Duroid 5880 and FR4.

S11 or gamma represents the amount of waves radiated by the antenna. The re-
sponse is observed for the different frequency values. S11 is chosen for values less than
−10 dB. The substrate material varies for all four structures, and the performance is an-
alyzed and compared. The reflectance response is represented by S11. The resonating
behavior of the antenna’s structure at a particular frequency is described by S11. How
closely an antenna’s impedance matches that of the radio or transmission line into the load
may be quantified using the voltage standing wave ratio (VSWR) value. The reflectance
response and the VSWR are both directly proposed for each other. The cross-verification
among both responses gives a better clarity of the proposed design. The wideband an-
tenna transfers information over a broad range of the frequency spectrum, whereas the
narrowband signals occupy a considerably smaller fraction of the spectrum and need less
transmitting power for a given application. Tactical military radios, industrial monitoring,
shorter-range fixed-location wireless applications, radio-frequency identification, and com-
mercial vehicle remote keyless entry devices are all types of uses that have traditionally
relied on narrowband antennas to achieve reliable links in varying operating environments.
Likewise, cellular communication networks use several very narrow bands to provide a
wide range of service applications. The effect of noise is also limited, due to the usage of a
narrow band, compared to the wideband response.

Figure 6 represents an analysis of S11 for the simulated and measured analysis, using
FR-4 material as the substrate. The similarity is observed in the measured and simulated
results. There are three frequency bands observed in the CPIO and SWT antenna structures.
The value of the reflectance response achieved is −26.11 dB at a resonance frequency of
3.38 GHz, and the maximum bandwidth achieved for this is 0.22 GHz. There are two
frequency bands observed in the CPIO and SWOT antenna structures. The reflectance re-
sponse value reached is −21.52 dB at a resonance frequency of 3.39 GHz, and the maximum
bandwidth achieved for this is 0.07 GHz. There are three frequency bands observed in
the DCPIO and SWT antenna structures. The value of the reflectance response achieved is
−11 dB at a resonance frequency of 7.27 GHz, and the maximum bandwidth achieved for
this is 0.24 GHz. There is one frequency band observed in the DCPIO and SWOT antenna
structures. The reflectance response value reached is −10.10 dB at a resonance frequency of
8.64 GHz, and the maximum bandwidth achieved for this is 0.02 GHz.

Figure 7 represents a S11 plot by choosing the substrate as Rogers RT Duroid 5880.
There are seven frequency bands observed in the CPIO and SWT antenna structures. The
maximum value of the reflectance response achieved is −33.79 dB at a resonance frequency
of 6.49 GHz, and the maximum bandwidth achieved for this is 0.18 GHz. There are six
frequency bands observed in the CPIO and SWOT antenna structures. The maximum value
of the reflectance response achieved is −34.54 dB at a resonance frequency of 6.52 GHz,
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and the maximum bandwidth achieved for this is 0.16 GHz. There are three frequency
bands observed in the DCPIO and SWT antenna structures. The maximum value of the
reflectance response achieved is −13.79 dB at a resonance frequency of 8.83 GHz, and
the maximum bandwidth achieved for this is 0.51 GHz. One frequency band is observed
in the DCPIO and SWOT antenna structures. The reflectance response value reached is
−10.05 dB at a resonance frequency of 8.80 GHz, and the maximum bandwidth achieved
for this is 0.07 GHz. Data are represented in Table 2. It is observed that more bands
and minimum reflectance responses are better in CPIO and SWT antenna structures in
both types of the substrate-based design. The Rogers RT Duroid-based antenna structure
provides more bands and a better reflectance response than the FR4-based substrate design.
Data are represented in Table 3.

Figure 5. (a) The first design is the connected patch inner and patch outer (CPIO) and the SRR with
the tooth (SWT) (b) Second design is the combined patch inner and patch outer (CPIO) and the SRR
without a tooth (SWOT) (c) Third design is the disconnected patch inner and patch outer (DCPIO)
and the SRR with the tooth (SWT) (d) Fourth design is the switch disconnected patch inner and patch
outer (DCPIO) and the SRR without a tooth (SWOT).
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Table 1. Different proposed structures.

Design Antenna Design

1 Connected patch inner and patch outer (CPIO) and split ring resonator with tooth (SWT)
2 Connected patch inner and patch outer (CPIO) and split ring resonator without tooth (SWOT)
3 Disconnected patch inner and patch outer (DCPIO) and split ring resonator with tooth (SWT)
4 Disconnected patch inner and patch outer (DCPIO) and split ring resonator without tooth (SWOT)

Figure 6. Measured and simulated reflectance response analysis using the FR-4 as substrate. The
number of bands for the proposed four structures is 3, 2, 3 and 1. Minimum reflectance responses are,
respectively, −26.11 dB,−21.52 dB, −11 dB and −10.10 dB. The resonance frequency is, respectively,
3.38 GHz, 3.39 GHz, 7.27 GHz and 8.64 GHz. (a) CPIO and SWT Design Structure. (b) CPIO and
SWOT Design Structure. (c) DCPIO and SWT Structure. (d) DCPIO and SWOT Structure.

The voltage standing wave ratio (VSWR) represents how effectively the antenna power
propagates through an antenna. Figure 8 (a) represents the VSWR response by choosing
the substrate as FR4. The CPIO and SWT antenna structures provide a VSWR of 1.51 at
3.38 GHz. The CPIO and SWOT antenna structures provide a VSWR of 1.18 at 3.39 GHz.
The DCPIO and SWT antenna structures provide a VSWR of 1.83 at 7.87 GHz. The DCPIO
and SWOT antenna structures provide a VSWR of 2.21 at 8.64 GHz. It is observed that
the connected interior and exterior patch (CPIO) design provides a better VSWR than the
disconnected interior and exterior patch (DCIOP) design. Data are represented in Table 3.
Figure 8b depicts the VSWR response by choosing the substrate as Rogers RT Duroid 5880.
The CPIO and SWT antenna structures provide a VSWR of 1.05 at 6.49 GHz. The CPIO
and SWOT antenna structures provide a VSWR of 1.03 at 6.52 GHz. The DCPIO and SWT
antenna structures provide a VSWR of 2.33 at 8.83 GHz. The DCPIO and SWOT antenna
structures provide a VSWR of 5.67 at 8.80 GHz. Data are represented in Table 2.
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Figure 7. Simulated reflectance response analysis using Rogers RT Duroid as substrate. S11 plot for
the proposed four antenna structures for the substrate Rogers RT Duroid 5880. The number of bands
for the proposed four structures is 7, 6, 3 and 1. Minimum reflectance responses are, respectively,
−33.79 dB, −34.54 dB, −13.79 dB and −10.05 dB. The resonance frequency is 6.49 GHz, 6.52 GHz,
8.83 GHz and 8.80 GHz, respectively.

Table 2. Reflectance plot (S11), total bands, resonance frequency, VSWR, and bandwidth data repre-
sentation for the proposed four antenna structures using a substrate of Rogers RT Duroid 5880.

Design
No of
Bands

Reflectance
Response (S11)

Resonance
Frequency (GHz)

VSWR
Bandwidth

(GHz)

Starting
Point
(GHz)

Ending
Point
(GHz)

CPIO and
SWT 7.00 −24.78 3.33 1.15 0.02 3.32 3.34

−11.11 3.52 2.00 0.03 3.51 3.54
−20.11 4.04 1.28 0.13 3.98 4.11
−13.64 4.37 1.73 0.01 4.36 4.37
−13.00 4.72 1.78 0.11 4.68 4.79
−33.79 6.49 1.05 0.18 6.46 6.64
−11.17 7.89 2.06 0.07 7.85 7.92

CPIO and
SWOT 6.00 −13.37 2.91 1.54 0.03 2.90 2.93

−23.80 3.46 1.13 0.02 3.45 3.47
−26.30 4.05 1.10 0.11 4.00 4.11
−12.93 4.73 1.58 0.06 4.70 4.76
−34.54 6.52 1.03 0.16 6.50 6.66
−10.00 7.71 1.96 0.02 7.70 7.72

DCPIO and
SWT 3.00 −12.89 3.83 3.00 0.06 3.80 3.86

−10.00 7.06 6.77 0.02 7.05 7.07
−13.79 8.83 2.33 0.51 8.54 9.05

DCPIO and
SWOT 1.00 −10.05 8.80 5.67 0.07 8.76 8.83
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Table 3. Reflectance plot (S11), total bands, resonance frequency, VSWR, and bandwidth data repre-
sentation for the proposed four antenna structures using a substrate of FR4.

Design
No of
Bands

Reflectance
Response (S11)

Resonance
Frequency (GHz)

VSWR
Bandwidth

(GHz)
Starting

Point (GHz)
Ending

Point (GHz)

CPIO and SWT 3.00 −26.11 3.38 1.51 0.13 3.32 3.45
−15.70 4.66 5.21 0.22 4.59 4.81
−12.30 5.56 8.00 0.11 5.50 5.61

CPIO and SWOT 2.00 −21.52 3.39 1.18 0.06 3.36 3.42
−15.60 4.64 1.39 0.07 4.61 4.68

DCPIO and SWT 3.00 −10.74 6.06 1.99 0.10 6.01 6.11
−11.00 7.27 1.83 0.24 7.17 7.41
−10.89 8.49 1.87 0.20 8.40 8.60

DCPIO and SWOT 1.00 −10.10 8.64 2.21 0.02 8.63 8.65

An antenna’s gain refers to how well it focuses or focuses the radio waves in a specific
direction. The gain refers to an antenna’s efficiency in transforming the electrical power
into radio waves in one order. In contrast, the directivity refers to an antenna’s capacity to
concentrate the radiation in a single directional beam. Since many antennas and optical
systems are only meant to emit electromagnetic waves in a particular direction or at a
specific angle, the directivity is an essential metric to consider. Increases in directivity
indicate that an antenna’s emitted signal is being focused or directed more narrowly.
Increasing the beam’s directivity also increases its range. Since dBi is the standard unit
of measurement for isotropic antennas, it is used to depict the antenna’s performance,
compared to the isotropic antenna [50]. Figure 9 represents the 3D radiation pattern plot for
the FR-4 substrate (−180◦ to +180◦). Figure 9a,b shows the maximum directivity of 5.59 dB
and the normalized directivity of 81◦ (−39 to +42) achieved for the CPIO and SWT modes.
Figure 9c,d shows the maximum directivity of 3.77 dB and the normalized directivity 93◦
(−39 to +54) achieved for the CPIO and SWOT models. Figure 9e,f show that the maximum
directivity is 3.35 dB and the normalized directivity is 21◦ (−42 to −24), 18◦ (−8 to +10),
13◦ (28 to 41) achieved for the DCPIO and SWT modes. Figure 9g,h show the maximum
directivity of 3.34 dB and the normalized directivity of 23◦ (−46 to −23), 17◦ (−7 to +10),
14◦ (+26 to +40) achieved for the DCPIO and SWOT models.

Figure 10 represents the directivity vs. the degree plot using Rogers RT Duriod 5880 as
the substrate (−180◦ to +180◦). Figure 10a,b show that the CPIO and SWT modes represent
the maximum directivity of 6.86 dB and the normalized directivity of 24◦ (−16 to +8). The
CPIO and SWOT models represent the maximum directivity of 6.84 dB and the normalized
directivity of 15◦ (−49 to −35), 25◦ (−19 to +4), and 14◦ (+23 to +37). The DCPIO and SWT
modes represent the maximum directivity of 4.47 dB and the normalized directivity of 32◦
(−43 to −11). The DCPIO and SWOT models represent the maximum directivity of 4.74 dB
and the normalized directivity of 29◦ (−43 to −14).

The antenna’s gain effectively represents the conversation of an applied electric signal
into the electromagnetic waves. Figure 11 illustrates a total gain for the proposed four
structures using the FR4, respectively, 4.54 dB, 3.51 dB, 2.39 dB and 2.38 dB. Figure 12
represents a total gain for the proposed four structures using Rogers RT Duroid 5880,
respectively, 8.57 dB, 8.34 dB, 7.76 dB, and 7.47 dB. The comparison of the total gain for the
proposed four antenna structures using the different substrate materials are represented in
Table 4. The comparison of proposed design with another multiband design is represented
in the Table 5.
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Figure 8. (a) The minimum value of the VSWR for the proposed four antenna structures by selecting
the substrate as FR4, is 1.51 at 3.38 GHz, 1.18 at 3.39 GHz, 1.83 at 7.27 GHz, respectively, and 2.21 at
8.64 GHz. (b) The minimum value of the VSWR for the proposed four antenna structures by selecting
the substrate as Rogers RT Duroid 5880 are 1.05 at 6.49 GHz, 1.03 at 6.52 GHz, 2.33 at 8.83 GHz and
5.67 at 8.80 GHz.
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Figure 9. Maximum directivity and the normalized directivity for all of the modes are, respectively,
5.59 dB with 81◦, 3.77 dB with 93◦, 3.35 dB with 21◦, 18◦, 13◦ and 3.34 dB with 23◦, 17◦, 14◦.
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Figure 10. Directivity plot using the Rogers RT Duroid 5880 substrate for the range of −180◦ to +180◦.
The maximum directivity and the normalized directivity for all of the modes are 6.86 dB with 24◦

and 7◦, 6.84 dB with 15◦, 25◦, 14◦, and 4.47 dB with 32◦ and 4.74 dB with 29◦.
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Figure 11. Total gain for the presented four antenna structures by selecting the substrate FR4.
(a) 4.54 dB for the CPIO and SWT (b) 3.51 dB for the CPIO and SWOT (c) 2.39 dB for the DCPIO and
SWT (d) 2.38 dB for the DCPIO and SWOT.
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Figure 12. Total gain for the presented four antenna structures by selecting the substrate Rogers RT
Duroid 5880. (a) 8.57 dB for the CPIO and SWT (b) 8.34 dB for the CPIO and SWOT (c) 7.76 dB for the
DCPIO and SWT (d) 7.7 dB for the DCPIO and SWOT.

Table 4. Total gain for the two different substrates, Rogers RT Duroid 5880 and FR4.

Design
Substrate

Rogers RT Duroid 5880 FR4

CPIO and SWT 8.57 4.54
CPIO and SWOT 8.34 3.51
DCPIO and SWT 7.76 2.39

DCPIO and SWOT 7.47 2.38
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Table 5. Comparison of the proposed structure with another multiband design.

References No of Bands
Resonating Frequency

(GHz)
Minimum Reflectance

Response (S11)
Peak Gain (dB)

[44] 5 4.4, 5, 5.8, 8.05 −17, −31, −13, −17 -
4 2.9, 5.1, 5.95, 6.55, 8.3 −25, −13, −22, −25, −21.5 -
5 3.2, 5.5, 6, 6.6, 8.3 −10, −17, −22, −12, −10 -

[9] 3 3.4, 5.7 −20, −39 -
[35] 5 5.3, 7.5, 9.8, 14.9, 19 −13, −12, −10, −23, −21 8.5
[6] 2 5.7, 10.3 −22, −21 6.38

[28] 3 4, 4.8, 9 −26, −16.5, −35 3.24
Proposed CPIO and

SWT structure 7 3.33, 3.52, 4.04, 4.37, 4.72,
6.49, 7.89

−24.78, −11.11, −20.11,
−13.64, −13, −33.79, −11.17 8.57

4. Conclusions

It is concluded that the tooth-added metamaterial superstrate structure with the
connected interior and exterior patch provides the multiband operation with a healthy
gain. The measured and fabricated results are compared for verification. The system’s
performance is analyzed by varying the substrate material, inserting and removing the tooth
in the split-ring resonator, and connecting and disconnecting the interior and exterior patch.
The results are compared, in terms of many bands, S11, the voltage standing wave ratio
and the bandwidth for the proposed four structures, by changing the substrate material
Rogers RT Duroid 5880 and FR4. The results are compared with earlier published work.
The presented design represents seven frequency bands of operation, a gain of 8.57 dB,
and a maximum reflectance response of −33.79 dB. The presented structure is appropriate
for numerous wireless communication applications, such as radar surveillance, satellite
communication and weather monitoring.
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Abstract: A two-port multiple-input and multiple-output (MIMO) antenna with dual-band charac-
teristics operating at the fifth-generation (5G) new radio (NR) sub-6 GHz n7/n38/n41/n79 bands
is proposed. The proposed MIMO antenna is composed of two symmetric antenna elements and
a defected ground plane. The antenna element consists of an incomplete circular patch with two
L-shaped branches. By applying the defected ground structure and the slotted stub, the current
distribution on the ground plane is changed to reduce the mutual coupling between the antenna
elements. The measured −10 dB reflection coefficients cover 2.34–2.71 GHz and 3.72–5.10 GHz, while
the measured isolation is larger than 20 dB at the whole operating frequency band. The paper has
investigated different performance parameters in terms of the envelope correction coefficient (ECC),
diversity gain (DG), radiation patterns, antenna gain, and efficiency. The proposed MIMO antenna is
suitable for 5G applications.

Keywords: dual-band; 5G NR; high isolation; MIMO antenna

1. Introduction

Nowadays, the fifth generation (5G) communication system, when it is compared
with traditional communication systems, has the advantages of high speed, wide frequency
bandwidth, low power consumption, and high reliability. Meanwhile, the multiple-input
and multiple-output (MIMO) antenna system has attracted extensive attention due to it
having lower multipath fading effects, higher channel capacity, and an increased transmis-
sion rate than those of the single antenna communication system. However, there are still
many challenges in designing high-isolation and compact-size MIMO antennas, such as
the mutual coupling between the antenna elements [1].

Therefore, it is a critical problem in the design process of the MIMO antenna to reduce
mutual coupling. Many scholars have presented various decoupling techniques to reduce
mutual coupling between antennas [2–7]. In [2], an ultrawideband (UWB) MIMO antenna
achieved high isolation values that are larger than 20 dB for the whole operating band
by slotted stubs. A coplanar waveguide-fed MIMO antenna with high isolation values
was proposed by adding a double Y-shaped branch [3]. In [4], by introducing a creative
un-protruded multi-slot (UPMS) isolating element, a four-port MIMO antenna array was
proposed to reduce the mutual coupling between the antenna elements further. In [5], each
antenna element was placed orthogonally to achieve the good isolation of 45 dB at the band
of 36.83–40.0 GHz. It is reported in [6] that a combination of a defected ground structure
(DGS) and electromagnetic band gaps (EBG) can be adopted to ease mutual coupling. In [8],
the mutual coupling of a four-port MIMO antenna has been reduced by the orthogonal
orientation of radiating elements rather than any decoupling structures.

Furthermore, it is also challenging to design a multi-band MIMO antenna to meet
substantial wireless communication bands because the same isolation method may not
work at different frequency bands. Recently, several dual-band MIMO antennas have
been proposed [9–20]. In [9], a dual-notched four-element MIMO antenna with dual-band
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characteristics has been proposed by introducing gap sleeves and an H slot. It covers
the frequency bands of 3.3–4.1 GHz and 8.2–8.6 GHz. A dual-band MIMO antenna was
proposed in [10] by implementing an L-shaped feeding strip, a parasitic rectangle strip,
and a modified Z-shaped radiating strip. In [13], an eight-element MIMO antenna was
designed to meet the requirement of the 5G mobile terminals. A quad-element MIMO
antenna with E-shaped and G-shaped stubs was presented to achieve two resonances at
1.5 GHz and 2.45 GHz, respectively in [18]. In [20], a MIMO antenna array was realized
which can cover the 5G NR Bands n77/n78/n79 and WLAN 5 GHz band.

In this paper, a two-port MIMO antenna with high isolation and dual-band characteris-
tics is presented. The antenna consists of two identical three-quarter circular patches which
are placed symmetrically on the top of the substrate, with the size of 41 × 30 × 1.59 mm3.
The antenna generates two frequency resonances by introducing two L-shaped branches
and two step-shaped gaps in the radiators. The working bands can cover n7 (2.5–2.69 GHz),
n38 (2.57–2.62 GHz), n41 (2.496–2.690 GHz), and n79 bands (4.4–5 GHz). The measured
isolation is larger than 20 dB. Other MIMO antenna parameters are presented to analyze the
performance, such as the S-parameters (reflection and transmission coefficients), radiation
patterns, ECC, DG, and efficiencies.

2. Antenna Design and Analysis

2.1. Antenna Geometry

The configuration and prototype of the designed dual-band antenna are shown in
Figure 1. The radiator of the antenna element consists of an L-shaped strip and a defective
circular radiator composed of a semicircle with step-shaped strips. The radiator is fed
by a 50 Ω micro-strip feedline. Two identical antenna elements are printed on a 1.59 mm
thick FR4 substrate with relative permittivity of 4.4 and loss tangent of 0.02. A cambered
ground plane is printed on the bottom of the substrate. High isolation is achieved by
etching a C-shaped slot, a rectangular slot, and a rectangular slit. Through simulation and
optimization, the detailed parameters are shown in Table 1.

(a) 

Figure 1. Cont.
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(b) (c) 

Figure 1. The geometry and prototype of the proposed design: (a) perspective view, (b) top view,
and (c) bottom view.

Table 1. Parameters of the presented antenna (unit: mm).

Parameter W1 W2 W3 W4 W5 W6
Value 2 6.75 3.5 4.75 3.4 3.9

Parameter W7 W8 H1 H2 H3 H4
Value 1.5 4.34 2.5 12.05 18 1.5

Parameter H5 H6 D1 D2 D3 D4
Value 6.5 4 0.5 1 0.5 0.4

Parameter D5 R1 R2 W L
Value 0.5 6.2 9 41 30

2.2. Design Process

Figure 2 presents the detailed process for the proposed antenna to study the per-
formance of the 5G dual-band monopole antenna. Because two antenna elements are
placed symmetrically to share the ground plane, S11 and S21 are the same as S22 and S12,
respectively. For simplicity, we only discuss S11 and S21. The simulated S-parameters
are plotted in Figure 3. In Antenna 1, a three-quarters circular radiation patch with the
circular slotted ground plane is designed. Antenna 1 can achieve a −10 dB impedance
bandwidth of 500 MHz (2–2.5 GHz) and 1880 MHz (4.05–5.93 GHz). However, the isolation
between the radiating elements is non-ideal over the operation bands, which is illustrated
in Figure 3b. In Antenna 2, an L-shaped branch is designed to realize a lower frequency
shift (right) and a higher frequency shift (left), which can be seen in Figure 3a. By adding
an inverted U-shaped slot and an I-shaped slot on the back side, it can reduce the mutual
coupling between the antenna elements. In addition, as shown in Antenna 3, introducing
the step-shaped radiating elements can realize useful impedance bandwidth. The result
indicates that the impedance bandwidth covers 2.33–2.68 GHz and 3.93–5.13 GHz, and
the value of S21 adjacent to the defected ground structure decreases to below −24 dB and
−17 dB in the 2.5 GHz and 4.5 GHz bands, respectively. Finally, a T-shaped slot and a
G-shaped slot are incorporated at the bottom plane to reduce the mutual coupling to below
−15 dB for the entire frequency band.
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Figure 2. Design stages of the proposed design.

Figure 3. Design stage responses of the intended two-port MIMO antenna: (a) S11 responses and
(b) S21 responses.

2.3. Parametric Study

The radiators can generate two resonances. The incomplete circular radiation patch
generates the lower resonance of the antenna, and the L-shaped antenna branches can gen-
erate the higher resonance. Figure 4 describes the two resonance frequencies, which can be
independently tuned by changing the values of R2 and H1. When the value of R2 increases,
the lower resonance shifts to the lower frequencies, as is shown in Figure 4a. When the
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value of H1 increases, the ground current path increases, the lower resonance frequency
remains at 2.5 GHz, the higher resonance frequency shifts to the lower frequencies, and the
−10 dB bandwidth of the higher frequency band is reduced. The optimum values of R2
and H1 are 9 mm and 2.5 mm, respectively.

Figure 4. Reflection coefficients of the proposed MIMO antenna (a) with different values of R2 and
(b) with different values of H1.

2.4. Current Distribution

Figure 5 shows the simulated current distributions of the proposed antenna at 2.5 GHz
and 4.7 GHz. After adding the DGS, one can see that the current from port 1 to port 2 is cut
off. Therefore, high isolation is achieved because the surface current and near fields are
concentrated within the decoupling structure.

Figure 5. Current distributions of the proposed MIMO antenna system at (a) 2.5 GHz and (b) 4.7 GHz.

When Ant_a is excited, the current is mainly concentrated on the edge of a circular
patch at 2.5 GHz. While when it is working at 4.7 GHz, there is a strong current on the
L-shaped branch and step-shaped part. Thus, each branch in the radiation elements is
responsible for stimulating resonance. The formula controlling the relationship between ex-
citation resonant frequency, antenna geometric parameters, and the physical characteristics
is as follows:

fr =
c

2Le

√
2

εr + 1
(1)

where Le is the total electric length of the structural antenna elements.

3. Results and Discussion

3.1. S-Parameters

Figure 6 presents the simulated and measured S-parameters results for port 1, includ-
ing S11 and S21. It is exhibited that the measurement results are different from the simulation
results because of SMA soldering and unavoidable tolerances in the fabrication and mea-
surement process. To be specific, it is observed that the measured −10 dB impedance band
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can cover the n7 (2.5–2.69 GHz), n38 (2.57–2.62 GHz), n41 (2.496–2.690 GHz), and n79 bands
(4.4–5 GHz) in Figure 6a. From the transmission curves, it can be seen that S21 is below
−20 dB over the whole operating frequency band (2.0–6.0 GHz).

Figure 6. Simulated and measured S-parameters of the proposed MIMO antenna system: (a) S11 and
(b) S21.

3.2. Radiation Pattern

To study the radiation mechanism of the antenna in-depth, Figure 7 presents the
measured far-field radiation patterns in the H-plane and the E-plane at 2.5 GHz and
4.7 GHz, respectively. During the measurement and simulation, one port is excited, while
the other one is matched with a 50 Ω load terminal. The proposed antenna has nearly stable
omnidirectional radiation patterns in the H-plane at 2.5 GHz and 4.7 GHz. At 2.5 GHz, the
E-plane is shown as a bidirectional model, while the radiation patterns appear deformed in
the E-plane at 4.7 GHz. There is no effect on the radiation performance.

Figure 7. Cont.
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Figure 7. Two-dimensional radiation patterns at E-plane and H-plane for the intended two-port
MIMO antenna at port-1: (a) 2.5 GHz and (b) 5.7 GHz.

4. The Performance Evaluation of MIMO Antenna Systems

4.1. The Realized Peak Gain and Efficiency

Gain, as one of the critical parameters of the antenna, is used to measure the antenna’s
ability to receive and transmit signals. Figure 8 shows the gain and radiation efficiency of
the proposed MIMO antenna. It is presented that the peak gain of the proposed antenna
is around 3 dBi for the 2.5 GHz band, and it is around 3.8 dBi for the 4.7 GHz band,
while the measured radiation efficiency is higher than 62% and 66% in the operating
bands, respectively.

Figure 8. Gain and radiation efficiency of the proposed MIMO antenna.

4.2. Envelope Correlation Coefficient and Diversity Gain

In addition, gain, the envelope correlation coefficient, and diversity gain are also
considered to be valuable parameters to evaluate the antenna system performance. ECC
represents the degree of correlation between the antenna elements of a multiple antenna
system. The calculation formulas of ECC calculated from the S-parameters or far-field
radiation characteristics are shown in Equations (2) and (3) [16], respectively. However,
only when the antenna efficiencies are nearly 100%, is Equation (2) accurate. Therefore,
ECC is calculated using Equation (3) in this paper.

ECC =
|S∗11S12+S∗22S21|2

(1 − |S11|2+|S21|2)(1 − |S22|2+|S12|2)
(2)

ρe =
� [

→
F1(θ,ϕ)×→

F2(θ,ϕ)]d∂2

� ∣∣∣∣→F1(θ,ϕ)
∣∣∣∣
2
d∂

� ∣∣∣∣→F2(θ,ϕ)
∣∣∣∣
2
d∂

(3)
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where ‘Fi(θ,ϕ)’ is the radiated field of the first antenna.
On the other hand, the DG acts as the other index to evaluate the MIMO antenna

isolation performance. The diversity gain is calculated through the following Equation (4):

DG = 10
√

1 − (ECC)2 (4)

Figure 9 depicts the measured values and simulated values of ECC and DG for the
proposed MIMO antenna, respectively. It can be seen that the ECC is below 0.005, and
the DG is greater than 9.65 dBi within the operating bands, which meets the engineering
standard. A performance comparison of the proposed antenna with previous dual-band
antennas is provided in Table 2. In this table, it can be observed that the presented dual-
band MIMO antenna has achieved a more compact size, a lower ECC, and a higher isolation
compared to those of the other referenced antennas.

Figure 9. Measured and simulated ECC and DG of the proposed two-element MIMO antenna.

Table 2. Performance comparison with dual-band antennas.

Ref.
Operating Bands

(GHz)
Isolation

(dB)
ECC

Gain
(dBi)

Size (mm3)

[7] 2.25–2.9
5.05–6.025 >19.3 <0.03 2.4 and 3.8 50 × 50 × 1.6

[12] 2.23–2.46
3.22–4.04 >12 10−5 and 0.002 3.6 and 7.1 105 × 105 × 1.83

[13] 2.5–2.7
4.8–5.0 17.96 and 20.1 0.006 and 0.12 4.35 and 4.6 38.5 × 38.5 × 1.59

[15] 2.4–2.5
5.1–5.8 15 <0.2 1.5 and 1.5 38 × 38 × 1.6

[16] 2.3–2.5
5–5.2 20 and 20 <0.05 1.28 and 2.1 38 × 42 × 0.8

[17] 2.25–2.41
4.7–6.25 >18 <0.2 1.7 and 3 48 × 48 × 1.6

This work 2.34–2.71
3.72–5.10 21 and 18 <0.005 and <0.001 3 and 3.8 41 × 30 × 1.59

5. Conclusions

In this paper, a dual-band MIMO antenna with high isolation has been designed.
The size of the proposed antenna is 41 × 30 × 1.59 mm3, and the impedance matching
(which is better than −10 dB) covers 5G NR sub-6 GHz n7/n38/n41/n79. The high
isolation of a value that is better than 20 dB is successfully realized by adding the defected
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ground structure and the slotted stub between the two antenna elements. Moreover, it is
found that the antenna’s lower gain and efficiency for the proposed system are 3 dBi and
62%, respectively. The measured ECC is less than 0.005, which meets the requirement of
the MIMO systems. Therefore, the experimental results and the designed MIMO antenna
structure exhibit that the presented antenna is preferred for 5G communication applications.
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Abstract: The research on wireless communication demands technology-based efficient radio fre-
quency devices. A printed monopole dual-band antenna is designed and presented. The presented
antenna exhibits a promising response with improved bandwidth and gain. The antenna radiates
from 3.49 GHz to 3.82 GHz and from 4.83 GHz to 5.08 GHz frequencies with 3.7 dBi and 5.26 dBi
gain, having a bandwidth of 9.09% and 5.06%, respectively. The novelty in the developed antenna is
that resonating elements have been engineered adequately without the use of the additional reactive
component. The cost-effective FR 4 laminate is utilized as a substrate. This structure exhibits an
efficiency of over 83% for both resonances. The numerically computed results through simulations
and measured results are found to be in good correlation. The aforesaid response from the antenna
makes it an appropriate candidate for laptop computer applications.

Keywords: monopole antenna; multiband antenna; tablet computers; wideband antenna

1. Introduction

In the last few years, considerable growth has been observed in the utilization of
mobile devices. Researchers have paid significant time to the development and exploration
of conventional antennas. A low profile and stable monopole antenna for wireless wide area
network communication is discussed in [1,2]. In [3], monopole multiband printed antenna
is designed and analyzed for smart grid devices and laptops. The two monopole slots
were created to have a balance between radiation efficiency and bandwidth. In embedded
antennas, size miniaturization is very essential and needy. A systematic approach to fix
a long monopole in limited space is by the implementation of branches. These branches
of a particular shape could excite the desired resonant modes. The current density of
the surface determines the radiation pattern and resonances. Notably, optimizing the
dimensions of these strips shall make the structure appropriate for required applications.
Lump elements could be incorporated with monopole strips to get resonance at targeted
frequencies. However, lump elements may cause a decrement in antenna efficiency. Planar
antennas have attractive design characteristics, such as ease of fabrication and a low
profile. Due to these advantages, they are appropriate candidates for and it is the choice of
researchers in handheld devices, such as laptops and tablet computers. [4–6]. A combination
of metal loops and dielectric substrate exhibits a convenient alternative in monopole
design [7–9]. The literature has shown that inverted F antenna with C-shaped radiator
and meander shorting strips could exhibit dual resonance for wireless and wireless local
area network (WLAN) applications [10]. Planar Inverted F Antenna (PIFA) also claims
significant utilization in handheld devices [11]. Such a type of PIFA antenna requires
considerable vertical space and they also have issues regarding mutual coupling with
the substrate. A compact frequency reconfigurable antenna is developed and presented
for computer tablet applications [12]. In this model, the RF switch is designed with
shorting strips to alter the resonant modes. It is always a challenging issue to achieve
optimum values of typical antenna parameters, such as bandwidth and gain together.
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Electrically small antennas are preferable to be embedded in communication devices.
However, these antennas always suffer from the issue of desired gain and efficiency at
target resonance [13]. Metamaterial-inspired antennas could be the alternative to enhance
gain with size miniaturization [14]. In this paper, it has been reported that a combination
of Split Ring Resonator (SRR) and metamaterial offers multiband resonance achievement
with adequate gain.

In the proposed antenna structure, FR4 material is utilized as a substrate, which is
a dielectric material whose permittivity (εr) is 4.4. Though other materials having lesser
permittivity exist in the market, FR4 is preferred because of ease of availability and cost-
effectiveness. Due to the low cost, bulk production of this structure is feasible. The
detailed antenna geometry is discussed in the Antenna Design section. The subsequent
sections explain the comparison of simulated and measured results, parametric study
analysis, fabricated antenna testing, and measurements. The final section concludes the
conducted research.

Several techniques had been utilized to develop an antenna structure for mobile or
tablet applications. The monopole antennas with meandered strips were discussed for
laptop/tablet or mobile applications [14,15]. However, the size of these antennas is a chal-
lenging task to embed for WiMAX/WLAN applications. Many size reductions geometries
have been reported for targeted applications. In [16], a uniplanar antenna was proposed to
target UMTS/GSM and LTE operations. The researchers created a printed loop that formed
a matching circuit for an antenna. Notably, a widened portion of a parasitic shorted strip,
having a width of 3.4 mm, was provided to enhance the bandwidth for lower resonating
frequencies. The presented structure utilized a combination of the shorted strip, a loop,
and an inductive strip to get antenna response for target frequencies. Similar research has
presented another RF structure for WWAN/LTE frequency applications [17]. As discussed
previously, instead of developing widened strip, T shaped strip and U shaped strip were
incorporated with a monopole antenna to meet the desired requirements. The combination
of these strips significantly reduced the antenna size. In addition, the miniaturized structure
could be easily mountable on tablet/laptop devices. A reconfigurable antenna, resonating
for multiband frequencies was claimed in [18]. The RF switch was embedded with antenna
geometry to alter the resonating frequencies of the lower band for four various working
states. However, the designing concept is similar to having a couple of shorting strips
as discussed earlier. The presented structure exhibits promising radiation efficiency and
antenna gain. A couple of strips with a shorting strip were incorporated to excite the
resonant modes. Additionally, the integration of metal components in the structure gave a
fair rise in antenna efficiency and operating bandwidth. Furthermore, due to incorporation
of resonating strips, the frequency of resonating band is shifted to the targeted frequen-
cies without any additional reactive component. The additional reactive elements adds
fabrication cumbersomeness. This is the novelty of a presented antenna.

2. Antenna Design and Geometry

Figure 1 illustrates the systematic design flow of the proposed antenna. The flow
describes the steps that have been performed in a sequence to identify and rectify errors,
if any.

The monopole antenna is demonstrated with metallic strips developed at the top
of the structure as shown in Figure 2a that depicts the top view of an antenna. The
close observation of the top view exhibits two stubs are provided at the end of strips
to get resonance at desired frequencies. The microstrip line feed technique is used to
energize the design. Figure 2b,c show the back view and trigonometric view of the model,
respectively. By keeping the basic concepts of antenna radiation in mind, the geometry
has been proposed. Many corners and branches in the conducting strips are provided to
increase the current distribution. The response from an antenna due to the variation in
dimensions of the ground plane and the addition of various metallic strips is analyzed in
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the parametric study section. In the isometric view, all layers are visible. The standard
height of 1.6 mm is fixed for the substrate.

Figure 1. Development flow of proposed antenna.

 
 

(a) (b) 

 
(c) 

Figure 2. Proposed monopole antenna. (a) Top view (b) Back view (c) Trigonometric view.
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Table 1 illustrates the dimensions of the proposed antenna. The dimensions are
optimized to have acceptable impedance matching. By developing many stubs, the discon-
tinuity over the entire structure was increased to receive optimal radiation.

Table 1. Antenna dimensions.

Notations Dimensions (mm) Notations Dimensions (mm)

W1 2.4 L5 2

L1 2.4 W6 5

W2 2.4 L6 2.5

L2 2.5 W7 5

W3 2.4 L7 7.6

L3 2.5 Lm 24.8

W4 2.4 Wm 50

L4 2.4 SW 60

W5 1.3 SL 40

The fabricated antenna is presented in Figure 3. A SubMinature version A (SMA)
connector is soldered with the microstrip line feed with possible accuracy to get satisfactory
output. Figure 3a gives an idea of metallic structure at the top surface and Figure 3b shows
the back view where the partial ground plane is visible. The proposed laptop antenna
design is compact in comparison with another similar laptop/tablet antenna structure. The
detailed comparison is presented in the last phase of the paper.

Figure 3. Fabricated monopole antenna. (a) Top view (b) Back view.

(a) Impedance matching for maximum power transmission

To elaborate the design of the presented antenna, Figure 4 shows the graph of input
impedance over the targeted frequency spectrum. It is noticeable from the figure that
for the frequencies between 3.49 GHz to 3.82 GHz and from 4.83 GHz to 5.08 GHz, the
input impedance (Zin) is almost 50 Ω, which is expected. At similar frequency spans,
the reactance is exactly 0 Ω. This proves excellent impedance matching for maximum
power transfer.
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Figure 4. Graph of input impedance vs. frequency.

(b) ECD for the proposed antenna

Figure 5a gives the Equivalent Circuit Design (ECD) of the proposed antenna. The
scattering matrix parameter S11 (dB) is shown in Figure 5b. This could be carried out by
Agilent Advanced Design System (ADS) software. The circuit contains a parallel resistor-
inductor-capacitor (RLC) network, which is connected with an input/output port at one
end and a load resistor of 50 ohms at the other end.

 
(a) 

 
(b) 

Figure 5. (a) Schematic ECD model and (b) S11 (dB) of the proposed antenna.
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The values of RLC resonators could be obtained from the following equations [19,20].

Q0 =
f

BW
(1)

Q0 = 2πRC (2)

f =
1

2π
√

LC
(3)

Here, f is resonating frequency, Q0 is the quality factor of parallel RLC resonator, and
R, L, and C are the resistor, inductor, and capacitor, respectively. The value of R could be
found out using Figure 5 and is 52.42 Ω.

3. Parametric Study

To finalize the parameters of the proposed antenna, multiple iterations were performed.
Figure 6 illustrates the comparison of antenna response for different antenna parameters
values. The presented structure was analyzed for several dimensions of the ground plane.
As the ground plane is made from copper, which is a conducting material that forms
capacitor geometry with metallic structure at the top surface, it is very crucial to fix its
dimensions. Figure 6a depicts the antenna model responses with a fully ground plane,
half ground plane, and partial ground plane. The close observation shows, partial ground
plane-based structure exhibits better output in terms of application requirements. The
partial ground plane permits bidirectional radiation in the azimuth plane compared to the
typical directional pattern. The metallic structure having open ends provide abundant
opportunities for design tuning and response optimization. The strip line-based metallic
structure is finalized after rigorous iterations.

From various iterations, the selected responses are shown in Figure 6b to explain the
systematic development of antenna structure. As noticed, in the first iteration, the C-shaped
and T-shaped metallic structure is developed and the response has been carried out. In
addition to the first iteration, a T-shaped geometry is supported by a horizontal stripe in
the second iteration. The proposed antenna structure has included extra stubs at the open
ends of the c-shaped design to shift the return loss towards resonant frequencies. The base
for two stubs was incorporated in the third iteration, which depicts the satisfactory result
in terms of return loss. The fourth iteration exhibits output by the proposed antenna, which
gives an optimum result at targeted resonances.

Figure 6c,d represents a comparison of reflection coefficient values for possible varia-
tions in microstrip feed width and length, respectively. Many iterations have been carried
out where all exhibit acceptable values. However, the structure having a feed width of
1.3 mm and feed length of 7.6 mm shows adequate return loss. The horizontal stubs are
provided at the open ends of the c-shaped geometry. The parametric study has been carried
out on the width of the stub. By introducing a stub, the response could be achieved at the
targeted frequency. Figure 6e illustrates the outputs for variation in the width of stubs. The
verified dimensions of these widths are 3 mm, 5 mm, and 6 mm. The precise observation
says, desired resonances could be obtained using a 5 mm width dimension. Figure 6f gives
an analysis of reflection coefficient values for various dimensions of L2 and L3. The graph
depicts, satisfactory output has been maintained using a length dimension of 2.4 mm.
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(a) Ground plane variation (b) Iterations of the proposed structure 

  
(c) Microstrip width variation (d) Microstrip length variation 

  
(e) Variation of stub width (f) Variation of monopole width 

Figure 6. Parametric study of return loss from possible iteration. (a) Ground plane variation
(b) Iterations of the proposed structure (c) Microstrip width variation (d) Microstrip length varia-
tion (e) Variation of stub width (f) Variation of monopole width.

4. Simulated and Measured Results

The software-generated results for return loss are carried out using FEM-based High-
Frequency Structure Simulator (HFSS) software (Ansys, Bangalore, India). The fabricated
antenna has been tested through VNA 9912A (Keysight, Bangalore, India). The comparison
of simulated, measured and Equivalent Circuit Design (ECD) results of reflection coef-

82



Micromachines 2022, 13, 2251

ficient values for certain frequency variation is illustrated in Figure 7. For the majority
of frequencies, the overlapping of lines between simulated and measured results could
be observed. The measured result follows the software-generated result, which is the
indication of enhanced impedance matching and high accuracy of developed antenna.
The antenna has two modes of resonance having the center frequency of 3.63 GHz and
4.94 GHz. These frequencies fall under the S band and C band frequency range. The
measured bandwidth for targeted frequency bands is 9.09% (3.49 GHz–3.82 GHz) and
5.06% (4.83 GHz–5.08 GHz).

 
Figure 7. Comparison between simulated, measured, ECD reflection coefficient values.

Figure 8 depicts the current distribution on the monopole of the proposed antenna. The
various color indicated current density at a particular portion of the monopole. Impedance
matching plays a vital role in the current distribution. Additionally, the antenna radiation
is proportional to the current distribution on the surface. In this figure, the majority of
current distribution could be visible over the outer C shape and the shorting strips. The
microstrip feed is also having the adequate current flow, which is a prime requirement. Due
to the fringing filed pattern some of the portion still has a blue color, which indicates less
current distribution, however collective structure has satisfactory current distribution. The
fabricated antenna was tested and analyzed by an anechoic chamber. Figure 9a,b shows an
antenna inside the anechoic chamber for E-field and H-field radiation pattern measurement,
respectively. The size of the anechoic chamber is 5 m × 5 m × 5 m.

  
(a) (b) 

Surface Density 
     

Lowest Lower Average Higher Highest 

Figure 8. Current density at (a) 3.63 GHz and (b) 4.94 GHz frequencies.
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(a) (b) 

Figure 9. Testing set-up of the fabricated antenna in an anechoic chamber. (a) E-field (b) H-field.

The two dimensions normalized radiation characteristics of the presented monopole
antenna for azimuth (E-field) and elevation (H-field) plane are obtained and illustrated
by Figure 10. It exhibits gain values of 3.7 dBi and 5.26 dBi, respectively. The simulated
radiation pattern and measured radiation patterns are in close correlation.

  
(a) (b) 

 

  
(c) (d) 

 

Figure 10. Normalized E-field [(a,b)] and H-field [(c,d)] radiation pattern at 3.63 GHz and
4.94 GHz frequencies.
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Figure 11 depicts co-polarization and cross-polarization of the far-field pattern. The
structure exhibits a satisfactory gain pattern having co and cross-polarization isolation is
more than 17 dBi. The three dimensions polar plot for desired frequencies are shown with
the help of Figure 12. The given radiation pattern primarily exhibits a couple of important
parameters. The peak gain values are 3.7 dBi and 5.26 dBi at 3.63 GHz and 4.94 GHz
frequencies, respectively. In addition, the far-field radiation is nearly omnidirectional.

  

  

  

  

Figure 11. Co polarization and cross-polarization.

  
(a) (b) 

Figure 12. 3-Dimension radiation pattern. (a) 3.63 GHz frequency (b) 4.94 GHz frequency.

As illustrated in Figure 13, as the frequency increases the directivity of the presented
monopole antenna increases. As a result of the increment in directivity, the gain value also
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increases. Due to a significant reduction in conduction loss, the gain could be further opti-
mized [18]. The measured gain is also shown in a similar graph to observe the correlation
between simulated and measured gain values. The measured value varies in comparison
with the simulated due to instrumentation error. The gain could be obtained from the
following formula.

G2(dB) = 20 log10

(
4πr
λ

)
+ 10 log10

(
P2

P1

)
− G1(dB) (4)

Figure 13. Graph of gain and radiation efficiency vs. frequency.

Here, λ is wavelength, G2(dB) is the gain of the proposed structure, and G1(dB) is the
gain of the reference antenna. Similarly, r is the distance between the proposed antenna
and the reference antenna. P1 and P2 are transmitted and receive power of reference and
proposed antenna.

The efficiency is also presented in Figure 10. The radiation efficiency for 3.63 GHz and
4.94 GHz frequencies are 91.47% and 85.61%, respectively.

Figure 14 depicts the anechoic chamber setup. The antenna is placed on the receiver
side where the reference horn antenna is fixed at the transmitter end. The anechoic chamber
has absorbers at the inner surface to provide the ideal atmosphere for antenna measurement.

 

Figure 14. Anechoic chamber set up.
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The proposed work simulated results are reported in Table 2. All dimensions are
shown in terms of λ. Here also, λ is wave length. The proposed structure is compact with
respect to other similar structures and also exhibits moderate gain and sufficient efficiency.

Table 2. Comparison of proposed monopole antenna with other similar structures.

Citation
Resonating
Frequencies

Antenna Dimensions
Simulated Gain

(dBi)
Simulated

Efficiency (%)
Simulated S11 (dB) Simulated FBW (%)

[1] (698–960) MHz and
(1710–2690) MHz

60 × 50 × 1.6
(0.48λ × 0.4λ × 0.01λ) 1.82 and 2.02 50 −28 and −16 3.7 and 12, 8.9

[3] 2.4, 3.7 (GHz) 50 × 200 × 1.6
(0.4λ × 1.61λ × 0.012λ) 1.89 and 0.97 Not given −22.65 5.42 and 5.40

[15] 0.85, 0.92, 1.79
(GHz)

60 × 200 × 0.8
(0.17λ × 0.56λ × 0.002λ) 0.6, 0.5 and 1.2 60–72 −28.10, −24.65,

−16.65 10, 4.6 and 8.5

[16] 0.83, 1.95, 2.35,
2.66 (GHz)

60 × 200 × 4
(0.16λ × 5.55λ × 0.01λ)

−0.9, 0.1, −0.95
and −0.98 68 −25.01, −21, −15,

−29.66 1.8, 2.6, 3.04 and 2.0

[21] (0.698–1.10) GHz
and (1.64–2.83) GHz

60 × 118 × 0.8
0.02λ × 0.29λ × 0.002λ) 1.53, 2.91 and 0.85 Not given −23, −14 2.75 and 5.56

[22] (800–1300) MHz,
(1710–2325) MHz

60 × 115 × 1.6
(0.22λ × 0.42λ × 0.005λ) Not given 65.21, 70.26 −19.67, −22.58 6.25 and 20.45

[23] (660–1065) MHz,
(1665–3000) MHz

60 × 105 × 1.6
(0.19λ × 0.33λ × 0.005λ) 0.5 and 2 60, 84 −21.75 and −19.15 22.15 and 32.55

[24] (750–1040) MHz,
(1635–2485) MHz

60 × 115 × 1.6
(0.17λ × 0.32λ × 0.004λ) 3.25 and 3.09 80,82 −30.77 and −22 10 and 9.18

Proposed
structure

(3.49–3.82) GHz and
(4.83–5.08) GHz

60 × 40 × 0.8
(0.72λ × 0.48λ × 0.04λ) 3.7 and 5.26 91.47, 85.61 −38, −29.05 3.3 and 7

It has been observed that electrically miniaturized antenna could be demonstrated by
depletion of oxide layers over the antenna surface. However, the gain could be compro-
mised in such cases [25].

5. Conclusions

A printed monopole antenna of size 60 mm × 40 mm is designed, developed, fab-
ricated, and tested. The claimed structure gives response at 3.63 GHz and 4.64 GHz
frequencies, which are under the S band and C band frequency range. The simulated
results and measured results have a significant correlation. The presented design offers
a bandwidth of 9.09 % and 5.06 % with a moderate gain of 3.7 dBi and 5.26 dBi, respec-
tively, for desired frequency bands. Here, the conducting strips are added to excite the
resonating modes without any additional reactive component. The reactive component
adds cumbersomeness in the manufacturing process, whereas a stub-based design avoids
fabrication issues. The discussed antenna also illustrates an adequate response for other
key parameters, such as return loss and radiation pattern. The proposed structure is well
suitable for WiMAX and WLAN applications.
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Abstract: Resonant Bessel-beam launchers are low-cost, planar, miniaturized devices capable of
focusing electromagnetic radiation in a very efficient way in various frequency ranges, with recent
increasing interest for microwave and millimeter-wave applications (i.e., 3–300 GHz). In recent
years, various kinds of launchers have appeared, with different feeding mechanisms (e.g., coaxial
probes, resonant slots, or loop antennas), field polarization (radial, azimuthal, and longitudinal), and
manufacturing technology (axicon lenses, radial waveguides, or diffraction gratings). In this paper,
we review the various features of these launchers both from a general electromagnetic background
and a more specific leaky-wave interpretation. The latter allows for deriving a useful set of design rules
that we here show to be applicable to any type of launcher, regardless its specific realization. Practical
examples are discussed, showing a typical application of the proposed design workflow, along with a
possible use of the launchers in a modern context, such as that of wireless power transfer at 90 GHz.

Keywords: Bessel beams; leaky waves; wireless power transfer; metasurfaces

1. Introduction

Any kind of wave (light, sound, etc.), initially confined to a finite area on a transverse
plane, will be subject to diffractive spreading as it propagates outward from the source to
free space. As a result, diffraction effects limit all applications in which it is required to
maintain a spatial transverse confinement of a beam (i.e., a monochromatic electromagnetic
wave with a well defined propagation axis) over a considerable distance. Such applications
comprise but are not limited to wireless power transfer, free-space communications, medical
imaging, radiometry, etc. For this reason, many efforts were made to find wave solutions
that do not undergo diffraction.

Localized waves or nondiffracting waves are the largest family of diffraction-free solutions to the
wave equation. As the name suggests, these waves ideally do not diffract, thus they maintain
their transverse profile for an infinite distance from the radiating aperture. In principle, this
remains true only for an infinite-size radiating aperture. Conversely, for a truncated radiating
aperture, the localized waves can resist diffraction only up to a finite distance [1,2].

Bessel beams are one of the most known examples of localized waves. Bessel beams are
monochromatic solutions of the Helmholtz equation in a cylindrical reference frame with
very interesting focusing and limited-diffraction properties. These features attracted much
interest for different applications in optics during the 1980s [3]. Currently, Bessel beams are
studied and analyzed in the microwave and millimeter-wave ranges due to their usage in
near-field focusing applications [4]. In these frequency ranges, Bessel beams are typically
generated through planar structures, also known as Bessel-beam launchers. Such launchers
are further distinguished between the resonant kind and the wideband kind. The former are
realized through compact planar devices with only a few wavelengths of lateral size; they
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typically feature a narrow-band behavior due to their resonant character [5,6]. The latter,
instead, feature a wider bandwidth at the expense of a lateral size that can be as large as
several wavelengths [7–9]. Both kinds have been experimentally validated [6,7,10], but here
we will deal only with the resonant type. Depending on the application, such as in WPT
links for wearable devices, resonant Bessel-beam launchers are preferred to their wideband
counterpart thanks to their compact implementation. Due to the lack of a comprehensive
analysis of such devices in the available literature, only resonant Bessel-beam launchers
are analyzed in this work (the interested reader can find information about wideband
Bessel-beam launchers in, e.g., [4]).

Resonant Bessel-beam launchers can be realized in different ways, although they all
exhibit azimuthal symmetry and share the same architecture: a circular metallic cavity
excited by a simple dipole-like source at the center, whose upper plate is replaced by a
partially reflecting sheet (PRS). The cavity height h plays a key role. When the cavity
height is deeply subwavelength, h � λ, Bessel-beam launchers require a capacitive PRS
and can only work with the fundamental, zeroth-order transverse-magnetic (TM) (with
respect to the vertical z-axis) leaky mode [11]. When the cavity height is half a wavelength,
h 	 λ/2, the PRS can be either inductive or capacitive [11], and the launchers can work
with either higher-order transverse-electric (TE) or TM leaky modes. Because ohmic losses
in waveguide-like devices as Bessel-beam launchers decrease with the cavity height [12],
higher-order resonant Bessel-beam launchers are usually preferred at millimeter-wave or
sub-millimeter wave frequencies, where dissipative effects in metals and dielectrics may
become important. In this paper, we will thus focus on such kinds of launchers.

Higher-order resonant Bessel-beam launchers can further be divided in two different
kinds according to their feeding mechanism. In particular, if a vertical magnetic or electric
dipole as source is used, then a TE- [13,14] or TM-polarized [6] Bessel beam is generated.

In the available literature, resonant Bessel-beam launchers in the microwave and
millimeter-wave frequency range (i.e., 3–300 GHz) have been widely analyzed as stand-
alone devices [5,6,13,15] and as elements in a WPT link [16,17], but a comprehensive
analysis of this kind of launchers in terms of polarization, design, and physical imple-
mentations is still lacking. The main purpose of this work is indeed to provide a simple,
yet rigorous step-by-step design workflow for differently polarized resonant Bessel-beam
launchers based on leaky-wave theory. Theoretical results are exploited to derive design
guidelines that are here applied for the physical implementation of an original device
operating at 90 GHz. The radiating performance of the device is then corroborated through
a comparison between full-wave and numerical results based on leaky-wave theory. Finally,
different applications for Bessel beams are presented. In particular, the performance of a
WPT link at 90 GHz realized through the resonant Bessel-beam launchers designed in this
work is shown.

The paper is organized as follows. In Section 2, the theoretical framework under-
lying the physics and working principle of Bessel beams is first described. In Section 3,
focused radiation from resonant Bessel-beam launchers is explained under a leaky-wave
interpretation. This powerful analytical model allows for deriving simple design criteria to
realize launchers with certain desired focusing properties. In Section 4, it is shown how
the general framework developed in Sections 2 and 3 can fruitfully be applied to design
practical devices that can easily be microfabricated through printed-circuit board (PCB)
and/or standard photolithographic techniques, depending on the targeted frequency range.
In Section 5, a brief discussion is provided about the possible application scenarios of the
proposed devices. Finally, conclusions are drawn in Section 6.
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2. Theoretical Framework

We follow [1] and start from the homogeneous wave equation in a cylindrical reference
frame (ρ, φ, z) under the hypothesis of axial symmetry (∂/∂φ = 0):(

∂2

∂ρ2 +
1
ρ

∂

∂ρ
+

∂2

∂z2 − 1
c2

0

∂2

∂t2

)
ψ(ρ, z, t) = 0 (1)

where c0 is the speed of light in vacuum and ψ is a component of the electromagnetic
field or potential. In order to find a general solution to (1), a spectral method is applied: a
Hankel transform with respect to ρ, and two Fourier transforms with respect to z and t lead
to the following integral expression (a time dependence ejωt of the potential is assumed
and suppressed throughout the paper):

ψ(ρ, z, t) =
∫ +∞

−∞

∫ +∞

−∞

∫ +∞

−∞
kρ J0(kρρ)e−jkzzejωtψ̃(kρ, kz, ω)dkρdkzdω (2)

where kρ and kz are the radial and longitudinal wavenumbers, respectively, ω is the
angular frequency, and ψ̃(kρ, kz, ω) is the generalized transform of ψ(ρ, z, t). One order
of integration can be skipped by exploiting the separation relation k2

0 = k2
ρ + k2

z, where
k0 = ω/c0 is the vacuum wavenumber. The integral in (3) can then be expressed in terms
of an arbitrary spectral function S(kρ, ω) as:

ψ(ρ, z, t) =
∫ +∞

0

∫ +k0

−k0

kρ J0(kρρ)e−jkzzejωtS(kρ, ω)dkρdω (3)

where we have limited the domain of ω and kρ to consider only positive frequencies
ω ∈ R

+ and fast, radiating waves kρ ≤ k0. The wave solution in (3) is rather general and
expresses any solution of the Helmholtz equation in an axially symmetric reference frame,
as a superposition of radiating plane waves. In order to obtain a localized solution, a linear
coupling between ω and kρ has to be imposed [18]. This constraint is immediately obtained
by enforcing the propagation-invariant property (which distinguishes a localized solution
from any wave solution) to the wave solution ψ(ρ, z, t) = ψ(ρ, t − z/vz), where vz is a
constant (which implies rigid transport) representing the wave velocity along the z-axis.

Among localized waves, Bessel beams are particularly interesting solutions due to
their self-healing property [3,19,20]. They are obtained from a spectrum equal to:

S(kρ, ω) =
δ(kρ − k0 sin θ0)

kρ
δ(ω − ω0). (4)

where δ(·) is the Dirac delta function. Equation (4) clearly implies that a Bessel beam
is a monochromatic solution in ω0 = 2π f0 ( f0 being the working frequency) with kρ =
k0 sin θ0 = (ω0/c0) sin θ0, where 0 < θ0 < π/2 is the so-called axicon angle, defined with
respect to the vertical z-axis. Therefore, a Bessel beam can be represented as a superposition
of plane waves with wavenumbers lying on the surface of a cone with aperture angle 2θ0.
From the separation relation, we also have kz = k0 cos θ0, thus a linear coupling between ω
and kz is required for obtaining localized-wave solutions [18].

Using Equation (4) in (3), an ideal diffraction-free Bessel beam is obtained, i.e., a Bessel
beam whose transverse intensity is independent from the propagating distance |ψ(ρ, φ, z >
0, t)|2 = |ψ(ρ, φ, z = 0, t)|2 [20]:

ψ(ρ, z, t) = J0(kρρ)e−jkzzejω0t (5)

As discussed in the Introduction, when generated from a finite aperture, this expres-
sion holds true only for z ≤ zndr, where zndr is the so-called nondiffractive range. According
to a ray-optics analysis, this distance is given by

zndr = ρap cot θ0 (6)
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where ρap is the aperture radius of the radiating aperture, and for z > zndr the field intensity
abruptly decreases, i.e., |ψ(ρ, z > zndr, t)|2 → 0. Interestingly, the transverse spot size Sρ of
a Bessel beam is also related to the axicon angle through the following equation [21]:

Sρ = 0.7655λ csc θ0 (7)

where λ is the vacuum wavelength. Clearly, zndr and Sρ both increase as θ0 decreases. In
most applications, one is interested in having the largest zndr with the smallest ρap and Sρ,
thus the choice of θ0 is subject to the trade-off dictated by (6) and (7) [21].

3. Leaky-Wave Analysis

In this section, a step-by-step design workflow is provided and justified through a
simple yet rigorous theoretical explanation. In Section 3.1, a leaky-wave approach is used
in order to obtain the design equations for the resonant Bessel-beam launcher presented in
Section 3.2. In Section 3.3, the dispersion analysis of the device is presented.

3.1. The Leaky-Wave Approach

Leaky-wave antennas (LWAs) belong to the broader class of traveling-wave anten-
nas, for which the excitation is produced by a leaky wave that propagates along an open
waveguide-like structure [22]. The main distinctive feature of LWAs is that the radiation
mechanism can efficiently be described in terms of leaky waves, which are characteristic
modes endowed with complex wavenumbers, capable of providing a compact yet accurate
representation of the total aperture field [22]. As shown in [5,6], a Bessel beam can be
generated by means of a two-dimensional (2D) leaky radial waveguide.

Such a device is typically constituted by a grounded dielectric slab encircled by a
circular metallic rim with a PRS on top, as schematically shown in Figure 1. If the PRS is
but a slight perturbation of a perfect electric conductor (PEC), the leaky modes propagating
in the structure will be slight perturbations of the guided modes existing in the unperturbed
equivalent parallel-plate waveguide. Under these conditions (small perturbations), the total
aperture field is dominated by the leaky-wave contribution, which is sufficient to provide
for an accurate description of the whole radiating mechanism. (A rigorous explanation and
limitations to the application of the leaky-wave approach can be found in [23,24].)

In a 2D-LWA excited by a finite three-dimensional (3D) source, the field distribution is
mainly described by cylindrical leaky waves that propagate in the transverse plane with a
complex radial wavenumber kρ = βρ − jαρ, where βρ and αρ are the phase and the leakage
constant, respectively [25]. It is worthwhile recalling here that βρ is intimately related to
the axicon angle θ0 (which entirely defines the focusing properties of Bessel beams [21])
through the well-known ray-optics formula βρ/k0 = sin θ0 [26].

As is customary, the electromagnetic problem is studied separately for TM and TE
waves. In such a way, only the z-component of the vector potential Az or Fz is required
to totally describe the TM or TE field, respectively. Regardless of the polarization type,
resonant Bessel-beam launchers are typically excited by a dipole-like source: if a vertical
electric dipole (VED) is used a TM field distribution is achieved, whereas a TE polarization
is excited through a vertical magnetic dipole (VMD).

In the case of a TM- or TE-polarized, azimuthally symmetric device, the radial depen-
dence of Az or Fz, respectively, can be totally described in terms of two wave contributions:
the outward cylindrical leaky wave excited by the dipole-like source, and the inward one
coming from the reflection on the circular metallic rim. From an analytical viewpoint, by
considering H(1)

0 and H(2)
0 the zeroth-order Hankel functions of the first and the second

kind, respectively, it results in:

Az(ρ, z) ∝ A+
0 H(2)

0 (kρρ) + A−
0 H(1)

0 (kρρ) (8)

Fz(ρ, z) ∝ F+
0 H(2)

0 (kρρ) + F−
0 H(1)

0 (kρρ) (9)
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with A±
0 (F±

0 ) the complex amplitude coefficients of the outward/inward cylindrical leaky
waves constituting the TM (TE) potentials. Now that we have defined the radial de-
pendence, it remains to define the longitudinal dependence of Az, which can simply be
assumed as an outward travelling plane wave e−jkzz. The electric and magnetic field com-
ponents on the aperture plane (z = 0) are then found from Maxwell’s equations and, for a
TM-polarized field, read:⎧⎪⎪⎨

⎪⎪⎩
Eρ(ρ) = − kz

ωε
∂

∂ρ Az(ρ)

Eφ(ρ) = 0

Ez(ρ) = −j
k2

ρ

ωε Az(ρ)

⎧⎪⎪⎨
⎪⎪⎩

Hρ(ρ) = 0

Hφ(ρ) = − 1
ρ

∂Az(ρ)
∂ρ

Hz = 0

(10)

For the TE-polarized case, the duality principle can be applied, which yields null Eρ,
Ez, and Hφ components, with Eφ and Hρ proportional to ∂

∂ρ Fz; Hz follows the same radial
envelope of Fz.

Figure 1. Pictorial representation of a TM- or TE-polarized resonant Bessel-beam launcher excited by
a VED or a VMD with its |Ez| or |Hz| near-field distribution, respectively.

In order to obtain a Bessel beam, the aperture radius has to be properly set in such a
way to have a constructive interference between the outward and inward cylindrical leaky
waves that fully describe the potentials TM and TE potentials Az and Fz. If we assume that
the coefficient of the outward wave A+

0 (F+
0 ) is almost equal to that of the inward wave

A−
0 (F−

0 ), a J0(kρρ) distribution for Az (Fz) is achieved for TM (TE) polarization with an
amplitude A0 ≡ A+

0 	 A−
0 (F0 ≡ F+

0 	 F−
0 ). As a result, the vertical field distribution

Ez (Hz) will also be characterized by a zeroth-order Bessel function. Therefore, non-null
components for the TM- and TE- polarized case read:⎧⎪⎪⎨

⎪⎪⎩
Ez(ρ, z) = −jA0

k2
ρ

ωε J0(kρρ)e−jkzz

Eρ(ρ, z) = A0
kzkρ

ωε J1(kρρ)e−jkzz

Hφ(ρ, z) = A0
kρ

ρ J1(kρρ)e−jkzz

(11)

and ⎧⎪⎨
⎪⎩

Hz(ρ, z) = −jF0
k2

ρ

ωε J0(kρρ)e−jkzz

Hρ(ρ, z) = F0
kρkz
ωμ J1(kρρ)e−jkzz

Eφ(ρ, z) = −F0kρ J1(kρρ)e−jkzz

, (12)

respectively. Design criteria to enforce both the radial and the vertical resonance will be
explained in the following subsection.
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3.2. Design Parameters

Due to the presence of the metallic rim, a radial resonance is found when the aperture
radius coincides with one of the zeroes of the Bessel functions characterizing the radial
dependence of the tangential electric fields. Therefore, different resonant conditions have
to be applied depending on whether we deal with TM- or TE-polarized Bessel beams. In
the former case, the tangential electric-field component is Ez that goes as J0(·) (see (11)),
whereas, in the latter case, it is Eφ that goes as J1(·) (see (12)). Therefore, the aperture radius
should satisfy the following equation:

βρρap = jnq, (13)

where jnq is the qth zero of the nth order Bessel function, with n = 0 in the TM case (as
shown in, e.g., [6,10]) and n = 1 in the TE case (as shown, e.g., in [13]).

From (6) and (13), a useful relation is achieved among the nondiffractive range, the
aperture radius, the polarization type (which determines the order n of the Bessel function),
and the order q of the radial resonance, which reads:

zndr =
ρap

√
k2

0ρ2
ap − j2nq

jnq
(14)

In order to obtain a Bessel-beam distribution with a desired nondiffractive range and
aperture radius (fixed by practical constraints), we show here a possible design workflow
to determine the required value of βρ and αρ at the working frequency f0 and the resulting
design in terms of cavity height h and sheet reactance Xs; the latter is assumed to fully
characterize a lossless PRS. This assumption is fairly accurate for canonical homogenized
metasurfaces such as 2D patch arrays, metal strip gratings, and fishnet-like metasurfaces
(see, e.g., [27,28]) as those discussed here. The synthesis of a fishnet-like metasurface, i.e.,
its practical implementation for realizing a given value of Xs, will be discussed in Section 4.
Here, we first present design equations to properly set the relevant design parameters of a
resonant Bessel-beam launcher, i.e., Xs, ρap, and h, for having a Bessel beam suitable for a
given application scenario.

For this purpose, we assume the aperture radius and the nondiffractive range are fixed
by some practical constraints dictated by a typical WPT scenario for wearable devices. In this
context, it is commonly required to reach a minimum cover distance with a device that cannot
exceed a given maximum transverse size [29], fixed in this case by the aperture radius. In this
regard, Figure 2 shows through gray dashed lines how these boundaries would translate at 30,
60, and 90 GHz for a maximum aperture radius of 1 cm and a minimum cover distance of 1.5
cm. It is worthwhile to point out that, in Figure 2, the trade-off between miniaturization and
cover distance for a given radial resonance is also clearly represented.

0 1 2 3 4 5
0  

1.5

3  

4.5

6  

Figure 2. Design curves for a minimum zndr = 15 mm and a maximum ρap = 10 mm. The normalized
nondiffractive range z̄ndr = zndr/λ0 and the normalized aperture radius ρ̄ap = ρap/λ0 are reported
on the y-axis and the x-axis, respectively. Gray dashed lines represent the design boundaries at 30, 60,
and 90 GHz, and differently colorized solid or dashed lines represent the design curves in a TM or
TE polarization, respectively, for different radial resonances.
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Once f0 is fixed, the order q of the radial resonance and the polarization have to
be chosen. In particular, the first, q = 1 radial resonance is typically avoided due to its
consequent high truncation effects. Equation (13) is then used to get the normalized phase
constant β̂ρ = βρ/k0, strictly related to the axicon angle through the equation β̂ρ = sin θ0,
once the polarization (n = 0 or n = 1 for the TM or TE case, respectively) and the radial
resonance q are fixed.

At this point, the normalized leakage constant α̂ρ = αρ/k0 has to be determined.
As noted before and shown in [6], we need A+

0 	 A−
0 (F+

0 	 F−
0 ). Under the simplified

assumption of plane-wave propagation (which ignores the radial spreading of cylindrical
leaky waves) inside the cavity, the ratio 0 < ar < 1 between the power amplitudes of the
inward and outward wave is given by ar = e−2αρρap . In order to obtain a well-defined
Bessel-beam profile without requiring the design of a very high-Q (Q stands for quality
factor [12]) cavity, the power ratio between the waves should be moderately close to 1. On
a quantitative basis, this trade-off is substantially met for ar ≤ 0.95, thus providing the
following design equation for the leakage constant:

α̂ρ <
0.03

k0ρap
(15)

From the knowledge of the required β̂ρ and α̂ρ, the design equations for the cavity height
h and the equivalent PRS reactance Xs can be found for either TE- and TM- polarized Bessel-
beam launchers, using one of the methods explained in [30]. For the readers’ convenience, we
report here the approximate analytical equations for the reactance sheet Xs values:

|XTE
s | = η0

√√√√ πβ̂ρα̂ρ sec θ0√
(εr − sin2 θ0)3

(16a)

|XTM
s | = η0

√
πβ̂ρα̂ρ cos θ0

εr
√

εr − sin2 θ0
. (16b)

and cavity height h values:

hTE 	 λ0

2
√

εr − sin2 θ0

(
1 − Xs

√
εr − sin2 θ0

πη0

)
(17a)

hTM 	 λ0

2
√

εr − sin2 θ0

(
1 − Xsεr

πη0
√

εr − sin2 θ0

)
. (17b)

where η0 	 120π Ω is the vacuum impedance. The absolute value in (16a) and (16b) is
used because the design equations apply for both inductive Xs > 0 and capacitive Xs < 0
sheets. We also note that Bessel-beam launchers typically work far from the leaky cutoff
condition (viz., β̂ρ 	 α̂ρ [31]) and usually require highly reflective PRS (which leads to
small values of α̂ρ). Therefore, the accuracy of the aforementioned equations is rather
high [30]. The effectiveness of the entire design workflow can be inferred from the dis-
persion curves of the TE and TM leaky modes, here obtained with an accurate numerical
routine, briefly discussed in the next subsection.

3.3. Dispersion Analysis

The propagation modes supported by the leaky-wave resonant cavity can be found
by enforcing the condition of resonance on the relevant transverse equivalent network
(TEN), thus obtaining the modal dispersion equation. The dispersion equation can be
obtained by enforcing the resonance condition on the relevant TEN. In other words, we
apply the so-called transverse resonance technique [32] to the TEN represented in Figure 3a
where Y0 and Y1 are the characteristic admittances in air and inside the cavity, respectively,
Ys = 1/Zs is the sheet admittance, and kz and kz1 are the vertical wavenumber in air

95



Micromachines 2022, 13, 2230

and inside the cavity, respectively. While the vertical wavenumbers are again given by

kz =
√

k2
0 − k2

ρ and kz1 =
√

k2
0εr − k2

ρ, the characteristic admittances have the well-known
different expressions reported in Table 1 [12], depending on the specific polarization (viz.,
TE or TM) and material.

Table 1. Expression for the characteristic admittances in different material and polarizations.

Admittance TE TM

Y0
kz

k0η0

k0
kzη0

Y1
kz1

k0η0

k0εr
kz1η0

Figure 3. (a) Transverse equivalent network of a resonant Bessel-beam launcher, and (b) the geometry
of the PRS fishnet-like unit cell. The areas in which PEC is not present are filled by the dielectric inside
the cavity, constituted by air in this case. (c) Dispersion diagrams of the normalized phase constant
β̂ρ vs. frequency f for the specific case derived in Section 4, with the design parameters reported
in Table 2. Red and blue solid lines represent the dispersion curves of TE and TM leaky modes,
respectively. The radial resonances for TE and TM modes, represented by red and blue dashed lines,
are obtained by enforcing a null of the first- or the zeroth-order Bessel function, respectively.

Table 2. Design parameters and radial wavenumbers for TE- and TM-polarized resonant Bessel-beam
launchers with a working frequency f0 = 90 GHz and an aperture radius ρap = 10 mm. The period
of the PRS unit cell is p 	 3.33 mm.

Polarization β̂ρ α̂ρ Xs (Ω) h (mm) g/p w/p

TE 0.5401 0.0019 30 1.94 0.2086 0.05
TM 0.4588 0.0020 20 1.84 0.1732 0.1

Therefore, we obtain the following dispersion equation:

Y0(kρ) + jBs − jY1(kρ) cot (kz1(kρ)h) = 0, (18)

where Bs = −1/Xs, and the dependence of all terms on kρ is explicit (we are tacitly assum-
ing the PRS to be not spatially dispersive, and polarization dependent; a fair approximation
for fishnet-like metasurfaces [28]). The radial wavenumbers kρ of all the modes propagating
in the structure are found by solving for the complex roots of (18). It should be noted that
the left-hand side of (18) is a two-sheeted Riemann surface, whose complex planes are
connected through the Sommerfeld branch cuts. Leaky modes are found searching for the
complex improper roots, lying on the improper sheet, i.e., with Im (kz) > 0. The dispersion
diagrams, i.e., β̂ρ or α̂ρ as functions of the frequency, are then obtained and commented for
the case study analyzed in Section 4.
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4. Structure Design

Here, we exploit the theoretical results of Section 3 to present a realistic implementation
for both TE- and TM-polarized resonant Bessel-beam launchers.

The first step in the implementation of a prototype is fixing some parameters. First
of all, we can assume that our device will work in a realistic scenario for WPT where it
has to respect specific dimension constraints. For instance, in [33], a maximum aperture
radius of 1.5 cm and a nondiffractive range of 2 cm at 30 GHz were required. In this
work, a further miniaturization of the device is set by fixing ρap = 1 cm, at the expense
of a slightly lower nondiffractive range of zndr = 1.5 cm (note that the ratio zndr/ρap is
increased). These boundaries are reported in gray dashed lines in Figure 2, where z̄ndr and
ρ̄ap are the normalized nondiffractive range and aperture radius with respect to the vacuum
wavelength, respectively. From Figure 2, we note that, for f0 = 30 GHz, we can only use
the first-order radial resonance that is preferable to avoid, as it may lead to non-negligible
truncation effects. Conversely, for f0 = 60 GHz and f0 = 90 GHz, we can choose up to the
second q = 2 and third q = 3 radial resonance, respectively. In particular, the latter has
been considered in this work as a practical case study.

Once the radial resonance, the aperture radius, and the power ratio ar = 0.95 are fixed,
the radial wavenumber kρ is obtained, as previously described. With these values of βρ and
αρ at hand, the equivalent PRS surface impedance Zs and the cavity height h are derived
through (16a) and (16b) and (17a) and (17b), respectively. All these parameters are reported
for brevity in Table 2. The sought value of Zs is obtained through the fishnet-like unit cell
shown in Figure 3b and commented in more detail in Section 4.

The theoretical effectiveness of the described design workflow is verified in Figure 3c.
There, the dispersion curves of the TE and TM leaky-wave modes are reported vs. fre-
quency f along with their different radial resonances. As expected, at the working frequency
f0 = 90 GHz, the phase-constant curves (solid lines) and the radial-resonance curves (dashed
lines) intersect, thus defining the working point of the designed Bessel-beam launcher. For the
TE and TM case, we found β̂ρ = 0.5401 and β̂ρ = 0.4588 (see Table 2), to which correspond
θ0 	 32.7◦ and θ0 	 27.3◦ and in turn Sρ 	 4.72 mm and Sρ 	 5.56 mm, respectively.

The last steps of a the practical implementation for resonant Bessel-beam launcher are
the physical realizations of a homogenized PRS with the desired equivalent Xs and of a
realistic source that acts as a VMD or a VED.

4.1. PRS Implementation

A PRS is a key component for different kinds of antennas: uniform 2D leaky-wave
antennas, Fabry–Perot cavity antennas, reconfigurable devices and, of course, resonant
Bessel-beam launchers. PRS realizations mainly fall into three different categories: single-
layer dielectric covers, dielectric multilayers, and homogenized metasurfaces [34]. In
order to have a low-profile antenna and to avoid high-permittivity materials that usually
exhibit high dielectric losses, it is preferred to use a metal homogenized metasurface for the
implementation of the PRS in Bessel-beam launchers at millimeter waves. This solution also
has the advantage of being relatively low cost due to its easy realization through standard
PCB technologies or, at high frequencies, standard photolithographic processes. The PRS
topology, given by square or circular patches, printed dipoles, or fishnet-like metasurfaces,
depends on the type of the PRS (i.e., inductive or capacitive PRS) and the desired value of
the equivalent impedance sheet.

The implementation of an inductive PRS with a relatively low Xs value can be achieved
through a fishnet-like metasurface whose unit cell is reported in Figure 3b. The equivalent
surface impedance can be tuned using different values for the patch gap g and the strip
width w. As shown in [28], as the width increases or the gap decreases, the equivalent
reactance Xs decreases and tends to represent a PEC, as expected.

Through a parametric full-wave analysis of the unit cell, the design parameters of the
fishnet-like metasurface needed to realize the desired Xs in the TE and TM polarizations
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were achieved. These g and w values are reported normalized with respect to the period
p = λ/10 	 3.33 mm of the PRS unit cell in Table 2.

4.2. Feeder

So far, we have considered an ideal source given by a VED or a VMD for a TM- or
a TE-polarized Bessel-beam launcher, respectively. This kind of source, however, is not a
realistic feeder, thus it is necessary to take into account its physical implementation.

As concerns the VED, a low-cost, effective, simple solution is given by coaxial probes.
In fact, coaxial probes behave as VED-like sources and are commercially available up
to 110 GHz. Conversely, realizations of VMDs present different issues. In [13,14], loop
antennas or coils were considered for exciting a TE-polarized Bessel beam. However, the
feeding point of this kind of source necessarily breaks the azimuthal symmetry of the
structure, deteriorating the TE polarization purity. The solution proposed in [13] that
partially solves this issue is given by a specific shift of the probe position from the center
obtained through a full-wave parametric optimization. In such a way, a zeroth-order Bessel-
beam profile is achieved for the vertical component of the magnetic field, but spurious
contributions are still present. It was recently shown [17] that it is possible to excite a purely
TE-polarized Bessel-beam launcher by means of a radial, simultaneously excited slot array
on the ground plane. Each slot can be excited by a microstrip, but this may need a rather
complex feeding network, because the number of ports increases with the number of slots.

An innovative single-port excitation for a TE-polarized Bessel-beam launcher is then
presented here. Whereas a radial slot array is the discrete counterpart of a radially directed
magnetic surface current, we can excite this source in its continuous form by means of a
TE01-polarized circular waveguide. The TE01 mode is a higher-order mode in a circular
waveguide, and it can be isolated through different implementations described in the avail-
able literature [35–37]. In order to reduce the computational burden, we have considered on
CST Microwave Studio [38] an ideal waveguide port where only the TE01 mode is excited
by ensuring, through the guide dimension, that the desired mode is above cutoff.

4.3. Comparison between Theoretical and Full-Wave Results

The consistency of the proposed approach is verified through a comparison between
full-wave results and the numerical evaluation of expected theoretical field distributions
according to the outlined leaky-wave approach. The former are obtained through a CST
simulation of the entire three-dimensional model of the structure for both polarizations;
the latter are obtained through the application of a Gauss–Legendre quadrature rule to the
radiation integral of the theoretical aperture fields.

In particular, for the TM-polarized case, the aperture field distribution is given by (11)
in z = 0. From the knowledge of the field, the equivalent magnetic and electric surface
currents over the aperture plane are derived and used in the radiation integral to get the
near-field distribution for z ≥ 0 [39]. The typical profile of a zeroth-order Bessel beam
is obtained for the longitudinal component of the electric field Ez, as shown in Figure 4,
where the field amplitude over the ρz-plane is reported in dB, normalized with respect to
its maximum, for both numerical and full-wave results. In both cases, a Bessel beam with a
transverse spot size of about half a centimeter is maintained over a distance of 1.5 cm. An
impressive agreement between theoretical and full-wave results is obtained, thus corrobo-
rating the effectiveness of the presented design workflow. In Figure 4, we can appreciate
the typical on-axis oscillations of truncated Bessel beams. To circumvent this issue, and
thus generate a quasi-homogeneous axial intensity distribution, apodization techniques
(see, e.g., [40,41]) are often proposed in optics, as well as at microwave frequencies (see,
e.g., [42,43]).
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Figure 4. Full-wave and radiation-integral results for the longitudinal electric-field component Ez

in the TM-polarized Bessel-beam launcher on the left and on the right, respectively. At the top-left
corner, the |Ez| field distribution is represented over the transverse xy-plane at z = zndr/2.

As a consequence of the duality principle, similar results are obtained for the TE-
polarized case shown in Figure 5, where the longitudinal component of the magnetic field
|Hz| is represented as per |Ez| in Figure 4. In this case, the theoretical approach is the same
used for the TM case, provided the aperture field distribution is now given by (12) [39].

Figure 5. Full-wave and radiation-integral results for the longitudinal magnetic-field component Hz

in the designed TE-polarized Bessel-beam launcher on the left and on the right, respectively. At the
top-left corner, the |Hz| field distribution is represented over the transverse xy-plane at z = zndr/2.

5. Applications

In the previous sections, the theoretical implementation and the design workflow of
resonant Bessel-beam launchers based on the leaky-wave approach were described and
validated through full-wave simulations. Here, we show different practical scenarios that
may take great advantage of such launchers.

Bessel beams, due to their remarkable features of beam focusing and self-healing in
the near field, are very useful in diverse engineering fields [44]. For instance, high data-rate
links or micromanipulation of small particles can be achieved through Bessel beams, as
shown in [45,46], respectively. Bessel beams are also used in tomography, imaging [47–49],
and ground penetrating radar applications [50,51], also with interesting reconfigurable
properties [52]. Moreover, Bessel beams have attracted much interest in the THz range [53]
for improving the depth-of-field [54]. They can be implemented through microstructured
photoconductive antennas [55], plasmonic waves [56], or irregular binary axicons [57].
Interestingly, in the 3–300 GHz frequency range, Bessel-beam launchers present a very
low-cost and simple implementation and a higher penetration depth with respect to their
optical counterparts.

In this regard, WPT is one of the application scenarios where the generation of Bessel
beams at 3–300 GHz has attracted much interest in the last decade. In particular, the
Bessel-beam limited-diffractive behavior can be exploited in order to realize a radiative
near-field WPT link. The radiative near-field link presents a higher efficiency with respect
to far-field WPT links [58] and a higher covered distance with respect to the typical reactive
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near-field links based on inductive coupling [59]. As explained in [60], for distances beyond
the reactive near field, magneto-inductive coupling becomes insignificant due to the decay
of the link efficiency as the sixth power of the distance between transmitter and receiver.

Bessel beams have recently been studied for the implementation of radiative near-field
WPT links [16,37]. In practical cases, such as the realization of wearable devices, it is very
important to consider a compact structure for realizing a WPT link over a few wavelengths
distance. For instance, in [17,29,33], a miniaturized radiative near-field link was established
between two resonant Bessel-beam launchers. In such a way, a direct link between these
two resonant devices was achieved, such as the one represented in Figure 6.

(a)
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-6
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-2

(b)

Figure 6. (a) Pictorial representation of a radiative near-field WPT link between two resonant Bessel-
beam launchers. (b) The |S21| values in a radiative near-field WPT link at 90 GHz for different
distances between transmitting and receiving TM-polarized Bessel-beam launchers.

By exploiting the TM-polarized Bessel-beam design presented in this work, an inno-
vative WPT link at 90 GHz can be realized. As shown in Figure 6a, a near-field radiative
WPT link is realized between two identically polarized resonant Bessel-beam launchers
placed one in front of the other. By considering different distances between such devices
and assuming the link as a two-port network, the resulting |S21| is reported in Figure 6b. In
particular, the link has been simulated on CST Microwave Studio at 90 GHz for different
distances between the devices (5, 10, 15, and 20 mm), obtaining interesting and promising
results for high-frequencies WPT links.

Moreover, Bessel beams can show very different features depending on the specific
application. If the cover distance and the size of the launcher are the main concerns, Bessel
beams can be realized to work with a very low axicon angle. This, however, comes at
the expense of the transverse size of the beam waist, which increases for lower axicon
angles [21]. Conversely, one is keen to use a higher axicon angle when the transverse
resolution is the main concern and the cover distance is not very important. On the other
hand, if it is required to maintain a narrow beam waist for large distances, the size of
the launcher has to be increased. In such conditions, resonant Bessel-beam launchers are
not the best choice, and it is preferred to resort to the wideband type (see, e.g., [7,61–63])
mentioned in the Introduction.

In any case, the limited-diffraction and self-healing character of Bessel beams will always
represent an added value with respect to more common realizations for applications where it
is important to avoid waste of power and to ensure coverage in non-line-of-sight scenarios.

6. Conclusions

In this work, we started from a very general theoretical framework to analyze Bessel
beams as ideal nondiffractive solutions to the wave equation. Their practical generation
at millimeter waves through planar devices commonly known as resonant Bessel-beam
launchers was presented and explained under the frame of a rigorous leaky-wave analysis.
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The latter has allowed for deriving simple, yet accurate analytical equations for developing
a useful design workflow for such devices.

The effectiveness of such design guidelines were corroborated through full-wave
simulations of a device of only 2 cm of transverse size capable of generating Bessel
beams at 90 GHz that maintain a transverse spot size less than half a centimeter over a
1.5 cm distance.

The potentialities of the proposed device were finally tested in a realistic scenario,
where two identical resonant launchers were placed one in front of the other to create an
innovative wireless link at 90 GHz in the radiative near-field. The performance of such
a link opens interesting perspectives for future applications of these devices in wireless-
power-transfer and other focusing applications.
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Abstract: In this manuscript, we proposed the split ring resonator loaded multiple-input multiple-
output (MIMO) antenna design for the frequency range of 1 and 25 GHz. The proposed antenna is
numerically investigated and fabricated to analyze the different antenna parameters. We provided
statistics on a wide range of antenna parameters for five different designs, including a simple
circular patch antenna, a single-split-ring antenna, and a double-split-ring antenna. Reflectance,
gain, directivity, efficiency, peak gain, and electric field distribution are all analyzed for all proposed
antennas. The maximum achievable bandwidth is 5.28 GHz, and the double-split-ring resonator
structure achieves this with a return loss of −20.84 dB. The radiation patterns of all the antenna with
different port excitation conditions are presented to identify the behavior of the antenna radiation.
We found the effect of the split-ring resonators to form radiation beams in different directions. We
found the maximum and minimum half-power beam widths of 75◦ and 2◦, respectively, among the
different antenna designs. It was found that the split-ring resonator geometries in patch antenna
convert wide-beam antenna radiation patterns to several narrow-beam radiation patterns. We found
that each antenna’s bandwidth, gain, and return loss performance significantly differs from the
others. Overall, the proposed results of the antenna may apply to a wide range of communication
applications, including those for Wi-Fi, WiMAX, and 5G.

Keywords: MIMO; 5G communication; antenna; gigahertz; gain; bandwidth; WiMAX; Wi-Fi

1. Introduction

The current prospective technologies help to try high data rates and low-priced appli-
cations. In line with their wideband systems can rapidly transfer a great deal of data across
a wide variety of frequency channels while using a relatively low power spectral level [1].
There has been a tremendous shift in wireless communication networks over the past
decade, yet the demand for compact, portable devices has remained steady. New wireless
networks aim to accommodate many users simultaneously, providing variable data speeds
and a versatile set of services. However, spectral congestion limits the available bandwidth,
a barrier to increased data rates. Therefore, antenna solutions that allow integration across
several frequency bands are becoming increasingly crucial for wireless devices [2]. Already
in many smartphones and other portable devices, they may soon find broader application
in consumer electronics [3]. Multi-input, multioutput (MIMO) technology is also employed
to reduce multipath fading and expand available channel capacity [4,5]. MIMO enters the
scene to increase system capacity and dependability. Multi-input multioutput (MIMO)
relies on a large number of independent antennas for both transmission and reception.
Different metrics can assess antenna array performance in MIMO systems [6,7].Using
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multiple-input multiple-output (MIMO) systems with multiple antenna modules at both
the transmitter and receiver may improve wireless systems’ multipath performance [8].
With MIMO technology, all antennas must be active at the same time.

The research shows that when the MIMO structure gets smaller, the isolation between
the antenna components also decreases [9]. With the help of a radial stub-loaded resonator,
MIMO antennas consisting of two antenna components have been constructed [10]. A
flawed isolation wall is used to probe methods for decreasing mutual coupling, as pre-
sented in [11]. The results of the antenna presented in [12] demonstrate that isolation and
bandwidth are sufficient, but they do not consider the antennas’ diversity characteristics.
Slotted triangular parasitic patches and two PIN diode switches [13,14] are used in MIMO
to increase the principal triangle radiator’s electrical length, enabling triple-band capabili-
ties. When trying to achieve sub-6 GHz applications, the diagonally trunked patch with the
partial diffracted ground concept is a useful tool, as depicted in the article [15]. Using an
L-shaped slot in the radiating element and two identical stubs coupled to the partial ground
improves the broadband radiation characteristics and impedance matching throughout
the bands of interest [16]. In [17], a multi-input multioutput (MIMO) antenna based on
four monopole antennas is proposed, enabling communication at mm-wave and sub-6
GHz frequencies while maintaining high isolation. An extensive and detailed pattern is
conceivable because of the two layers of the mushroom structure. The inverted L-monopole
construction [18] allows the four-element wideband MIMO antenna to cover an extensive
frequency range. However, the achieved isolation is just −11 dB across the usable frequency
range. There is much interference observed in the proposed antenna [19] because of the
inadequate isolation between the antenna sections. When an antenna is constructed from
a single element, the center frequency changes if a common ground is used and if the
components are not well-isolated from one another [20]. In [21], the author proposes using
a two-element MIMO antenna that has band-notch characteristics. The antenna is relatively
large, but its strength is only 2 dBi. The two-element MIMO antenna presented in [22] has
a wide operating frequency range of 2.1–11 GHz. On the other hand, we only managed
to achieve a gain of 4 dBi and isolation of −22 dB. The machine learning capability of the
MIMO antenna allows it to be used on a broader variety of settings. Federated learning
(FL) is a machine learning form that considers privacy concerns by having users train
models locally before sending their tweaks to a central server. Since data owners are not
required to participate in FL, it is a privacy-invasive machine-learning approach [23,24].
In sum, these characteristics facilitate the realization of IoT-based applications. Interest in
the next-generation 5G heterogeneous networks is widespread. There are huge benefits
and many worries associated with using the bandwidth spectrum of HetNets to transfer
massive amounts of data at rapid speeds [25]. Creating a reliable 5G antenna design is a
key step toward maximizing the potential of the 5G network [26]. A transparent MIMO
antenna made from a plexiglass base and transparent conductive oxide is described in the
paper [27]. The proposed MIMO design for state-of-the-art 5G technology in [28] takes
a novel method to increase isolation between several antenna components. Using two
quasi-self-complimentary MIMO antennas to achieve broad bandwidths is proposed in [29].
This antenna is perfect because of its high gain and compact size. Due to its position,
a lower ECC and lower isolation than other portions of the system are present in the
quasi-structure. In the 2.3–2.4 GHz operating range, up to −40 dB isolation can be attained
using the mushroom structure in a four-element MIMO antenna [30]. Massive MIMO
is a frontrunner for the 5G network due to its great spectral efficiency and low power
consumption. However, pilot contamination is a major barrier for huge MIMO systems
(PC). Thus, a two-pilot scheduling approach is analogous to a synchronous fractional pilot
scheduling system (AFPS) and a fractional pilot reuse (FPR) [31].

The proposed antennas in the previous literature survey provide a limited scope of
the antennas’ performance with specific gain and isolation properties. The bandwidth
properties for the wide range of GHz applications are also limited in previously designed
antennas. Therefore, it is essential to cover a wide range of GHz bands through the single-
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antenna design, which offers better isolation, wideband, and improvised gain. It is also
required to design an antenna which can be worked on multiband applications for a wide
range of device adaptability. Inspired by the previous antenna design and its application
in wireless communication, we designed the MIMO antenna, which offers wideband
operation with minimum return loss values and high radiation gain. We also designed
an antenna that offers multiband operations and can work on narrow-band operation
for specific antenna radiation applications. Overall, the antenna design proposed in this
research can be applied in wideband, short-band, and multiband operations.

We simulated and fabricated a dual-element MIMO antenna structure for the 1 to
25 GHz operating frequency band. The proposed antenna is analyzed with different
antenna patch structures, which include the circular patch, single split-ring-engraved and
double split-ring resonator based on radiating elements. We investigated various antenna
parameters such as return loss, gain, bandwidth, directivity, radiation pattern, efficiency,
and normalized electric field to identify the overall behavior of the antenna. The proposed
antenna can offer multiband resonating behavior for the 1 to 25 GHz of the frequency band.

2. Split Ring Resonator Loaded MIMO Antenna Structure

A split ring resonator based two-element MIMO antenna structure is numerical and
experimentally analyzed over the 1 to 25 GHz frequency range frequency spectrum. The
schematic of the proposed antenna is shown in Figure 1. Figure 1a shows the perspective
view of the antenna. Figure 1b shows the top and bottom view of the antenna with the
notation of the dimensions. The values of each dimension are shown in Table 1. The overall
size of the antenna is set as 39 × 50 mm2.

 

Figure 1. (a) Schematic of the split ring resonator loaded MIMO antenna. (b) The top (red) and
bottom (yellow) layer structure is considered conductive copper material on FR4 substrate.

Table 1. Antenna design parameters.

Parameter a b c d e f g h i j k l W L r1 r2 r3
Values
(mm)

46 4 4 19 2 2 12 15 3 2 2 3 39 50 10 4 2

We fabricated the five antenna structures to identify other design parameters and
shapes. These antenna and its description are shown in Table 2. These antennas have
two circular patch-shaped designs where single and multiple split rings are engraved to
identify the effect in return loss and radiation effect. These antennas are excited with the
lumped plot element method with a rectangular port, as shown in Figure 1a. The FR4
sheet used to create the antenna is double-sided. The top and bottom layers are copper
materials with perfect electric conductor properties. HFSS antenna modeling software was
used to build the proposed structure. A squared patch is created by deducting the split
ring from the required area. The top and bottom layers are ideal electric conductors with
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boundary conditions. Air is considered material when positioning the radiation box with
the antenna. For the outer radiation box, we specify the radiation border condition. When
the ground is used as a reference plane, the port depicted in Figure 1 is excited as a lumped
port. The frequency sweep on the exciting port is what runs the simulation. Post-processing
techniques are applied to the HFSS simulation of the antenna to extract the reflectance loss,
gain, and directivity values.

Table 2. Different antenna designs and their descriptions.

Sr. No Design Description

1

 

Circular patch with stub in the back layer

2

 

Circular patch with split-ring-engraved
structure with stub in the back layer

3

 

Circular patch with dual-split-ring resonator
with a normal rectangular patch on the

backside

4

 

Circular patch with dual-split-ring resonator
with stub structure patch on the back side

5

 

Circular patch with 90-degree-rotated
dual-split-ring resonator with the normal

rectangular patch on the backside

3. Results and Discussion

The proposed antenna structure is numerically investigated and measured over the 1
to 25 GHz frequency range. We analyzed the different terms of the antenna, such as return
loss parameters, gain, directivity, radiation pattern, efficiency, and electric field distribution.
Figure 2 shows the representation of the co- and cross-polarization plot to the axis notation
for the design 4 antenna with both port excitation conditions. Figure 3 shows the return
loss values of the different S parameters (S11, S12, S21, and S22) (in dB) for design 1 and
design 2. The S parameters are referred to as the power transfer ratio from one port to
another. For example, the S parameters’ term Sij (i, j = 1, 2) refers to the ratio of the power
transferred from jth port to ith port. Figure 3a shows the return loss values for design 1.
The seven operating bands of the operation are observed in a simulation study. The top
band of the operation is 3.9 GHz for the frequency range of 3.38 to 6.47 GHz. The return
loss observed in this band is −13.81 dB. The minimum return loss of −18.41 dB in this
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antenna was observed between the 8.55 to 10.07 GHz frequency range. Figure 3b shows the
return loss values for design 2. The five operating bands of 1.47 GHz, 0.66 GHz, 0.7 GHz,
1.06 GHz, and 5.38 GHz are observed in a simulation study. The maximum band of the
operation is 5.38 GHz for a frequency range of 19.62 to 25 GHz. The return loss observed in
this band is −25.91 dB.

Figure 2. Representation of co−and cross−polarization plane to its axis system for design 4 antenna
system with both port excitation conditions with E and H plane notation.

Figure 3. Calculated reflectance loss factors (S11, S12, S21, and S22) (in dB) for (a) design 1, (b) design
2, (c) design 3, (d) design 4, and (e) design 5 of the proposed structure of the antenna.

108



Micromachines 2022, 13, 2161

Figure 3c–e shows the return loss variation observed in design 3, design 4, and design
5. Figure 3a shows the return loss values for design 3. The six operating bands of 2.54 GHz,
0.29 GHz, 0.73 GHz, 3.94 GHz, 2.18 GHz, and 0.4 GHz are observed in a simulation study.
The maximum band of the operation is 3.94 GHz for a frequency range of 12.75 to 16.69 GHz.
The return loss observed in this band is −17.13 dB. Figure 3d shows the return loss values
for design 4. The simulation study observed six operating bands of 2.46 GHz, 1.57 GHz,
0.51 GHz, 0.68 GHz, 1.73 GHz, and 5.18 GHz. The maximum band of the operation is
5.18 GHz for a frequency range of 19.82 to 25 GHz. The return loss observed in this band is
−26.29 dB. Figure 3e shows the return loss values for design 5. The four operating bands
of 3.42 GHz, 1.66 GHz, 6.55 GHz, and 5.28 GHz from the simulation study are observed.
The maximum band of the operation is 5.28 GHz for a frequency range of 19.22 to 25 GHz.
The return loss observed in this band is −20.84 dB. The overall minimum return loss of
−29.33 dB is observed in the second band of 8.45 to 10.11 GHz frequency band. In Figure 2
of the S parameters’ values of the antenna, the response of the S12 is overlapped with the
parameter S21. The reason for overlapping both responses is the ideally mirrored image on
both sides of the antenna over the center axis.

The detailed comparative values in the operating frequency, a band of operation return
loss, and the number of operating bands in each antenna are shown in Table 3. All the
values for calculating the band and operating frequency are considered, where all the S
parameters are <−10 dB. It is observed from all the designs that the engraved shape of
the split-ring resonator and stub generate different operating bands with different return
loss values. This result allows choosing the MIMO shape variant for the specific antenna
operating band. The operating band is changing because the electric field concentrates on
the different shapes and edges.

Table 3. The comparative study of achieved simulation results of frequency band and minimum
return loss for the proposed antennas.

Design fmin(GHz) fmax(GHz) Δf(GHz)
Minimum Return Loss

(dB)

1

3.38 6.47 3.09 −13.81
8.55 10.07 1.52 −18.41

11.02 11.66 0.64 −10.58
12.28 12.9 0.62 −10.67
14.11 15.38 1.27 −13.03
19.76 21.22 1.46 −13.45
23.7 25 1.3 −16.56

2

8.57 10.04 1.47 −18.96
10.76 11.42 0.66 −11.97
12.24 12.94 0.7 −11.16
14.32 15.38 1.06 −11.91
19.62 25 5.38 −25.91

3

3.58 6.12 2.54 −12.82
7.46 7.75 0.29 −12.77
9.7 10.43 0.73 −16.8

12.75 16.69 3.94 −17.13
21.12 23.3 2.18 −15.43
24.6 25 0.4 −16.04

4

3.75 6.21 2.46 −13.8
8.56 10.13 1.57 −20.38

10.65 11.16 0.51 −13.76
12.26 12.94 0.68 −11.36
14.06 15.79 1.73 −12.53
19.82 25 5.18 −26.29

5

3.25 6.67 3.42 −15.97
8.45 10.11 1.66 −29.33

10.51 17.06 6.55 −14.29
19.72 25 5.28 −20.84
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Figure 4 shows the two-dimensional and three-dimensional radiation patterns for
the design 1 antenna. Figure 4a,c,e shows the variation in three-dimensional radiation
pattern for the different port excitation conditions of (P1 = 0 and P1 = 1), (P1 = 1 and P1 = 0),
and (P1 = 1 and P1 = 1), respectively. Similarly, Figure 5a–c shows the variation in two-
dimensional radiation pattern for the different port excitation conditions of (P1 = 0 and
P1 = 1), (P1 = 1 and P1 = 0), and (P1 = 1 and P1 = 1), respectively. Similarly, Figure 4d–o
shows the three-dimensional and two-dimensional radiation patterns for design 2, design
3, design 4, and design 5 of antennas. Notably, variation in the antenna radiation pattern is
observed for the different port conditions along with the peak gain achieved. The >4 dBi
gain is observed in all the antenna designs with different port conditions.

We calculated the half-power beamwidth of the different antenna for both port excita-
tion conditions, and its comparative analysis is shown in Table 4. The beam width variation
is observed from a narrow beam to a wide beam (HPBW), ranging from 2◦ to 75◦. The
comparative analysis is presented in Table 4 in terms of design, polarization conditions, and
HPBM range. HPBM is calculated from the normalized bandwidth of the overall pattern to
>−3 dB values, which are referred to as half-power range. It is observed from Figure 5a,b
that the left-hand plane offers a wide beam width compared with the right-hand plane.
As shown in Figure 5c and Table 4 (Design 1), the maximum and minimum values of
HPBW are 44◦ and 7◦ in co-polarization conditions. In cross-polarization conditions, the
maximum 36◦ of the HPBW is also observed in −63◦ to −27◦ of the radiation plane. In
the radiation pattern of design 2 shown in Figure 5f, we observed a maximum HPBW of
42◦. The addition of the split ring in the top MIMO patch increases the beam width of
the directivity. Similarly, the wide beam width of 75◦ in the double split-ring resonator
structure, as shown in Figure 5i for design 3 of the antenna structure, is observed. The
effect of adding the stub in the bottom layer increases the radiation beam on the overall
radiation patterns. The stub in the middle converts the majority of single-beam radiation
to a multibeam radiation pattern. The effect of this multibeam radiation is observed in
Figure 5l for design 4 of the antenna structure. The maximum and minimum beamwidths
in the radiation pattern are observed as 62◦ and 5◦ in the co-polarization pattern. Similarly,
the maximum and minimum beamwidths in the radiation pattern are observed as 37◦
and 2◦ in the co-polarization pattern. The double split-ring orientation change generates
the maximum and minimum HPBWs of 46◦ and 3◦ for the co-polarization structure for
design 5, as shown in Figure 5o. In the cross-polarization radiation pattern, the maximum
and minimum HPBWs are 38◦ and 13◦. The effect of the split ring is mainly observed for
shaping the multibeam antenna radiation structure by applying specific ring orientation.
The phase difference between co- and cross-polarization antennas is 0◦ when peak gain
values are high. These conditions are observed for all port excitation conditions. It will
make the antenna behavior be in linear polarization mode. This phase difference can be
observed in Figure 4c,f,i,l,o.

We also calculated the variation in directivity for the entire frequency spectrum band,
and the results are shown in Figure 6. Figure 6 shows the change in normalized directivity
(dB) for the angle values of −180◦ to 180◦ and phi of radiation pattern 0 degrees for
the entire frequency spectrum of 1 to 25 GHz. We can also identify the values of the
>−3 dB operating band for the specific radiation rather subgraph and its suitable frequency
bands. Figure 7 shows the radiation efficiency of the different antenna designs over the
entire frequency band of the operation. The variation in frequency excitation from 1 to
25 GHz values of this process gives us the efficiency values of the spectrum bands. The
maximum radiation efficiency peak shows near the 8 GHz and 18 GHz frequency points.
Comparing the return loss values and gain plot, these two points do not show the practical
return loss values. In other bands of the operation, as shown in Figure 3, the average
radiation efficiency is observed at > 40% for most bands. Therefore, we can choose the
effective radiation efficiency, return loss values, gain, and directivity values to identify the
effective operation of the MIMO antenna. The radiation efficiency allows for identifying
the broad operating frequency band where the antenna radiated to its higher amplitude of
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electromagnetic radiation. The combined results of the return loss and efficiency allow for
choosing the type of design, operating frequency spectrum, and radiation bandwidth.

Figure 4. Variation in the radiation in 3D polar plots for the different port excitation conditions of
(a–c) design 1, (d–f) design 2, (g–i) design 3, (j–l) design 4, and (m–o) design 5 antenna. The different
port excitation conditions are (a,d,g,j,m) P1 = 0 and P2 = 1, (b,e,h,k,n) P1 = 1 and P2 = 0, and (c,f,i,l,o)
P1 = 1 and P2 = 1.
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Figure 5. Variation in the radiation in 2D polar plots for the different port excitation conditions of
(a–c) design 1, (d–f) design 2, (g–i) design 3, (j–l) design 4, and (m–o) design 5 antenna. The different
port excitation conditions are (a,d,g,j,m) P1 = 0 and P2 = 1, (b,e,h,k,n) P1 = 1 and P2 = 0, and (c,f,i,l,o)
P1 = 1 and P2 = 1.
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Table 4. The comparative analysis of the calculated half-power beamwidth (HPBW) for the antennas
at both port excitation conditions P1 = 1 and P2 = 1.

Design Polarization
HPBW Range

(Degree)
HPBW (Degree)

1
Co

−180 to −173 7
−154 to −110 44
−45 to −26 19
−6 to 7 13
25 to 46 21

110 to 153 43
170 to 180 10

Cross
−63 to −27 36
129 to 146 17

2
Co

−148 to −106 42
105 to 149 42

Cross −63 to −26 37

3 Co
−134 to −59 75

62 to 134 72

Cross −67 to −30 37

4

Co

−180 to −175 5
−164 to −104 60
−50 to −10 40

16 t0 50 24
103 to 165 62
175 to 180 5

Cross
−126 to −124 2
−65 to −29 36
121 to 158 37

5
Co

−180 to −177 3
−152 to −106 46

32 to 43 9
110 to 152 42
177 to 180 3

Cross
−64 to −26 38
133 to 146 13

The peak gain achieved in all the antenna ranges for the 1 to 25 GHz of the frequency
spectrum is presented in Figure 8. It is observed from the combined return loss and gains
spectrum that the peak gain is not the only factor in overall antenna operation that can
justify. It is essential to look first for the fair return loss values, antenna efficiency, and
gain value to judge the overall performance of the proposed antennas. In some bands, the
return loss is >−10 dB, but gain values seem higher. The peak near to 20 GHz frequency
values are >−10 dB. This combination is not helpful for effective antenna radiation. This
type of condition leads toward the oscillating behavior of the antenna instead of radiating
behavior. Figure 9 shows the different antenna designs’ electric field (V/m) distribution
on radiation planes. It is observed that there are different field distributions over different
shapes and engraved structures. Variation in the electric field distribution is changing
per the split ring resonator based engraved design and substrate stub design. The electric
field distribution over the different shape structures creates different resonator points of
frequency. It will affect variation in reflectance parameters and gain values. Figures 10
and 11 show the variation in the reflectance loss between simulated and measured re-
sults of the proposed antenna structures. This MIMO antenna design has a very small
resonating point variation. The feed points are the primary ones responsible for the sig-
nificant variation in the measured and simulated results for specific operating bands. The
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SMA connector adds a significant amount of loss to the measurements. The resonator’s
bandwidth, however, is roughly the same in both cases. Measured and simulated results
for these MIMO antennas show significant variation, which can be attributed in part to
the effect of the soldering materials. Either result’s alteration may also be caused by the
connector employed during the measurement set. The impedance of the connector or the
antenna may cause this difference. The MIMO antenna parameters such as ECC (Envelope
Correlation Coefficient), CCL (Channel Capacity Loss), MEG (Mean Effective Gain), DG (Di-
rectivity Gain), and TARC (Total Active Reflection Coefficient) [5,32–34] were investigated
for the proposed structure 4 antenna. The achieved diversified MIMO parameter results
of the proposed design 4 antenna show the values of ECC < 0.01, CCL < 0.5 bps/Hz/s,
DG ≈ 10 dB, TARC< −10.0 dB, and MEG < 0.5 dB). It helps overcome the obstacles inher-
ent in short-distance communication, such as fading signals, increased interference, and
The measured antenna efficiency for the proposed antenna structure is shown in Figure 12.
In the simulation, efficiency is measured by defaulted simulation setup and parameter
extraction provided by the HFSS simulation package. The ratio of the received power and
transmitted power extracts the efficiency of the measured antenna. multipath propagation.
These MIMO antenna parameters for the design 4 antenna structure are shown in Figure 13.
The comparative analysis of the proposed structure with the previously published results
is shown in Table 5. The comparison of the proposed structure is derived in terms of the
isolation, ECC, antenna structure area, antenna elements, and design complexity. Figure 14
shows the variation in cross-port reflectance loss values for the different antenna designs.
The comparative analysis of the S12 values is majority <−10 dB in the whole spectrum for
most antenna designs. This response suggests that all the antenna generates the minimum
cross-port interaction as the values are <−10 dB.

Figure 6. Calculated variation in normalized gain (dBi) for the different polar angles and frequency
spectrums. Variation in gain for the different (a) design 1, (b) design 2, (c) design 3, (d) design 4, and
(e) design 5 antennas.
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Figure 7. Variation in antenna radiation efficiency for different designs of antenna.

 
Figure 8. Variation in peak gain (dBi) for the different antenna designs.
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Figure 9. Normalized electric field distribution for the different shapes of the structures. The
normalized electric field intensity for the different antenna designs (a) Design 1, (b) Design 2,
(c) Design 3, (d) Design 4, and (e) Design 5 for the 10 GHz frequency value.
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Figure 10. Comparative plot of simulated and measured reflectance loss factors (S11, S22) (in dB) for
(a) design 1 and (b) design 2 of the proposed structure of the antenna.
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Figure 11. Comparative plot of simulation and measured reflectance loss factors (S11, S22) (in dB) for
(a) design 3, (b) design 4, and (c) design 5 of the proposed structure of the antenna.
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Figure 12. Variation in antenna radiation efficiency (measured) for different antenna designs.

 

Figure 13. Variation in different MIMO antenna parameters (a) CCL, (b) MEG, (c) TARC, (d) DG, and
(e) ECC for the design 4 antenna structure.
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Table 5. Comparative analysis of the proposed MIMO antenna with previously published results in
terms of different antenna parameters.

No of
Elements

Isolation (in
dB)

Design
Complexity

Antenna Area
(mm2)

ECC
Value of Peak

Gain (dBi)
Reference

2 25 No 1950 <0.1 >10 This structure
4 21 No 2460 <0.25 6.5 [29]
2 20 No 4371 - 3.5 [35]
4 10 No 2025 <0.25 2.75 [19]
4 17 Yes 1600 0.06 2.9 [36]
4 15 No 1600 0.4 3.5 [37]
2 22 No 640 - 1 [21]
4 10 Yes 5184 <0.014 3.1 [38]
2 21 No 680 - 4 [22]
4 13 No 5624 <0.04 6.2 [39]
2 - Yes 2880 <0.02 3 [40]
4 13 Yes 5625 <0.04 6.2 [41]
4 15 Yes 16,800 <0.10 5.5 [42]
2 15 Yes 13,125 <0.15 5.1 [43]
4 11 No 1600 <0.1 4 [18]
4 15.4 Yes 676 <0.01 1.41 [20]
4 22 Yes 1750 0.003 - [44]

Figure 14. Comparative plot of measured cross-port reflection values (S12) for the different antenna
designs.

4. Conclusions

We presented numerical and measured results of the split ring resonator loaded
antenna for the 1 to 25 GHz frequency range. We showed the different antenna parameter
results for the five antenna types, which contain the simple circular patch shape, single
split-ring, and double split-ring resonator structures. The antenna is analyzed in terms
of the different reflectance parameters, gain, directivity, efficiency, peak gain, and electric
field distribution. The proposed antenna offers a maximum bandwidth of 3.09 GHz with
−13.81 dB return loss in a normal circular patch antenna. In the case of the single split-ring
resonator, we observed the 5.38 GHz bandwidth with −25.91 dB of return loss. The double
split-ring resonator structure offers the maximum bandwidth of 5.28 GHz with −20.84 dB
of the return loss. We observed the bandwidth, return loss, gain, and bandwidth variation
for all antenna structures. The proposed antenna’s overall results can apply to various
Wi-Fi, WiMAX, and 5G communication applications.
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Abstract: In this article, very compact 2 × 2 and 4 × 4 MIMO (Multiple-Input and Multiple output)
antennas are designed with the help of Characteristics Mode Analysis to enhance isolation between
the elements for UWB applications. The proposed antennas are designed with Characteristic Mode
Analysis (CMA) to gain physical insight and also to analyze the dominant mode. To improve isolation
and minimize the mutual coupling between radiating elements, elliptical shaped stubs are used.
The dimensions of the 2 × 2 and 4 × 4 MIMO antennas are 0.29λ0 × 0.21λ0 (28 × 20 mm2) and
0.29λ0 × 0.42λ0 (28 × 40 mm2), respectively. These antennas cover the (3.1 GHz–13.75 GHz) UWB
frequency band and maintain remarkable isolation of more than 25 dB for both 2 × 2 and 4 × 4 antennas.
The impedance bandwidth of the proposed 4 × 4 MIMO antenna is 126.40% from 3.1 GHz to
13.75 GHz, including X-Band and ITU bands. The proposed 4 × 4 antenna has good radiation
efficiency, with a value of more than 92.5%. The envelope correlation coefficient (ECC), diversity gain
(DG), mean effective gain (MEG), and channel capacity loss (CCL) matrices of the 4 × 4 antenna are
simulated and tested. The corresponding values are 0.0045, 9.982, −3.1 dB, and 0.39, respectively.
The simulated results are validated with measured results and favorable agreements for both the
2 × 2 and 4 × 4 UWB-MIMO antennas.

Keywords: CMA; decoupling stub; ECC; isolation; UWB-MIMO

1. Introduction

The release of the unlicensed frequency spectrum from 3.1 GHz–10.6 GHz (UWB)
by the Federal Communications Commission resulted in significant changes in wireless
communications, including high-speed transmission, data rate, and higher security. But the
problems faced by UWB are fading, multipath environments, and low radiating powers of
less than 41.3 dB/MHz [1]. These drawbacks of UWB technology reduce its performance.
In the future, high data rates will be required with more than 100 Gbps of bandwidth
to meet all wireless communications applications. The reliable technology called MIMO
(Multiple Input and Multiple Output) increases the channel capacity, resulting in high data
rates and high speeds of data transmission. The MIMO maximizes the reduction in multiple
paths and fading problems so that the combined UWB-MIMO technology attains better
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link quality and higher data rates. However, the challenge faced by UWB-MIMO is the size
of the antennas. Several MIMO elements are integrated into a small space, producing high
mutual coupling and correlation problems. Therefore, several methods have been adopted
to enhance isolation and reduce mutual couplings, including introducing slots, placing
stubs, and Electromagnetic Band-Gap (EBG) in between MIMO elements and also placing
conducting materials called parasitic materials in between MIMO elements. Spatial and
pattern diversity techniques are also used to improve isolation in MIMO elements [2]. The
periodical arrangements of Complimentary Splint Ring Resonator (CSRR) metal strips or
capacitive gaps perform filtering action and enhance isolation between MIMO elements [3].

In the UWB antenna with dimensions 100 × 150 mm2, a metasurface-based decoupling
method (MDM) was used, and antenna elements were composed of the metasurface’s
superstrate to achieve isolation greater than 25 dB [4]. In the Fractal MIMO antenna, an
L-shaped inverted slot was used to reduce the mutual coupling up to 34 dB [5,6]. The
half-hexagonal-shaped monopoles included grounded circular rings along with grounded
stubs that improved the isolation by 20 dB [7]. Several decoupling methods are used to
maximize isolation [8–12]. A very high-compact four-port vertical polarized UWB MIMO
antenna covered a 2.2 GHz–12.3 GHz band with high isolation of more than 15 dB. A
Specific interlocking decoupling method was used to achieve low mutual coupling [13]. A
very sophisticated mutual coupling technique is called “neutralizing lines,” which were
added into 2 × 2 and 4 × 4 very compact MIMO elements to enhance isolation, −22 dB,
and achieve a low CCL of less than 0.29 bits/Hz [14]. Pentagonal MIMO antenna structures
were investigated to achieve high isolation of more than 28 dB by inserting slots and
plus-shaped parasitic structure between the patch elements [15].

A miniaturized 4 × 4 UWB MIMO antenna has been designed with dimensions
of 40 × 40 × 1.567 mm3. This antenna is very simple in structure and covers UWB
(3.1 GHz-10.6 GHz) and ITU bands (3.1 GHz–13.25 GHz), with high isolation of more than
15 dB, and the achieved radiation efficiency is 89% [16]. A rectangular microstrip stub
with defected ground plane is employed to increase the isolation >15 dBfor the reported
dual band MIMO antenna [17]. However, the above work provides only partial isolation
improvement techniques, because the design process lacks a systematic approach, so it
does not meet the quality requirement of antenna design. A systematic design approach is
required to understand the physical insight of the antenna structure, which gives immense
knowledge of the physical structure to antenna designers and allows a good design process
of the antenna in less time with more sophisticated results. The generated currents and
scattered fields from perfect electric conductors are explained by CMC [18,19].

The mode currents are the sum of orthogonal currents from PEC bodies, and modes
have orthogonal characteristics across the surface [20]. The various advantages of CMA
are used to design sophisticated antennas in a systematic design approach. The CMA
metrics and modal significance provides the bandwidth, coupling capability, and insight
into the exciting mode of the radiating element without exciting the feed [21]. The perfor-
mance of multiple antennas in a systematic design approach is achieved by Characteristic
Mode Analysis [22]. Two metal strips were combined to form the chassis to generate two
characteristic modes with wideband properties, and to achieve high isolation [23,24]. The
diversity radiation pattern and high isolation are achieved by two monopole antennas.
One radiator is the compact quarter loop and the second one is a circular planar monopole.
Both are ultra-wide antennas located at opposite faces of the rectangular ground plane of
MIMO, and both elements are excited in different modes [25]. By using the symmetry of
the etched slots, the required isolation of more than 32 dB is achieved between antenna
elements [26]. A 4 × 4 reconfigurable UWB MIMO antenna is designed to achieve isolation
greater than 20 dB in an entire band of 3 GHz-11 GHz. This antenna shows some band
rejection characteristics due to the placing of the PIN diode. Different geometry shapes
and novel decoupling techniques were also used to achieve high isolation, good radiation
performance, and improved diversity [27–30]
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The majority of the preceding work employed orthogonal modes and defected ground
structures to improve isolation in MIMO antennas, and some antennas employed space
diversity techniques. The above works need a more systematic design approach.

In this work, a new systematic methodology is proposed to achieve improved isolation
in MIMO antenna using Characteristic Mode Analysis. The elements in the proposed
antenna, 2 × 2 and 4 × 4 UWB-MIMO, are placed symmetrically over the FR-4 substrate to
achieve high compactness.

Novelty and Contributions

The main important points focused on while designing the 2 × 2 and 4 × 4 MIMO
antennas are:

1. The proposed compact 2 × 2 and 4 × 4 UWB-MIMO antennas achieved −25 dB
isolation among elements using Characteristic Mode Analysis (CMA).

2. The designed antennas not only cover UWB but also cover the X and ITU bands.
3. The decoupling I-shaped stub is placed at ground level to enhance the isolation and

overall performance of the MIMO antennas.
4. A step-by-step systematic designing approach using CMA methodology is used to

achieve good diversity characteristics in operating frequency range.
5. Both 2 × 2 and 4 × 4 antennas achieve good gain and radiation efficiencies.
6. The designed 2 × 2 UWB-MIMO achieved a peak gain and radiation efficiency of

4.2 dB and 82.5%, respectively. Therefore, there is a scope to enhance the above said
parameters by changing the 2 × 2 configuration into a 4 × 4 MIMO arrangement.

7. The proposed 4 × 4 UWB-MIMO with CMA achieved gain and radiation efficiency
up to 4.8 dB and 92.2%, respectively. The ECC of 2 × 2 is also reduced from 0.005 to
0.0045 by designing 4 × 4 MIMO antenna.

The rest of the paper is organized as follows. The detailed design of 2 × 2 with CMA
is explained in Section 2. Section 3 explains the result of 2 × 2 MIMO antenna. Section 4
is organized to explain the 4 × 4 UWB-MIMO antenna. Performance characteristics and
results of 4 × 4 antenna are analyzed in Section 5, and in Section 6 comparisons with
existing models are discussed. Finally, this paper ends with conclusions in Section 7.

2. Antenna Design

2.1. UWB-MIMO Using CMA

The designed 2 × 2 antenna is composed of two symmetrical circular radiators at the
top, each having rectangular discs that behave in a similar way to radiating elements. The
ground plane is composed of two elements: (i) partial ground plane and (ii) elliptical shape
decoupling stub.

The overall dimensions of the proposed 2 × 2 antenna are 0.29λ0 × 0.21λ0 (28 × 20 mm2)
printed on an FR-4 substrate, with tanδ = 0.002 and εr = 4.3, as depicted in Figure 1.
To improve low-frequency isolation, this proposed antenna uses a circular patch and a
rectangular disc. The designed parameters with dimensions are listed in Table 1.

Table 1. The designed parameters (Units in mm).

L1 L2 L3 d1 W1 W2

2 7 12.5 17.5 4 1.2

L4 r1 r2 r3 r4 r5

3.4 3 2 3 2 7

r6 Ws WL Wh hp L5

1.735 20 20 & 40 1.4 0.035 8

L6 r

8 3.6
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(a) (b) 

Figure 1. The dimensions of the proposed high-compact 2 × 2 UWB MIMO antenna. (a) Top view,
(b) Bottom view.

The radius (r) of 2 × 2 circular Patch radiator [31] is determined by using the
following expressions:

r =
F√

1 + 2h
πεr F

[
ln
(

πF
2h

)
+ 1.7726

] (1)

where F is given by:

F =
8.791 × 109

fr
√

εr
(2)

The effective radius results from the fringing field spreading from the patch border to
the ground plane. The fringing field around the circular patch may increase the radius of a
circle. Therefore, the effective radius (reff) is determined as shown below:

re f f =
1.8412 × c
2π fr

√
εr

(3)

where c is velocity of light in vacuum = 3 × 1011 mm/s, and fr is resonant frequency. The
dielectric material FR-4 is used, its height is h = 1.6 mm, and its operating frequency is
between 3.1 GHz and 13.75 GHz. This proposed antenna well resonates in the UWB range.
The specifications are εr = 4.3 and h = 0.16 cm, and fr = 7.5 GHz is used for calculating the
radius of the patch.

r =
F√

1 + 2h
πεr F

[
ln
(

πF
2h

)
+ 1.7726

] =
0.6√

1 + 2×0.16
π×4.3×0.6

[
ln
(

π×0.6
2×0.16

)
+ 1.7726

] = 3.6 mm

The radius (r) = 3.6 mm is suitable for resonating the antenna in UWB band.
The reflection coefficient of the single radiator is initially analyzed by changing the

horizontal stub (W1) from 3.5 mm to 4.25 mm. The corresponding reflection coefficient and
isolation are depicted in Figure 2a,b. The same procedure is repeated by varying the values
of the Length of the rectangular disc (L1) and the distance between two radiating elements
(d1), and its corresponding reflection coefficients are depicted in Figure 2c,d.

The horizontal disc’s width (W1) was adjusted from 3.5 mm to 4.25 mm and the current
distributions were simultaneously observed. The current distributions were excellent at
low frequencies when W1 = 3.5 mm, but the UWB range was not covered. The current
distributions were excellent at high frequencies (>10.6 GHz) at W1 = 4.25 mm. However,
at lower frequencies and in the UWB range they were not appreciable. The current dis-
tributions shifted from the low-frequency to the middle-frequency area at W1 = 4 mm.
Thus, at W1 = 4 mm, the designed MIMO effectively spanned the impedance bandwidth.
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Therefore, the antenna provides good impedance at W1 = 4 mm and, as a result, good
current distribution in the UWB. The horizontal disc’s length (L1) was adjusted from 1.5 to
2.25 mm, and the current distribution was observed. The current distribution was excellent
at lower frequencies when L1 was 1.5 mm. However, it was not impressive in the UWB
and higher frequency regions. When the L1 was changed from 1.5 mm to 2.25 mm, the
current distribution over the antenna surface shifted in the middle portion from the low-
frequency region to the high-frequency region and did not cover the UWB range. The maxi-
mum current distributions shifted from the low-frequency to the middle-frequency area at
L1 = 2 mm, so that at L1 = 2 mm, this MIMO adequately covered the good impedance
bandwidth’s entire UWB region.

Figure 2. Parametric variations of single radiator w.r.t. (a) Width of the of the horizontal disc W1,
(b) Isolation due to variations in W1, (c) Variations in L1 (Length of rectangular disc L1), (d) Variations
in d1 (Distance between two radiators d1).

The isolation between the MIMO elements has to be maintained, otherwise the inter-
action between the elements would increase and the MIMO diversity characteristics may
not meet. The space diversity technique can be used to improve the isolation. The current
distribution interaction between MIMO elements can be reduced by using additional space
between the MIMO elements, but this technique needs more space. The distance between
elements (d1) in this MIMO design ranged from 14.5 mm to 21.5 mm. Low mutual coupling
between the MIMO components was not achieved for the element spacing of d1 = 14.5 mm.
The mutual coupling between the elements is weak at d1 = 21.5 mm, but the antenna size
increases. The selected value of d1 = 17.5 mm obtained good isolation among the antenna
elements for the MIMO’s compactness.
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Antenna 0 (A#0), Antenna 1(A#1), Antenna 2(A#2), and Antenna 3(A#3) are the
four stages of the design evolution process. The proposed highly compacted 2 × 2 an-
tenna can be transformed into a 4 × 4 MIMO antenna without the need for additional
design methods.

The design procedure of 2 × 2 is performed by Characteristic Mode Analysis. The
physical significance of the antenna is analyzed by eigenvector, characteristic angle, and
modal significance, which is referred to as CMC performance matrices. The proposed
antenna design and its performance improved by CMA without applying any excitation.
After that, these results were cross-verified by applying feed excitation, which is called
time-domain analysis. By applying the systematic design approach step by step, the
overall bandwidth is improved and MIMO performance metrics are also improved. The
UWB-MIMO antenna was designed with a systematic approach using CMA in Computer
Simulation Tool (CST, Ver. 2018) Multilayer solver or Integral Equation solver. The Evolu-
tion of the step by step design process was performed using a systematic method and is
depicted in Figure 3.

    
(a) (b) (c) (d) 

Figure 3. Evolution of 2 × 2 UWB MIMO antenna. (a) A#0, (b) A#1, (c) A#2, (d) A#3.

Generally, the modal significance of these four antennas, A#0, A#1, A#2, and A#3,
are evaluated without applying any feed using CMA, as shown in Figure 4. The same
four antennas, A#0, A#1, A#2, and A#3, were analyzed using time-domain analysis by
applying feed and excitation; the associated S-parameters are depicted in Figure 5. Initially,
the high-compact 2 × 2 antenna was constructed with two circular patch monopoles and
was composed with rectangular discs without a ground plane, referred to as A#0. The
A#0 was analyzed by generating characteristic modes. In A#0, almost five characteristic
modes were generated to analyze physical insight into the structure of the antenna, and
associated modal significance are depicted in Figure 4a. The characteristics modes 1, 2, 4,
and 5 contribute to achieving a higher bandwidth. The CM3 did not contribute anything
to achieve wideband. The modal significances of A#1, A#2, and A#3 are depicted in
Figure 4b–d. The associated S-parameters of A#0, A#1, A#2, and A#3 are shown in
Figure 5a–d.

The antenna offers low isolation at low frequencies, but it is also quite good at the
remaining frequencies in the entire UWB spectrum, as observed from its S-parameters.
In the design evolution of the high-compact 2 × 2 MIMO antenna, the fundamental
Characteristic Mode Current (CMC) changes the direction of interaction with MIMO
elements, as depicted in Figure 6.

Figure 6 explains the CMs of CMC in A#0, A#1, A#2, and A#3, respectively. The
fundamental CM1 of CMC interacts with one monopole rather than the ground plane to
the monopole because A#0 is not in contact with the ground. Hence, greater interference
is generated between the two radiating monopoles in A#0, which consequently increases
the mutual coupling. The corresponding current distributions of A#0 in CM1is depicted in
Figure 6a. When CMA is applied to the A#0, it generates various CMs, each with its own
modal significance, eigenvalues, and characteristic angle. The eigenvalue represents the
effectiveness of a mode, while the modal significance represents relative bandwidth. The
characteristic angle denotes the current distribution’s compactness at that frequency.
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(a) (b) 

  
(c) (d) 

Figure 4. The modal significance of 2 × 2 UWB MIMO antenna. (a) A#0, (b) A#1, (c) A#2, (d) A#3.

  
(a) (b) 

 
(c) (d) 

Figure 5. S-parameter of proposed 2 × 2 UWB MIMO antenna. (a) A#0, (b) A#1, (c) A#2, (d) A#3.
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(a) (b) (c) (d)  

Figure 6. The fundamental CMC effect in the evolution of the 2 × 2 UWB-MIMO.

When compared to other CMs, the modal significance closest to unity (Ms = 1) indicates
that the mode resonates and is most effective at that frequency. The eigenvalue reaches
zero (λn = 0) when that mode of operation is resonated at that frequency. The characteristic
angle where it crosses 180◦ (θc = 180◦) is where the corresponding frequency resonates at
that frequency.

In comparison to other modes, modal significance reaches one at A#0, characteristic
angle crosses 180◦, and eigenvalue is zero for CM1, indicating that this CM1 resonates at
this frequency and is more effective in the low-frequency range. The A#1 is composed of
partial ground, and its current densities are at different frequencies in the entire operating
frequency spectrum, as depicted in Figure 7.

   
(a) (b) (c) (d) 

Figure 7. The A#1 surface current densities at (a) 3.8 GHz, (b) 6.8 GHz, (c) 9.8 GHz, (d) 12.8 GHz.

A#1 is obtained by adding the ground plane to A#0. Therefore, all CMs are moved
toward the lower frequency region, except CM1. Most of the current distributions and
currents are now moving from the monopole to the ground plane of the MIMO, i.e., low
interference is achieved between one monopole radiator to another monopole radiator. The
modal significance of A#1 is depicted in Figure 4b. The corresponding A#1 S-parameters
are shown in Figure 5b. The radiation properties at high frequencies of A#1 are enhanced
compared to A#0, i.e., the bandwidth is increasing towards high frequencies. However, due
to the high interacting currents between radiating elements, good isolation is not achieved
at low frequencies.

The design evolution process of the proposed antenna is executed via four (4) different
design steps. Wideband frequency response was achieved by adjusting the CMs in the
high-frequency region, at the high-frequency band, but a good impedance bandwidth was
not achieved. Therefore, for this purpose, an I-shaped stub has been embedded in between
the radiators to enhance the isolation of the elements. The design process of the I-shaped
stub is explained in the following sections. The next stage of evolution is A#2.

2.2. Effect of Decoupling Stub

The various types of decoupling techniques, such as F-shaped stubs, Y-shaped stubs,
and T-shaped stubs, are used to reduce mutual coupling [32–34]. The decoupling stubs are
placed in between radiating elements to enhance isolation in the MIMO antenna. In this
design evolution process of antenna, an I-shaped decoupling stub is combined with A#1 to
form A#2. By adding an I-shaped stub to A#1, further mutual coupling is reduced. The
dimensions of an I-shape stub are listed in Table 1 and are formed by stacking seven ellipses
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one on top of the other. The A#2 is analyzed with CMA without applying excitation. Due
to the insertion of the I-shaped stub in A#2, all modes are shifted from the high-frequency
band to the mid-frequency band, except CM1, hence increasing the bandwidth and isolation
between radiating elements. The respective modal significance is depicted in Figure 4c.

The current distributions in A#2 interact with the monopoles, I–shaped stub, and the
ground plane. Earlier, the scattered currents interacted from monopoles to monopoles, and
monopoles to the ground. Now the currents are moving from stubs to the ground and from
monopoles to the ground, so mutual coupling is reduced between radiating elements. The
current distributions of A#2 at different frequencies are depicted in Figure 8.

    
(a) (b) (c) (d) 

Figure 8. The characteristic currents of CM1in A#2 at (a) 3 GHz, (b) 6 GHz, (c) 9 GHz, and
(d) 12 GHz.

The A#2 is analyzed by applying feed with excitation in time-domain analysis. The
respective S-parameters are shown in Figure 5c. Figure 5c explains that the isolation of the
monopole radiators is increased. However, mutual interaction between the elements is still
observed at some frequencies that will degrade the performance matrices of MIMO, such
as CCL, MEG, ECC, and DG. By placing I-shaped decoupling stubs in MIMO, they reduce
the mutual coupling, but not to a higher extent.

Therefore, we need to enhance further isolation. For that purpose, we added an
elliptical patch at the top of the I-shaped stub, and it becomes a T-shaped stub. The
resultant antenna is called A#3. Characteristic Mode Analysis is applied to A#3 to generate
the respective five characteristic modes. By adding an elliptical patch to the I–shaped
stub, most of the characteristic modes are shifted from the high-frequency region to the
mid-band frequency spectrum [35], which results in an increase in the bandwidth over the
UWB frequency spectrum. The corresponding modal significances are shown in Figure 4d.
The time-domain analysis is applied to A#3 with feed and excitation. The respective
S-parameters are observed and depicted in Figure 5d. The scattering fields and current
distributions are moving among radiating elements, stubs, and the ground plane, instead
of moving from radiator to radiator. Hence, high isolation is achieved in this antenna.

The time-domain analysis is applied to A#3 with feed and excitation. The respective
S-parameters are depicted in Figure 5d. By integrating elliptical patch on to an I-shaped
decoupling stub, the isolation of the MIMO antenna is improved, and good performance
matrices are achieved. At various frequencies, the A#3 characteristic currents and current
densities are simulated and shown in Figures 9 and 10, respectively [36–38].
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(a) (b) (c) (d)  

Figure 9. The effect of characteristic currents due to CM1 in A#3 at (a) 3 GHz, (b) 4 GHz, (c) 5 GHz,
and (d) 6 GHz.

   
(a) (b) (c) (d) 

Figure 10. Current densities due to CM1 in A#3 at (a) 3 GHz, (b) 4 GHz, (c) 5 GHz, and (d) 6 GHz.

3. Results of High-Compact 2 × 2 UWB-MIMO Antenna

The performance of the designed 2 × 2 antenna was measured and found good
isolation from 3.1 GHz to 13.25 GHz of the entire frequency spectrum, with more than
23 dB isolation and a gain of 4.2 dB. The radiation efficiency and fractional impedance
bandwidth is 82.5% and 124.15%, respectively. The fabricated compact UWB MIMO 2 × 2
is depicted in Figure 11. The return losses of an antenna are found in S11 ≤ 10 dB of the
entire UWB spectrum. Isolation is less than 23 dB and is depicted in Figure 12. Figure 13
represents a comparison of tested and simulated values of S11 and S22. Figure 14 represented
the comparisons of simulated and tested values of isolation between the elements of
2 × 2 UWB-MIMO Antenna.

The overall performance of MIMO depends on its gain and efficiency. By using
a sophisticated step by step design procedure, this antenna achieved 4.2 dB gain and
82.5% radiation efficiency, as depicted in Figure 15. The measurement of gain and its
setup is depicted in Figure 15c. The key performance of MIMO antennas is diversity
performance, and antenna designers focus on diversity characteristic parameters while
designing UWB-MIMO antennas to meet the challenges in wireless communication. One
of the most significant parameters of the diversity parameter is the ECC, which shows
how the radiating elements interact with each other when placed very close together in
MIMO. The respective ECC is depicted in Figure 16b, and its value is 0.005. Diversity gain
is measured, and its value is 9.89, as shown in Figure 16a. The E-pattern and H-pattern
are tested, and simulated results are depicted in Figure 17 at frequencies of 4.5 GHz and
6.8 GHz, respectively.

132



Micromachines 2022, 13, 2088

  
(a) (b) 

Figure 11. The Proposed 2 × 2 UWB-MIMO fabricated antenna (a) Front View (b) Back View.

  
(a) (b) 

Figure 12. Prototype of the proposed 2 × 2 UWB-MIMO antenna. (a) Return Loss, (b) Isolation.

Figure 13. Comparisons of simulated and measured (a) Reflection coefficient (S11) (b) S22.
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Figure 14. Isolation in 2 × 2 UWB-MIMO Antenna.

  
(a) (b) 

(c) 

Figure 15. (a) Gains and (b) Radiation efficiency, (c) Gain measurement setup.

Figure 16. (a) DG with ECC, (b) ECC Measured.
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(a) (b) (c) (d) 

Figure 17. The radiation Pattern of E-Plane (a) 4.5 GHz and (b) 6.8 GHz, and H-plane at (c) 4.5 GHz
and (d) 6.8 GHz.

Still, there is a great need to achieve high isolation and ECC for reliable wireless com-
munication. Therefore, we can extend this 2 × 2 UWB-MIMO antenna into a
4 × 4 UWB-MIMO antenna to achieve good diversity performance using Characteris-
tic Mode Analysis.

4. 4 × 4. UWB-MIMO Antenna Design

The designed compact 2 × 2 UWB-MIMO antenna has dimensions of 0.29 λ0 × 0.21
λ0 (28 × 20 mm2), and it is extended into a 4 × 4 high-compact UWB-MIMO antenna
with dimensions of 0.290 × 0.420 (28 × 40 mm2) printed on FR-4 having εr = 4.3 with
tanδ = 0.002.

This 4 × 4 UWB-MIMO design process is performed in stages denoted as A#0, A#1,
A#2, and A#3, respectively. The 4 × 4 UWB-MIMO systematic design process is depicted
in Figure 18. Increasing the elements in MIMO will increase diversity performance. The
antenna is designed without the ground plane and applies characteristic modes to observe
its modal significance, as seen in the corresponding graphs shown in Figure 19a. Figure 20a
explains the S-parameters of the above A#0. The CMs are good at high frequencies but not
at low frequencies. A ground plane is added to A#0, along with a decoupling stub to form
A#1, A#2, and A#3; the corresponding modal significance and S-parameters are depicted in
Figures 19b–d and 20b–d.

    
(a) (b) (c) (d) 

Figure 18. The Evolution of 4 × 4 UWB MIMO antenna design. (a) A#0, (b) A#1, (c) A#2, (d) A#3.
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(c) (d) 

Figure 19. Modal significance of 4 × 4 antenna. (a) A#0, (b) A#1, (c) A#2, (d) A#3.

Figure 20. S-parameter of 4 × 4 antenna. (a) A#0, (b) A#1, (c) A#2, (d) A#3.
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A#0 is designed without a ground plane, A#1 has a partial ground plane, A#2 is
made up of an I-shaped stub, and A#3 is made up of an elliptical stub. The fundamental
characteristics of currents and the distribution of CM1 are depicted in Figure 21. Adding
stubs to a 4 × 4 antenna is similar to adding stubs to a 2 × 2 antenna. The surface
current density and its distributions of A#1 at various frequencies are shown in Figure 22.
By adding an I-shaped stub to A#1, it becomes A#2. The A#2 characteristic currents and
distributions of CM1 are expressed at various frequencies, as depicted in Figure 23. For A#3,
the characteristic current effect due to CM1 and current densities at different frequencies
are depicted in Figures 24 and 25, respectively.

    
(a) (b) (c) (d) 

Figure 21. The characteristic mode currents in the design process of high-compact 4 × 4 UWB-MIMO
antenna. Characteristic current effect due to CM1 of A#3 at (a) 3 GHz (b) 4 GHz (c) 5 GHz (d) 6 GHz.

    
(a) (b) (c) (d) 

Figure 22. The surface current densities of A#1 at (a) 3.8 GHz, (b) 6.8 GHz, (c) 9.8 GHz, and
(d) 12.8 GHz.
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(a) (b) (c) (d) 

Figure 23. The effect of characteristic mode current in A#2 (a) 3 GHz (b) 6 GHz (c) 9 GHz (d) 12 GHz.

     
(a) (b) (c) (d)  

Figure 24. A#3 Characteristic current effect due to CM1 at (a) 3 GHz (b) 4 GHz (c) 5 GHz (d) 6 GHz.

     
(a) (b) (c) (d)  

Figure 25. Surface current density of A#3. (a) 3 GHz, (b) 4 GHz, (c) 5 GHz, (d) 6 GHz.

5. Results of High-Compact 4 × 4 UWB-MIMO Antenna

The performance of the MIMO depends on its reflection coefficient and isolation
among the MIMO elements. Good isolation is achieved through a systematic design ap-
proach called Characteristic Mode Analysis. The designed antenna covers
3.1 GHz–13.75 GHz at a bandwidth of 10.65 GHz. The prototype of 4 × 4 is depicted
in Figure 26. The snapshot of the measured reflection coefficients and isolation using VNA
are shown in Figure 27. The simulated values of S11 and S22 are compared with tested
values, as depicted in Figure 28. Both the results are in acceptable agreement, as displayed
and achieved with the help of CMA. The measured reflection coefficients and isolation are
≤10 dB and ≤25 dB, respectively.
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(a) (b) 

Figure 26. High-compact 4 × 4 UWB-MIMO antenna fabricated prototype. (a) Top View, (b) Bottom View.

  
(a) (b) 

Figure 27. High-compact 4 × 4 UWB-MIMO Antenna Measurement. (a) S11, (b) Isolation.

  
(a) (b) 

Figure 28. Comparison of simulated and measured (a) S11 and (b) S22.

Reduced mutual coupling, high isolation is achieved among all ports; its value is
more than 25 dB and it is depicted in Figure 29. The Fields of the 4 × 4 MIMO at 4.5 GHz
and 6.8 GHz were measured and are depicted in Figure 30. The E- and H-plane radiation
patterns of the radiator are obtained by applying excitation at port one while the remaining
ports are matched with a 50Ω load. The obtained radiation patterns are similar for radiator
2, radiator 3, and radiator4 at respective ports 2, 3, and 4. With the help of DRH20, the
radiation pattern is measured in an anechoic chamber. The pattern in the H-plane would
be almost omni-directional, whereas the pattern in the E-plane is bi-directional.
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Figure 29. Isolation of 4 × 4 UWM-MIMO antenna.

  
 

 

(a) (b) (c) (d) 

Figure 30. The radiation pattern of E-plane at (a) 4.5 GHz and (b) 6.8 GHz, and H-plane at
(c) 4.5 GHz and (d) 6.8 GHz.

5.1. 4 × 4 MIMO Gain and Radiation Efficiency

The gain and radiation efficiency of a high-compact 4 × 4 UWB-MIMO antenna is
4.8 dB and 92.2%, respectively. The high-compact proposed 4 × 4 UWB-MIMO antenna
radiation, when efficiency simulated and measured, varies from 92.2% to 94% and 90.2% to
92.2%, respectively. These measured values are slightly different from simulated values
because of connector losses and fabrication losses in the antenna. The gain and radiation
efficiency of the designed high-compact 4 × 4 MIMO antenna is depicted in Figure 31.

  
(a) (b) 

Figure 31. High-compact 4 × 4 UWB-MIMO antenna. (a) Gain, (b) Radiation efficiency.
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5.2. Diversity Parameters

The ECC, DG, MEG, and CCL are known as the diversity parameters of the MIMO
antenna [37–39]. These parameters should be in the acceptable range only, otherwise
the performance of MIMO is not good and is therefore unsuitable for reliable wireless
communication. Therefore, the above diversity parameters are calculated and plotted with
the help of MATLAB code, and they are also verified with measured values.

5.2.1. ECC and DG

One of the key performances of MIMO antennas is ECC. The acceptable ECC value
in MIMO is below 0.5, but by using a systematic design process with the CMA technique,
the proposed high-compact 4 × 4 UWB-MIMO antenna achieved a 0.0045 value across the
entire UWB spectrum. The ECC explains how the radiating elements interact with each
other. No interaction between the radiating elements means that ECC is 0. The ECC is
calculated from S-parameters [37].

ECC =

∣∣Sii
∗ Sij + Sji

∗Sjj
∣∣2(

1 −
(
|Sii|2 +

∣∣Sji
∣∣2))(1 −

(∣∣Sjj
∣∣2 + ∣∣Sij

∣∣2)) (4)

where Sii, Sij, Sji, and Sjj are the S-parameters of UWB-MIMO. This Equation (4) is correct
for a 2 × 2 antenna. If MIMO has more than two radiating elements, it is better to calculate
ECC with the help of Avg powers along with its directions. The ECC is also represented
with the symbol ρ. This represents how the radiating elements are correlated with each
other. It measures how the ith radiating element is correlated with the jth element in
the designed MIMO antenna. The method of calculating ECC using S-parameters is not
advisable because most of the microstrip antennas used by planners and printers are lossy.
Therefore, we can calculate ECC from far-field [38] radiation patterns.

ρij =

∣∣∣∫ 2π
0

∫ π
0 [XPR.EθiE∗

θjPθ + EΦiE∗
ΦjPΦ]dΩ

∣∣∣2∫ 2π
0

∫ π
0 [[XPR.EθiE∗

θi + EΦiE∗
ΦiPΦ]dΩX

∫ 2π
0

∫ π
0 XPREθjE∗

θjPθ + EΦJE∗
ΦJPΦ]dΩ

(5)

XPR is cross-polarization rate (XPR = Pv/PH). The first port is fed with the signal,
whereas all remaining ports are terminated and matched with a 50 Ω load. The impact of
fading can be reduced by composing the antenna with several radiating elements using
a diversity technique. The DG is also an important diversity parameter. The DG is also
expressed [37] in terms of ECC.

DG = 10
√

1 − ECC2 (6)

The ECC and DG measured and simulated values are plotted and depicted in Figure 32.
Here, the ECC is 0.0045, achieved for the proposed antenna; this is a very low value and
indicates the low correlation between the MIMO elements. The acceptable value of DG in
MIMO is 9.59 dB. The proposed high-compact 4 × 4 UWB-MIMO antenna achieved more
than 9.982. The low ECC and high isolation in the MIMO system increase the reliability of
the communication system.
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(a) (b) 

Figure 32. (a) ECC with DG, (b) ECC without DG.

5.2.2. MEG

One of the performance matrices of an MIMO antenna is the MEG [38]. The MEG is
expressed as:

MEG =
∫ 2π

0

∫ π

0
[

XPR
1 + XPR

Fα(α, β)Pα(α, β) +
1

1 + XPR
Fβ(α, β)PβΦ(α, β)] sin αdαdβ (7)

where Fα and Fβ are patterns of power in the MIMO antenna system, respectively. Generally,
in the MIMO antenna system, the MEG between two ports is always less than −3 dB. In
the proposed 4 × 4 antenna, the MEG measured between port 1 and port 3 is −3.1 dB, as
depicted in Figure 33a.

 
 

(a) (b) 

Figure 33. (a) MEG, (b) CCL.

5.2.3. The Channel Capacity Loss

The CCL matrices are an important indicator of radiation performance in the MIMO
antenna system. The minimum and acceptable limit of CCL in the MIMO system is 0.4
bits/s/Hz. It is mathematically defined as [39]:

Closs = −log2det(YR) (8)

Y =

⎡
⎢⎢⎣

Y11 Y12 Y13 Y14
Y21 Y22 Y23 Y24
Y31 Y32 Y33 Y34
Y41 Y42 Y43 Y44

⎤
⎥⎥⎦ (9)

and also expressed as:
Ynm=−(S∗nnSnm+S∗mnSnm) (10)

Here n, m = 1 to 4. The simulated and examined values of CCL are included in
Figure 33b. Over the entire UWB frequency spectrum, the designed antenna achieved a
CCL of 0.399 bits/s/Hz.
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6. Comparisons of Proposed Work with other Models

The performance parameters of the proposed UWB-MIMO antennas are compared
with existing UWB-MIMO antenna working models and discussed in the literature, and
they are shown in Table 2. The performances of UWB-MIMO antennas were compared,
taking into consideration parameters such as the compactness of the antenna, i.e., size
and area, design approach, isolation parameters, ECC, channel capacity loss, and MEG,
as shown in Table 2. The major advantages of this proposed antenna are good isolation,
bandwidth, and the low ECC achieved using CMA.

Table 2. Comparative Analysis with Literature.

Ref. Design Methodology Dimensions (mm2) Isolation (dB) ECC CCL (b/s/Hz)

[2] Inverted L-shaped strip 60 × 30 34 0.002 0.5

[3] Decoupling stubs in
hexagonal shape 34 × 20 20 0.2 —

[4] I-shaped decoupling stub 25 × 25 17 0.01 —

[6] Fractal slot and flipped
in horizontal 53 × 35 19 0.007 —

[7] cut in substrate and placed
orthogonal 58 × 28 20 0.008 —

[8] U-Shaped with T-shaped
decoupling stub 30 × 45 29.5 0.00185 —

[19] Pattern diversity with CMT 85 × 50 20 0.03 —

[23] CSRR and decoupling stub
inverted L-shape 23 × 29 15 0.15 —

[30] T-shaped Stub 18 × 36 × 18.5 20 0.02 —
[32] Space diversity 60 × 60 16 0.005 —

[35]
Characteristic Mode Analysis

(CMA) with vias and
fork-shaped stubs

20 × 28 23 0.005 —

Prop (2 × 2) CMA with T-shaped
decoupling Stub 28 × 20 × 1.6 23 0.005 0.029

[5] Placement in orthogonal form 38 × 38 20 0.01 0.4

[9] Polarized diversity with
defected ground system 38.3 × 38.3 17 0.02 —

[10] Fractal slot and flipped
in horizontal 40 × 40 12 0.07 0.4

[32] Space diversity and
pattern diversity 90 × 60 20 0.005 —

[35]
Characteristic Mode Analysis

(CM) with vias and
Fork-shaped stubs

40 × 28 17 0.01 —

[39] Parasitic decoupler 60 × 60 × 1.52 21 0.001 –

Prop (4 × 4) CMA with T-shaped
decoupling Stub 28 × 40 × 1.6 25 0.0045 0.39

7. Conclusions

The design of compact stub-based UWB-MIMO antennas (2 × 2 and 4 × 4 antennas) are
carried out using Characteristic Mode Analysis. Using CMA, a systemic design approach
has been achieved. The proposed 2 × 2 and 4 × 4 UWB-MIMO antennas achieve a
high isolation of 23 dB and 25 dB, and their bandwidths are 10.11 GHz and 10.775 GHz,
respectively. The IBW of compact 2 × 2 and 4 × 4 UWB-MIMO is 124.15% and 126.40%,
respectively. The diversity parameters of 2 × 2 and 4 × 4 UWB-MIMO antennas, such as
ECC, CCL, MEG, and DG, are 0.005 and 0.0045, 0.39 and 0.39, −3.1 dBi and −3.11 dBi, and
9.978 and 9.982, respectively. The overall performance of both 2 × 2 and 4 × 4 antennas
meet the requirements of wireless communication.
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Abstract: A four-port dielectric resonator (DR)-based multiple-input multiple-output (MIMO) an-
tenna is presented for sub-6 GHz MIMO communication. The dielectric resonator was fed through
aperture feeding to achieve dual-band resonance. The DRA has the operating modes of TE01δ and
TE10δ at 3.3 GHz and 3.9 GHz, respectively. The engineered antenna has port isolation of higher than
20 dB at the target frequencies without the employment of an extra isolation mechanism. Full-wave
high-frequency simulation software was employed for the simulation computation. The antenna
has a peak gain of 5.8 dBi and 6.2 dBi, and an efficiency of 88.6% and 90.2% at 3.3 GHz and 3.9 GHz,
respectively. The proposed resonator has good MIMO diversity parameters. The optimal envelope
correlation coefficient (ECC) is 0.01, channel capacity loss (CCL) is 0.1 bits/sec/Hz, and the total
active reflection coefficient (TARC) is −22.46. The DRA elements are aligned orthogonally with ade-
quate displacement for achieving polarization diversity and spatial diversity. The antenna delivers
its applications in Sub-6 GHz 5G and WiMAX communications.

Keywords: dielectric resonator; MIMO communication; 5G antenna; Sub-6 GHz communication;
WiMAX communication

1. Introduction

The significantly rising requirement for real-time internet traffic has triggered the
requirement for fast and efficient communication. The present data streaming need has
to overcome the restrictions offered by 3G and 4G communications. While there is a strict
constraint on channel allocation numbers, there also exist severe limitations in multi-user
accommodation due to co-channel interference. The substantial evolution in wireless
communication has triggered 5G communication having the capability to support data
rates up to multiple gigabits per second. Each advanced generation has presented a
multifold growth in communication technology and a higher data rate [1,2]; low latency
and delay are offered with 5G communication in comparison with 4G communication. The
multiple-input multiple-output (MIMO) technology provides increased channel capacity,
mitigates multipath fading, and provides faster communication. MIMO provides seamless
communication through optimum spectrum efficiency, and through effective channel
allocation, it also provides more mobile users.

The 5G communication technology inducts an array of antennas. A MIMO com-
munication tames radio propagation issues by communicating the data over manifold
transmit and multiple receive antennas. The multiple fading inconsistency affects the data
transmitted over each antenna and hence the fading received in each channel differs in
nature. At present, there is a wide spectrum of multiplexing techniques available for giving
a high degree of freedom in MIMO communication. The 5G mobile communication has
a strong constraint of physical space for incorporating the antennas. Planar resonators
are a feasible choice for the sustenance of multiple antenna systems. Patch resonators
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provide appropriateness in manufacturing and cost-competitiveness. The patch antennas
suffer significantly in terms of providing good antenna parameters, especially bandwidth
and gain. The standard patch antenna employs high dielectric loss material to provide
cost-competitiveness and hence there has to be a balance in the trade-off between antenna
parameters and cost-effectiveness. The dielectric resonator antennas (DRAs) are capable of
providing enhanced radiation efficiency when they are fed appropriately. The DRA design
with proper electrical and mechanical attributes leads to greater radiation efficiency. The
literature presents a few of the DRAs designed for 5G MIMO communication [3–10].

MIMO antennas are typically expected to give low mutual coupling between ports.
The high isolation or low correlation ensures better radiation and diversity performance
in MIMO systems. These antenna properties are expected in a space-constrained environ-
ment and it is extremely important to have electrical compactness in the antenna design.
This makes the MIMO antenna design exciting. There is significant literature available
relating to the improvement of MIMO antenna port isolation through the decoupling mech-
anism [11–20]. In the absence of the decoupling mechanism, port isolation can be achieved
by the appropriate placement of the resonators which are fed through transmission lines.
Internal mode decoupling is frequently used for achieving better port isolation. The en-
gineered resonators will guarantee opposite current flow directions in the resonator to
avoid a strong correlation between the resonating elements. The WiMAX communication
standard provides broadband services to end-users. It is capable of providing a higher
data rate compared to WiFi communication over a longer distance. MIMO communication
requires multiple resonant frequencies and there has been substantial research in MIMO
technology [21–27]. The recent literature presents state-of-the-art MIMO antennas [28–32].
The effective use of a 3–300 GHz underutilized spectrum may aid in providing a reason-
able trade-off between user coverage and channel capacity, as presented by 3G and 4G
communication. By engineering the dielectric resonator, improved antenna parameters viz.
directivity, gain, bandwidth, and cross-pol isolation can be achieved. The adequate selec-
tion of antenna dimensions and appropriate feeding mechanisms can ensure the excitation
of multiple resonant modes. The novelty of the presented design is that by maneuvering
the dielectric resonator two modes viz. TE01δ and TE10δ are excited in antenna dual-band
operation. The antenna also provides electrical compactness for integration in the RF circuit
design. The presented antenna has an excellent application in Sub-6GHz and WiMAX
Communication. Section 2 describes antenna design, the antenna sensitivity analysis is
presented in Section 3 to show the effects of physical parameters on antenna resonance,
and Sections 4 and 5 of the manuscript incorporate implementation on 4 × 4 MIMO design
followed by a critical discussion of the results.

2. Antenna Design

Figure 1 exhibits a designed MIMO antenna. The patch resonator is excited through
the transmission line using the co-axial cable. The dielectric resonator (DR) was kept on the
patch resonator. The DR is fed by an aperture coupling mechanism. One of the important
features of DR is a lack of metal which has huge conducting losses for the GHz frequency
spectrum. Customary conductor-based resonators notably suffer from these metallic losses.
The DR-based antennas offer extremely high efficiency and hence the high antenna gain.
If an appropriate DR material is selected, then DRA provides large bandwidth and gain.
Full-wave high-frequency simulation software (HFSS) was employed for the simulation
computation. The presented antenna employs alumina material as the dielectric resonator,
with εr = 9.9 and tanδ = 0.0001. This material is widely available and it provides an
economical solution compared to other expensive dielectric materials. The aperture-fed
DRA was initially kept on the patch resonator. Several repetitions in simulations were
taken up to improve the electrical dimensions of the dielectric material to excite the two
modes. The fundamental TE01δ and TE10δ mode excitations present the key feature to
achieving targeted frequency characteristics. Table 1 presents the mechanical sizes of the
dielectric resonator.
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Figure 1. Antenna views, (a) top, and (b) perspective.

Table 1. Antenna Mechanical Dimensions.

Parameter Dimensions (mm) Parameter Dimensions (mm)

S1x = S1y 30 Lx3 7

Dx = Dy 12 Wy1 19.5

Lx 2 Wy2 22.4

Lx1 25 Dh 10

Lx2 8 t 1.6

The electromagnetic fields emanating from the conducting patch are coupled to a
dielectric resonator which causes the excitation of the DR. The offset feeding technique
is employed for impedance matching. The microstrip feedline dimensions were initially
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numerically computed and then further optimized for the feeding of the patch antenna.
The antenna has been mounted on a standard low-cost FR-4 substrate having a dielectric
constant and loss tangent of 4.4 and 0.02, respectively. The 35 μm copper sheets were
kept for the design of the patches. The square DR has lateral dimensions of 12 mm and
a height of 10 mm. There are few DR-based MIMO antennas in the literature that have
more height to attain improved antenna parameters, however, the space constraint may
restrict the maximum height dimensions of DRAs. One of the essential reasons to induct
a square dielectric resonator instead of a circular/cylindrical dielectric resonator is the
mechanical viability in antenna design engineering. The placement optimization of a
square DR on the top of the patch is relatively simpler than on cylindrical DRs. It was
also observed that it is easier to predict the antenna behavior during the optimization for
the case of a square antenna. It is extremely difficult to achieve an antenna numerical
model or prediction model for a combination of the patch and dielectric material. It is
extremely viable to attain the target antenna parameters through software simulations,
however, DRA excitation modes equations can aid in the crude estimation of the antenna
resonance. Another reason to avoid circular/cylindrical dielectric resonators is to evade
degenerated modes being induced.

Figure 2 exhibits the antenna evolution. For ‘Phase-1’, the simulated reflection coeffi-
cients confirm the impedance bandwidth from 3.3 to GHz and 3.6 to GHz, not covering the
desired frequency range. To enhance the bandwidth further and attain the desired reso-
nance, an inverted F-shaped radiator was made by splitting the rectangle into two halves,
which is depicted as ‘Phase-2’. This increased the electrical length and thus shifts the cut-off
frequency to the upper spectrum and improves the impedance bandwidth. Furthermore,
to achieve the desired Sub-6 5G and WiMAX band, an inverted F-shaped antenna is further
modified by etching the edge of the first rectangle, as depicted in ‘Phase-3’. The antenna
design steps are as follows: (i) implementation of engineered patch resonator, (ii) secondary
mode excitation by inducting the dielectric resonator, (iii) altering the antenna resonance
by modifying the electrical dimensions of the resonator through slit gap, and (iv) design
optimization through sensitivity analysis.

Figure 2. Antenna development phases.
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The calculated sizes of the dielectric resonators were estimated through computation
using dielectric resonator equations for the generation of TE01δ and TE10δ modes to achieve
the dual-band performance of the resonator. The resonances at 3.3 GHz and 3.9 GHz were
attained. Figure 3 illustrates the electric field generated in the DR through the simulation.
There is a dissimilarity in the simulated and numerically computed resonance mode as the
dielectric wave model does not keep account of the employed feeding mechanism [8].

Figure 3. E-Field within DR; (a) TE01δ at 3.3 GHz; (b) TE10δ at 3.96 GHz; (c) surface current on
resonator at 3.3 GHz; and (d) surface current at 3.96 GHz.

Through the software simulations, it was possible to visualize the higher-order modes
being produced within the DR. The E-field distribution in the x-plane and y-plane of DR at
3.3 GHz and 3.96 GHz are illustrated in Figure 3a,b. Through these figures, the excitation
of the TE01δ and TE10δ modes are confirmed. Figure 3c,d depict the surface current density
on the resonator.
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The resonance and DR mode computations can be done by using the dielectric wave
model [8]:

kztan
(

kzd
2

)
=
√
(εr − 1)(ko2)− kz2 (1)

kx
2 + ky

2 + kz
2 = εrko

2 (2)

kx =
mπ

a
; ky =

nπ

b
; ko =

2π

λo
(3)

ko : free-space wavenumber
kx, ky, and kz: half-wave variations
a, b, and d: mechanical dimensions.

3. Design Optimization

Numerous design parameters of the resonator can alter the antenna resonance and
associated radiation performance. The prime parameters include the electrical dimensions
of the resonators. Intuitively, modifying the total electrical length alters the resonant modes
being excited. A range of techniques to improve antenna radiation parameters by altering
the antenna dimensions have been presented in the literature.

Numerous simulation iterations were performed to achieve the target antenna pa-
rameters. Each physical dimension of the antenna was varied to attain improved antenna
radiation parameters. Selected parameter variations are displayed in Figure 4. The dielec-
tric resonator dimensions are vital in attaining the desired resonances. The variations in
length and width of the resonators are illustrated in Figure 4a,b. Vital changes in resonances
occurred while changing the length and width of the DR. It was noticed that by varying the
length and width while keeping the other parameters constant, the net electrical current
path of the proposed antenna was greatly affected; thereby, the resonant frequencies were
shifted. The parametric variation in resonator height is depicted in Figure 4c. It was
perceived that reducing the height of the resonator caused the resonance to increase for
either band. An additional variation in the gap between the two flares of the antenna is
exhibited in Figure 4d. This variation was significant in the change in resonance frequency
apart from the variation in dielectric resonator dimensions. It is quite clear from the plot
that the resonating frequencies significantly change by altering the flare distance. The
impedance matching radically improves with the value of 2mm. The field coupled from
the antenna to the dielectric resonator notably varies with a change in gap size which
causes alterations in the antenna resonance. Figure 4e,f provide the resonance shift with
a change in the length of the upper and lower flares, respectively. It is evident that due
to the change in the effective electrical length of the antenna, there is a major shift in the
antenna resonance. While the reflection coefficient and bandwidth increase for one of the
bands, the other band does not fall on the target frequencies depending on which optimum
dimensions are kept to balance the trade-off. A minor variation in reflection coefficient and
resonance frequencies was observed for the change in the flare width, as apparent from
Figure 4g,h,e. The length variation in Lx3 does not have any effect on the antenna resonance
since the impedance does not vary with a minor change in the line length. As evident
from Figure 4j, significant modifications were observed with the change in the location of
the offset feed due to the modification to the impedance matching of the antenna at the
target resonance.
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(a) (b) 

  
(c) (d) 

  

(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 4. Sensitivity analysis of antenna; (a) DR Length Dy; (b) DR Width Dx; (c) DR Height Dh;
(d) flare gap; (e) upper flare Wy1; (f) lower flare Wy2; (g) length Lx1; (h) width Lx2; (i) length Lx3;
(j) offset feed location.
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4. MIMO Antenna Design Configuration

The proposed MIMO antenna is displayed in Figure 5. The designed MIMO antenna
consists of the quad resonating elements of both the dielectric and patch resonators. There
needs to be a low correlation between the antenna ports and the low mutual coupling
among the four elements for achieving an appropriate diversity performance. Hence,
the substrate length and width were modified to the required proportions, keeping the
overall electrical dimensions in perspective. The top of the substrate has four identical
modified inverted F-shaped radiators placed orthogonally about each other, over which
four different alumina dielectric resonators (DR1, DR2, DR3, and DR4) were integrated,
whereas, at the back, the full ground profile of the resonator was maintained. Numerous
iterative simulations were carried out to achieve electrical compactness without a major
trade-off in port isolation. The ground plane and substrate length and width were retained
at 60 mm. The overall resonator dimensions are 60 × 60 × 11.6 mm3. The dielectric
resonators are connected to the patch resonator using conducting adhesive.

 
(a) 

 

(b) (c) 

Figure 5. MIMO antenna view; (a) top; (b) perspective-top; and (c) perspective ground.

5. Proposed Antenna Results and Discussions

Figure 6 exhibits the fabricated prototype. The simulated and measured reflection
coefficients and mutual coupling plots of the designed Sub-6 5G and WiMAX quad-element
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MIMO antenna are demonstrated in Figure 7a,b, respectively. A 2:1 VSWR bandwidths of
620 MHz (2.86 GHz–3.48 GHz) and 580 MHz (3.67 GHz–4.25 GHz) are available over two
bands of frequencies. However, mutual coupling among ports has been greatly reduced in
the presence of DRA compared to without DRA. The proposed structure covers a Sub-6
GHz 5G and WiMAX frequency spectrum with good inter-element isolation.

  

(a) (b) 

Figure 6. Fabricated DRA Prototype. (a) Top View; (b) Back View.

A Keysight E5063A vector network analyzer (VNA) was used to measure the S-
parameters of the proposed antenna. These measured results were not the same as the
simulated results. The difference in the results was mainly due to manufacturing errors
or testing intolerances. From Figure 7, it is also observed that the measured inter-element
isolation, i.e., adjacent and diagonal elements, are nearly identical to the simulated isolation
results because of the symmetrical structures. The measured isolation is more than −20 dB
at 3.3 GHz and less than −26 dB at 3.9 GHz. Furthermore, to validate the proposed
antenna’s radiation performance, the simulated 2D radiation patterns were compared with
the measured 2D antenna patterns using an anechoic chamber. Figure 8 illustrates the
2D far-field radiation patterns of the proposed antenna at the resonating frequencies of
3.3 GHz and 3.9 GHz, respectively. The 2D radiation patterns were calculated in two planes,
both E and H. For measuring the far-field radiation patterns, a single radiating element was
fed, whereas all others were matched and terminated with an impedance load of 50 Ω. It is
noticed from the plot that because of the symmetry of the design, the patterns are mirror
images and are orthogonal to each other. Therefore, the proposed design has great potential
in offering a good diversity of characteristics.
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(a) 

(b) 

Figure 7. Antenna reflection coefficient; (a) simulated; and (b) measured.
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(a) (b) 

 
(c) (d) 

 

Figure 8. Antenna radiation pattern: (a) E-Plane 3.3 GHz, (b) E-Plane 3.9 GHz, (c) H-Plane 3.3 GHz,
and (d) 3.9 GHz.

Furthermore, Figure 9 highlights the antenna gain. The simulated gains over the
operating frequency bands are equal. However, the measured peak gains over the Sub-6
and WiMAX bands are 5.8 dBi and 6.2 dBi, respectively, slightly different from the simulated
antenna gains due to fabrication errors. The antenna efficiency for all four radiators is also
exhibited in Figure 9. The plot reveals that the peak efficiencies of the proposed antenna
over the Sub-6 and WiMAX bands are 88.6% and 90.2%, respectively.
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Figure 9. Antenna gain and efficiency against frequency.

The diversity of the proposed antenna systems for Sub-6 5G and WiMAX applications
was computed. Various parameters such as channel capacity loss (CCL), mean effective
gain (MEG), and envelop correlation coefficients (ECC) of the radiating elements were
analyzed. Firstly, ECC was observed, in which the degree of correlation among antenna
elements was measured. ECC should not be more than 0.5. The formula for ECC calculation
with far-field is expressed in the following equations [8]:

ρe(i, j) =

∫ 2π
0

∫ π
0 Ai,j(θ, φ) sin θ dθdφ√∫ 2π

0

∫ π
0 Ai,i(θ, φ) sin θ dθdφ +

√∫ 2π
0

∫ π
0 Aj,j(θ, φ) sin θ dθdφ

(4)

Ai,j(θ, φ) = XPREθi(θ, φ)E∗
θ j(θ, φ)Pθ(θ, φ) + Eφi(θ, φ)E∗

φj(θ, φ)Pφ(θ, φ) (5)

ρeij =

∣∣∣S∗
ii ∗ Sij + S∗

ji ∗ Sjj

∣∣∣2
(1 − ∣∣Sjj

∣∣2 − ∣∣Sji
∣∣2)(1 − ∣∣Sjj

∣∣2 − ∣∣Sij
∣∣2) (6)

where functions Ai(θ, φ) and Aj(θ, φ) represent the 3D far-field pattern value obtained when
port i and j are excited, respectively. Hermitian product operator is denoted using *, and ω

refers to the solid angle. XPR is the cross-polarization level defined as the ratio of average
power along the phi and theta directions. Figure 10 depicts the simulated and measured
ECC plot (for all ports) of the proposed antenna. Both measured and simulated ECC values
over Sub-6 5G and WiMAX bands are less than 0.04 and 0.02, respectively. Such low values
of ECC for the proposed antenna ensure a high-diversity gain.
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Figure 10. Simulated and measured ECC.

Moreover, to properly characterize the MIMO system, the total active reflection co-
efficient (TARC) and channel capacity loss (CCL) were analyzed. TARC provides the
reflected–incident power ratio, whereas CCL quantifies the upper threshold amount of
data rate where the information signal is continuously transmitting without sustaining any
notable error. The optimal value of TARC is –22.46; the TARC is shown in Figure 11. The
TARC can be calculated as [8]:

TARC =

√
∑N

n=1|bn|2√
∑N

n=1|an|2
(7)

bn = [S]an (8)

where bi represents the reflected signal, ai represents the incident signal, N depicts the
number of elements in the MIMO system, and S denotes the scattering parameter.

Figure 11. Proposed MIMO antenna TARC.
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Thus, ideally, channel capacity loss (CCL) must be zero. Figure 12 depicts CCL. The
following expression is used to compute CCL [8]:

Closs = −log2

∣∣∣ψR
∣∣∣ (9)

 
Figure 12. Simulated and measured CCL.

The ΨR represents the correlation matrix between the antenna elements at the receiver.
It is described as follows in Equation [8]:

ΨR =

⎡
⎢⎢⎣

ρ11 ρ12 ρ13 ρ14
ρ21 ρ22 ρ23 ρ24
ρ31 ρ32 ρ33 ρ34
ρ41 ρ42 ρ43 ρ44

⎤
⎥⎥⎦ (10)

ρii = 1 −
4

∑
n=1

(Sin
∗Sni); ρij = −

4

∑
n=1

(
Sin

∗Snj
)

Fori, j = 1,2,3,or 4. (11)

The desired level of CCL should not be more than 0.4 bits/sec/Hz. It is visible from
the plot that the CCL values are lower than the expected values over both the Sub-6 5G
and WiMAX bands of frequencies, which confirms that the proposed MIMO antenna offers
stable diversity characteristics.

Another important diversity parameter is MEG, which measures the average received
signal strength of each element. The mathematical expression for MEG calculation is given
as [8]:

MEG =
∫ 2π

0

∫ π

0

(
XPR

1 + XPR
Gθ(θ, φ)Pθ(θ, φ) +

1
1 + XPR

Gφ(θ, φ)Pφ(θ, φ)

)
sin θ dθdφ

(12)

MEGi = 0.5

[
1 −

N

∑
j=1

∣∣Sij
∣∣2] (13)

XPR is the cross-polarization level defined as the ratio of average power along the
phi and theta directions, where i ranges from 1 to 4, since the proposed antenna has four
ports, and

∣∣Sij
∣∣ depicts the scattering parameters of the proposed SIW-fed DRA MIMO
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antenna. Figure 13 presents the MEGs for all ports of the proposed antenna over Sub-6 5G
and WiMAX bands. Here MEG12 (between Port 1 and Port 2) and MEG14 (between Port 1
and Port 4) represent the MEG of the adjacent elements, whereas MEG13 (between Port
1 and Port 3) represents the diagonal elements. It is visible from the plot that the MEGs
ratio is almost equal and close to unity. Hence, the proposed antenna fulfills the equality
condition of the diverse systems and consequently exhibits excellent MEG characteristics,
since the deviations among the MEGs are well under 3dB. Table 2 exhibits the antenna
comparison with the selected literature, and evidently, the presented antenna demonstrates
better characteristics.

 
Figure 13. Mean effective gain.

Table 2. Comparison of the proposed antenna with the literature.

Reference
Operating

Frequencies
(GHz)

Antenna Size
(λ)

Isolation
(dB)

Gain
(dBi)

Fractional
Bandwidth

(%)

Efficiency
(%)

Feed Type

[33] 4.9 2.28 × 0.73 × 0.13 25 6.2 5 – Microstrip

[34] 3.22–3.97,
4.95–5.51 0.86 × 0.86 × 0.12 18, 20 5.2, 5.5 4.9, 2.3 94 Microstrip

[35] 5.71–8.2,
7.57–7.95 1.53 × 1.53 × 0.12 20, 15 −1.9, 3.8 34.8, 4.5 – Microstrip

[36] 3.40–4.13 1.13 × 1.13 × 0.19 14 8.1 19.4 91 Probe

[37] 3.50–5.10 1.43 × 1.43 × 0.36 – 8.5 46 89 Probe

[38] 4.56–9.96 1.5 × 1.5 × 0.39 23 – 73.9 – Trapezoidal
Patch

[39] 4.33–7.02 2.6 × 2.6 × 0.36 – – 48 90 Probe

Proposed
Antenna

2.86–3.48
3.67–4.25 0.66 × 0.66 × 0.12 20, 26 5.8, 6.2 18.7, 14.6 88.6, 90.2 Aperture

Couple
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6. Conclusions

A dielectric resonator-based four-port MIMO antenna is presented. Optimized elec-
tromagnetic coupling of fields emanating from patch resonators and fed to the dielectric
material induces the dual-mode operation of the antenna. The TE01δ and TE10δ modes
were excited to achieve dual resonances for target applications. The antenna provides a
high gain of 5.8 and 6.2 dBi at 3.3 GHz and 3.9 GHz, respectively. The presented diversity
performance of the antenna meets the desired communication applications.
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