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Preface

Dear Colleagues,

Rapid growth in the area of modern wireless communication systems has led to the demand

for multifunctional devices to be used in various wireless services. Antennas for these devices

must be compact, multifunctional, and able to maintain a high level of performance in any kind

of environment. One of the important issues in communication systems is the provision of the right

orientation between the transmitter and receiver antennas. Circular and dual polarized antennas are

good solutions to this problem. Reconfigurable and switchable antennas are attractive in various

applications such as cognitive radio, surveillance, and tracking because they produce more than

one operation band and radiation pattern using active elements. MIMO technology and phased

array systems with multiple adaptive and smart antennas can significantly enhance the capacity

of the system and resist multipath fading, and are promising technologies with which to meet the

requirements of the future 5G networks. In a MIMO antenna system with limited space, one of the

urgent difficulties to be resolved is to reduce the mutual couplings from adjacent elements. The

miniaturization of wireless and handheld devices using miniaturized antennas with metamaterials,

EBG, and FSS is necessary nowadays. Low-profile antennas with a low-cost manufacturing and

measurement process are desirable for various applications such as RFID, UWB, and WBAN systems.

The objective of this Special Issue is to shed some light on recent advances and novel approaches

in the design, analysis, and measurement of antennas for various emerging wireless communication

systems and to identify further avenues for the development of research and techniques in this

exciting field.

Submissions can focus on conceptual and applied research in topics including but not limited to

the following:

MIMO and array antennas;

UWB antennas;

Mutual coupling reduction;

Antenna optimization;

Electromagnetic bandgap (EBG) sructures;

Multiple 5G antennas;

Antenna miniaturization;

Mobile phone and handheld antennas;

Filtering antennas;

Circular and dual polarized antennas;

RFID antennas;

MM-wave and THz antennas;

Adaptive and smart antennas;

Metamaterial antennas;

Fractal antennas;

Antennas for biomedical and wireless body area networks;

Automotive, radar, and satellite antennas;

ix



Reconfigurable and switchable antennas;

Prototyping and manufacturing methods;

Measurements and experimentation of antennas.

Naser Ojaroudi Parchin

Editor

x
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Editorial on “Design, Analysis, and Measurement of Antennas”

Naser Ojaroudi Parchin

School of Computing, Engineering and the Built Environment, Edinburgh Napier University,
Edinburgh EH10 5DT, UK; n.ojaroudiparchin@napier.ac.uk

The area of modern wireless communication systems has experienced rapid growth,
leading to a rising demand for multifunctional devices capable of providing various wire-
less services. For these devices, the antennas need to possess key characteristics: compact-
ness, multifunctionality, and consistent high performance across different environments.
A critical aspect in communication systems is ensuring the correct orientation between
transmitters and receiver systems [1]. Circular/dual-polarized antennas offer effective
solutions to address this challenge. These antennas enable reliable and efficient signal
transmission and reception. In addition, reconfigurable and switchable antennas have
garnered significant interest in diverse applications, such as cognitive radio. By incorpo-
rating active elements, these antennas can operate across multiple bands and generate
different radiation patterns, providing versatility and adaptability in their functions [2].
Employing MIMO and phased array systems with several smart antenna elements can
significantly increase the system capacity. As a result, these technologies hold considerable
promise for meeting the requirements of future 5G networks, where higher data rates and
seamless connectivity are essential. However, implementing MIMO antenna systems in
a limited space presents urgent challenges, particularly in reducing mutual couplings from
adjacent elements. In today’s context, miniaturization of wireless and handheld devices has
become a necessity [3]. Miniaturized antennas with the integration of metamaterial cells,
Electromagnetic Band Gap (EBG) structures, and Frequency Selective Surfaces (FSS) are
gaining importance. These advanced materials and structures allow for efficient antenna
designs, making them indispensable components in modern wireless technologies. Further-
more, the quest for small, low-cost antennas remains high on the agenda. These antennas
are highly desirable for various applications, including Radio Frequency Identification
(RFID) and Ultra-Wideband (UWB) systems [4]. As wireless communication continues to
evolve, addressing these challenges and incorporating innovative antenna technologies
will pave the way for more efficient, versatile, and reliable wireless devices and systems,
meeting the ever-increasing demands of the modern world. Therefore, antennas play
a pivotal role in modern wireless communication systems and, as technology continues
to evolve, the demand for more efficient, compact, and multifunctional antennas becomes
ever more apparent.

The scope of this Special Issue is to provide a comprehensive overview of the latest
developments and innovative methodologies in the design, analysis, and measurement
of antennas. It comprises a collection of 11 papers that explore various aspects of antenna
design, analysis, and measurement for emerging wireless communication systems. Each
paper delves into specific topics and advancements within the field, contributing to the
overall objective of shedding light on novel approaches and encouraging further research
into this exciting area. The brief explanations of these papers are as follows:

Yang et al. [5] introduce a low-profile Wi-Fi antenna designed to deliver optimized
radiations for Uncrewed Aerial Vehicle (UAV) applications. Specifically engineered for
mounting on small UAVs, on the non-metallic wing’s outermost side, this antenna exhibits
impressive impedance bandwidths across two frequency ranges: 2.11 to 2.58 GHz and
5.06 to 7.5 GHz. The antenna’s radiation patterns have been carefully optimized at 5.8 and

Appl. Sci. 2023, 13, 10069. https://doi.org/10.3390/app131810069 https://www.mdpi.com/journal/applsci
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2.4 GHz, ensuring enhanced antenna gain as the small UAV operates at greater distances in
urban and open environments, respectively. Moreover, it demonstrates excellent vertically
polarized radiation, making it well-suited for long-distance communication applications.

Hussain et al. [6] investigate the development and verification of an antenna tailored
for Ka-band 5G networks. The resulting antenna demonstrates remarkable performance
across a broad frequency range, spanning from 26.5 GHz to 43.7 GHz. The proposed
design incorporates stubs with loaded rectangular patches, strategically integrated to
enhance impedance bandwidth and achieve ultra-wideband characteristics. To further
enhance functionality, a MIMO antenna is created by combining multiple elements. The
hardware prototypes of both the individual antenna element and its MIMO configuration
are fabricated and tested. The measured results closely align with the simulated outcomes.

Rizvi et al. [7] present a new CPW-fed antenna specifically designed for UWB ap-
plications with a WLAN band notch. The antenna boasts a simple geometry, featuring
a rectangular radiation element integrated with a Y-shaped resonator, which effectively
enhances the impedance bandwidth over the frequency range of 3–14.55 GHz. To achieve
rejection at 4.59–5.82 GHz, an additional stub is incorporated into the antenna’s design.
This feature enables the antenna to maintain constant radiations with a gain exceeding
2 dBi within the pass-band, while demonstrating a minimum gain of −3.9 dB in the notch
band. The antenna’s measurement results exhibit excellent agreement with the simulations,
confirming the accuracy and effectiveness of the proposed design.

Fernandez et al. [8] propose a modified patch antenna with a notable design simplified
by using air as the dielectric and a straightforward patch shape. Ensuring that the feeding
pin rod connects to the patch to the microstrip line is critical, ensuring excellent impedance
matching for maximum radiation at the resonance frequency. Operating at 2.4 GHz, the
antenna achieves impressive performance metrics, including a 9.63 dBi gain and a 93.08%
total efficiency. The antenna’s advantages lie in its easy design and manufacturing process,
absence of a dielectric, through-wire feeding technique, robustness, error tolerance, and the
ability to achieve superior performance across all metrics simultaneously.

Hu et al. [9] analyze and discuss the fundamental properties, as well as signal prop-
agation curves, of a single-tower umbrella antenna, which can be a suitable choice for
enhancing Loran transmission. Detailed analysis and comparison of the radiation charac-
teristics of the transmitting antenna along with simulations in the complex geographical
environment of Tibet, China are discussed. The results demonstrate the advantages of
using the single-tower antenna in Tibet, and led to the design of the transmitting antenna’s
structure and electrical parameters, resulting in the capability to extend the enhanced Loran
signal transmission to 1000 km or even further.

Qashlan et al. [10] employ a microwave breast imaging model using nine identical
Vivaldi antennas to detect cancer tumors in a multilayer model. The array’s configuration
involved one antenna as a transmitter, and the remaining eight as receivers, in order to
measure the backscattering signal of the breast phantom. This process was repeated with
each antenna taking turns as the transmitter. Various tumor sizes and locations were tested
and, remarkably, the locations could be accurately determined regardless of the tumor
size. The Vivaldi element used in the study features a compact size of 25 × 20 mm2, and
a unique geometry. This antenna was fabricated and demonstrated excellent agreement
between its simulated and measured performance.

Ahmed et al. [11] propose a straightforward and efficient design for an ultra-wideband
(UWB) antenna, which takes the form of a jug shape with a handle on the right side of the ra-
diator. This UWB antenna is printed on a cost-effective FR-4 substrate, making it suitable for
wireless communication systems. The antenna’s dimensions are 25 mm × 22 mm × 1.6 mm.
The performance of the antenna is impressive, with a maximum gain of 4.1 dB, covering the
entire UWB spectrum from 3 GHz to 11 GHz. The antenna’s performances are investigated
through simulations and measurements. This design is particularly well-suited for wire-
less communication systems and portable devices, due to its compact size and excellent
performance across the UWB frequency range.
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Rahamim et al. [12] present an innovative concept for a tunable reflector metasurface
(MS) that enables beam steering at 28 GHz. This has been achieved by using varactor
diodes as the tunability component in unit cells of the metasurface. This new concept,
called the “stripes configuration”, leads to remarkable enhancements in beam steering
capabilities. The results demonstrated a 3 dB improvement in reflectance gain, depending
on the scanning angle, compared to a uniform metasurface with just one stripe. Moreover,
the stripes configuration showcased an impressive enhancement of 50% in the steering
accuracy of the angle for various frequencies.

Umair et al. [13] offer a high-gain and compact antenna that offers both low backscat-
tering and improved gain characteristics. The antenna’s construction involves a cavity
formed by combining an absorptive Frequency Selective Surface (FSS) with a double-sided
Partially Reflective Surface (PRS), placed above a patch resonator. This configuration
achieves a wideband Radar Cross Section (RCS) reduction in incident waves, including
in-band frequencies. The results demonstrate a wideband RCS reduction from 4 to 16 GHz,
with an average RCS reduction of approximately 8.5 dB compared to a reference patch
antenna. Additionally, the antenna achieves off-broadside peak radiation at an angle of
−38◦, with a gain approaching around 9.4 dB.

Niu et al. [14] explore a novel multi-node inverse Finite Element Method (iFEM) for
sensing the shape of flexible structures using strain sensors. In accordance with the Mindlin
plate theory, a weighted-least-squares function is minimized by considering all strain mea-
sures. This approach enables accurate approximation for large inverse finite elements,
providing the advantage of simultaneous extrapolation and interpolation calculations for
elements. By substantially expanding the size of elements, the proposed method decreases
the number of sensors required while improving the accuracy of the reconstruction pro-
cess. This innovation holds promise for enhancing shape-sensing capabilities in flexible
structures, and can lead to more efficient and accurate strain measurement systems.

Liu et al. [15] introduce a novel method for generating multiple pseudo-Bessel beams,
with precise control over their propagation directions using a reflective metasurface. In this
technique, the reflective metasurface’s miniaturized unit cell modulates the electromagnetic
waves, generating pseudo-Bessel beams that are propagated in various directions off-
axis. This metasurface is capable of generating dual pseudo-Bessel beams, and their
propagation directions can be accurately controlled. The efficiency of these beams is
measured at 59.2% when propagated at 400 mm. Overall, the method showcases the
promising potential for producing high-efficiency multiple beams with precise control,
which could find applications in various fields.

We would like to sincerely express our gratitude and appreciation to all the esteemed
authors whose exceptional contributions have enriched this journal. Their valuable research
has significantly advanced the field of design, analysis, and measurement of antennas. Our
heartfelt thanks go out to the diligent reviewers whose insightful comments and feedback
have played a crucial role in enhancing the quality of these articles. Their expertise and
dedication have been instrumental in ensuring the rigor and accuracy of the published
works. We also extend our acknowledgment to the dedicated editorial board and the
supportive editorial office of MDPI’s Applied Sciences journal. Their guidance and assistance
throughout the publication process have been invaluable in bringing this collection to
fruition. We are confident that the readers will find these articles informative and enlighten-
ing, offering valuable insights into the world of antenna design, analysis, and measurement.
We look forward to continued collaboration and contributions from researchers in the field,
as we strive to further advance and explore new frontiers in antenna technology. Thank
you all for your remarkable efforts and dedication.
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Abstract: This paper proposes a compact planar Wi-Fi antenna with optimized radiation patterns
for small uncrewed aerial vehicle (UAV) applications in both urban and open areas. It is suitable for
mounting on the outermost side of the non-metallic wing of small UAVs. It has small dimensions of
16.5 mm (L) by 30.3 mm (W) by 1.6 mm (h), and the measured results of its prototype are in agreement
with simulated data. Its impedance bandwidths over the two frequency ranges are 2.11 to 2.58 GHz
and 5.06 to 7.5 GHz (|S11| ≤ −10 dB). At 5.8 GHz, it has stronger radiation below the small UAV to
reduce interference from rare-use directions. Its maximum radiations, the directions of the maximum
radiation in each elevation plane, are below the UAV and between 14◦ and 29◦ from the horizontal
plane. At 2.4 GHz, it has quasi-omnidirectional radiation to ensure a stable link in all directions, and
its maximum radiations are near the horizontal plane. The optimized radiation patterns at 5.8 and
2.4 GHz can provide more antenna gain when the small UAV flies farther in urban and open areas,
respectively. In addition, it has good vertically polarized radiation for long-distance applications.

Keywords: planar Wi-Fi antenna; optimized radiation patterns; small UAV; uncrewed aerial vehicle;
vertically polarized radiation

1. Introduction

With the rapid increase in the number of small uncrewed aircraft vehicles (UAVs),
their antenna design is becoming increasingly important to ensure a stable link [1]. This
study addresses an antenna design for light-and-small civil UAV applications in urban
areas. Small UAVs tend to be lightweight and small for portability, so they are unsuitable
for mounting turntables or large phased-array antennas. Figure 1 shows the common
scenarios of light-and-small civil UAV applications in urban areas where a person holding
a remote control operates a quadcopter.

 
Figure 1. Common scenarios of light-and-small civil UAV applications in urban areas.

The proposed antenna is mounted below the propeller on the outermost side of the
wing of a small UAV, away from large metal conductors, such as printed circuit boards

Appl. Sci. 2023, 13, 7470. https://doi.org/10.3390/app13137470 https://www.mdpi.com/journal/applsci
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(PCBs) and batteries, in the UAV body. The UAV takes off from the ground, flies vertically
above ground objects, and then flies forward to the farthest position. The flight must avoid
hitting ground objects, such as people, trees, and buildings, so the UAV must stay above
them. The distance between the UAV and the remote control increases as it takes off from
the ground, flies vertically above ground objects, and flies forward to the farthest position.

To ensure stable transmission quality and stability, the gain and polarization charac-
teristics of the antenna are determined based on the Friis transmission equation [2]. The
antenna must meet the following requirements to reduce interference and provide more
antenna gain when the small UAV flies farther in urban areas. First, its |S11| must be equal
to or smaller than −10 dB to ensure efficient power delivery to the antenna. Second, it must
have a small size and low profile to meet the portability and aerodynamic requirements for
small UAV applications. Third, it must have stronger radiation below the UAV to reduce
interference from rare-use directions. Given that the UAV is always above the remote
control as it flies away, it is farther away from the remote control than when it was taking
off. Fourth, its maximum radiations, the directions of the maximum radiation in each
elevation plane, must be below the UAV and between 10◦ and 30◦ from the horizontal
plane to provide more antenna gain when the small UAV flies farther in urban areas. Finally,
due to the boundary condition of the earth’s ground plane, the antenna must have good
vertically polarized radiation for long-distance applications.

Although many antenna architectures have been proposed [3–14] to meet the require-
ments for UAV applications, none fully meet the requirements for small UAV applications
in urban areas. Due to their small size and lightweight nature, folded dipole antennas
have been proposed [3,4] for small and compact UAV applications, respectively. The
fragmented antenna was proposed [3], and its overall dimensions and total mass are
0.96λ0 × 0.8λ0 × 0.8λ0 at 240 MHz and 18 g (including the matching circuit). A compact
electrically tunable VHF antenna [4] was integrated into the landing gear of a compact
UAV with good vertically polarized radiation. However, neither of them has stronger
radiation below the UAV, and their maximum radiations are near the horizontal plane.
In addition, both of them need an extra matching circuit to match their characteristic
impedance to 50 Ω for a better reflection coefficient at the operation frequency. The low-
profile, quasi-omnidirectional substrate-integrated waveguide (SIW) multi-horn antenna
was proposed [5] for small non-metallic UAV applications. It has good vertically polarized
radiation and a low profile of 0.028 λ0 at 2.4 GHz. However, it does not have stronger
radiation below the UAV, and its lateral dimensions of 0.76λ0 × 0.76λ0 are too large for small
UAVs. Due to their low profile and ability to conform to planar and nonplanar surfaces,
patch antennas were proposed [6,7] for UAV applications. The high-gain dual-mode cylin-
drical conformal rectangular patch antenna [6] has a low profile of 0.508 mm (0.0175 λ0 at
10.323 GHz), stronger radiation below the quadcopter UAV, and good vertically polarized
radiation. The required radius of the arm of the UAV is 25 mm at the lowest operating
frequency of 10.288 GHz, and three patch antennas are needed on the UAV arm to cover the
hemisphere below the UAV. The conformal patch antennas [7] have a low profile of 3 mm
(0.058 λ0 at 5.8 GHz) and stronger radiation below the UAV. However, their maximum
radiations are directly above each patch. Both models proposed multiple patch antennas on
the UAV to ensure a stable link in the required directions. However, it takes up too much
surface area, making them unsuitable for small UAVs. The design of a combined printed he-
lical spiral antenna and helical inverted F antenna [8] was miniaturized by co-winding the
radiation elements on the same ceramic rod with a height of 24.7 mm (0.129 λ0 at 1.57 GHz)
and a radius of 6 mm. It was proposed for UAVs with a global positioning system (GPS) L1
band and telemetry communication frequency band (2.33 GHz) applications. However, it
does not have stronger radiation below the UAV at 2.33 GHz. The low-profile broadband
plasma antenna [9] has different radiation patterns at different operating frequencies and a
low profile of 0.105 λ0 at 30 MHz. Its radiation pattern is omnidirectional at 30 MHz and
stronger radiation below the UAV at 300 and 500 MHz. However, it must be matched with
extra Butterworth low-pass and high-pass filters to isolate the 13.56 MHz radio frequency
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signal to activate plasma. Its complex structure and the need to use special materials such
as plasma will result in a heavier weight and higher cost, making it unsuitable for small
UAVs. The broadband slotted blade dipole antenna [10] radiation patterns vary at different
operating frequencies. However, it must be matched with a special matching circuit and
does not have stronger radiation below the UAV. In addition, its radiation patterns at all
operating frequencies have nulls near the horizontal plane, causing the smallest gain when
the UAV flies to the farthest position. Due to the advantages of simple structure and low
manufacturing cost using modern printed circuit technology, printed planar antennas were
proposed [11–13] for UAV applications. The planar dual-mode dipole antenna [11] has
a short electrical length of 0.3297 λ0 at 0.86 GHz and good vertically polarized radiation.
The omnidirectional vertically polarized antenna [12] also has good vertically polarized
radiation and varying radiation patterns at different operating frequencies. However,
neither has stronger radiation below the UAV, and their maximum radiations are near the
horizontal plane. The wideband single-sided folded-off-center-fed dipole antenna [13] has
good vertically polarized radiation and different radiation patterns at different operating
frequencies. At 5 and 5.5 GHz, it has stronger radiation below the small UAV, and its
maximum radiations are below the UAV and between 10◦ and 30◦ from the horizontal
plane. At 3.5 GHz, it has quasi-omnidirectional radiation, and its maximum radiations
are near the horizontal plane. However, its electrical length of 0.469 λ0 is too long for
small UAV applications. A compact slot coplanar waveguide-fed antenna [14] was not
proposed for small UAV applications and has a very short electrical length of 0.16λ0(L)
and a low profile of 0.0128λ0(h) to meet the portability and aerodynamic requirements for
small UAV applications. However, it does not have stronger radiation below the UAV, and
its maximum radiations are near the horizontal plane.

Summarizing the above literature review, most proposed antennas have maximum
radiations near the horizontal plane for UAV applications. This feature can meet the require-
ments for UAV applications in open areas and provide more antenna gain when the small
UAV flies farther. The wideband single-sided folded-off-center-fed dipole antenna [13]
is the best; it has suitable radiation patterns to meet the requirements for small UAV ap-
plications in urban and open areas. In addition, it also has the advantage of a simple
and cost-efficient structure, which can make light and small civil UAVs more affordable.
However, its electrical length of 0.469 λ0 at 3.5 GHz is too long to meet the portability and
aerodynamic requirements for small UAV applications.

This paper proposes a dual-band antenna with optimized radiation patterns for small
UAV applications in urban and open areas. It has a shorter electrical length than the best
one proposed: 0.132 λ0 at 2.4 GHz [13]. First, this study considers that the small UAV
has a camera function and needs to transmit real-time images to the remote control for
the user to preview or store. To meet this requirement, Wi-Fi 2.4 GHz and 5.8 GHz were
selected as the operating frequencies. Secondly, since many technologies, such as Zigbee
and Bluetooth, use 2.4 GHz as the operating frequency [15], there will be more interference
at this frequency. Therefore, a quasi-directional radiation pattern was designed at 2.4 GHz,
and its maximum radiations are near the horizontal plane for small UAV applications
in open areas with less interference, such as mountains, oceans, or farmland. Third, an
end-fire radiation pattern was designed at 5.8 GHz for small UAV applications in urban
areas. It has stronger and maximum radiations below the UAV and between 14◦ and 29◦
from the horizontal plane. Finally, to ensure that the characteristics of this antenna will
not be significantly affected when applied to small UAVs, the following assumptions are
made in this study: First, as shown in Figure 1, the objects around the antenna, such as the
UAV wing and propeller, must be made of non-metallic material. Second, the large metal
conductors, such as PCBs and batteries, in the UAV body must be located in the far-field
region of the proposed antenna. Based on the definition of the far-field region [16], the
distance between the small UAV body and the proposed antenna must be > 46 mm.

By performing a theoretical analysis, full-wave simulation, and prototype measure-
ment, we verified that the proposed antenna could meet the requirements for light and
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small civil UAV applications in urban and open areas. The rest of this paper is as fol-
lows: Section 2 presents the antenna design methodology, which includes the structural
topology and theoretical analysis. Section 3 presents the parametric studies and full-wave
simulations for validating the design theory. Section 4 presents the antenna prototype, mea-
surement setup, comparisons of the simulated data, measured results of the prototype, and
discussions about the results. Finally, Section 5 summarizes the results and future work.

2. Antenna Design and Analysis

In this study, a compact slot antenna with a coplanar waveguide (CPW) was designed
that supports Wi-Fi dual-band communication and has a single-sided planar structure.

2.1. Antenna Structure and Main Design Steps

Figure 2 shows the structure of the proposed antenna with geometrical parameters. At
5.8 GHz, the four corners of its outer conductor are the primary radiation sources, forming
end-fire radiation. At 2.4 GHz, the two sides of the outer conductor are the main effective
radiation sources, forming quasi-omnidirectional radiation.

 
Figure 2. The structure of the proposed antenna with geometrical parameters.

Table 1 displays the values of geometrical parameters for the proposed antenna. The
thickness of the metal layer (Mt) is 0.035 mm, of which 0.031 mm is copper, 0.003 mm is
nickel, and 0.001 mm is gold. It was printed on the FR4 substrate with a relative permittivity
of 4.4, a loss tangent of 0.02, a thickness of 1.6 mm (h), and planar dimensions of 16.5 mm
(L) by 30.3 mm (W). At the fed port, the width of the central conducting track (Wf) was
2.5 mm, and a pair of outer conducting tracks were separated from the central conducting
track by a small gap (g) of 0.3 mm to achieve a characteristic impedance of 50 Ω. The
antenna was symmetrical on both sides of the x–z plane, so the radiation generated by the
current components in the +y and −y directions would cancel out. Therefore, the currents
in the +z and −z directions are the main radiation sources, providing the antenna with
good vertically polarized radiation.

Figure 3 shows the main design steps of the proposed antenna. Steps 3 to 6 are
the main design steps for key performances. The design theory is explained in detail in
Sections 2.1 and 2.2.
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Table 1. The values of geometrical parameters for the proposed antenna.

Parameter
Dimension

(mm)

Ratio to the
Wavelength of

2.4 GHz in
Vacuum

Ratio to the
Wavelength of

5.8 GHz in
Vacuum

Angle
(Degree)

W 30.3 0.24 0.59 N/A
Wi 27.3 0.22 0.53 N/A
L 16.5 0.13 0.32 N/A
Li 12.5 0.10 0.24 N/A

W1 12.1 0.10 0.23 N/A
W2 1.5 0.01 0.03 N/A
L1 2 0.02 0.04 N/A
L2 5.75 0.05 0.11 N/A
L3 5.5 0.04 0.11 N/A
a 8.5 0.07 0.16 N/A
b 8.5 0.07 0.16 N/A
c 1 0.01 0.02 N/A

Th 5.7 0.05 0.11 N/A
Tw 1.5 0.01 0.03 N/A
Wf 2.5 0.02 0.05 N/A
g 0.3 0.00 0.01 N/A
Ct 0.035 0.00 0.00 N/A
h 1.6 0.01 0.03 N/A

Beta N/A N/A N/A 20

Figure 3. The main design steps of the proposed antenna.

2.2. Antenna Design for 5.8 GHz

Figure 4 shows the simulated surface current density at 5.8 GHz, where the areas
with higher surface current densities are the main radiation areas. The outer conductor
forms four monopole antennas from each triangle vertex to its adjacent corners. These four
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monopoles have the same wavelength, λH, and the upper resonance frequency, fH, can be
approximated using (1), where c is the speed of light in a vacuum (3 × 108 m/s).

fH ∼= c
λH

=
c

(L2 + L3 + L1/2)/0.23
= 5.63 GHz, (1)

Figure 4. The simulated surface current density at 5.8 GHz.

Higher surface current densities exist at the four corners inside the outer conductor,
which approximate four point sources named Element A, Element B, Element C, and
Element D. The radiation pattern is mainly synthesized from these four point sources. Due
to the electric field that radiates between the inner and outer conductors, the proposed
antenna approximates a two-element array of two point sources, Elements 1 and 2, as
shown in Figure 5.

Figure 5. Far-field observation of a two-element array consisting of two point sources, Elements 1
and 2, positioned along the z-axis.

The radiation patterns of Elements 1 and 2 equal the sum of Elements A and C and
the sum of Elements B and D, respectively. Furthermore, since the cross-sectional area of
the inner conductor used as the reference plane is very small, the radiation patterns of
Elements 1 and 2 approximate a vertical infinitesimal dipole. Based on the directivity of the
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vertical infinitesimal (Hertzian) dipole [17], the normalized pattern function of the vertical
infinitesimal dipole is sin2θ. The normalized array factor of Elements 1 and 2, (AF12)n, is
adapted from (2) [18], where k is the wave number equal to 2π/λ0 5.8G, and d is the distance
between Elements 1 and 2, approximately equal to Li + (L1/2)× 2. In addition, λ0 5.8G
is the wavelength of 5.8 GHz in vacuum, θ is the elevation angle, and π is the ratio of a
circle’s circumference to its diameter (180

◦
).

(AF12)n = cos
[

1
2
(kdcosθ+ βd)

]
= cos

{
1
2

[
2π

λ0 5.8G
(Li + (L1/2)× 2)cosθ+ βd

]}
= cos

[
1
2

(
100.92

◦ × cosθ+ βd

)]
, (2)

At 5.8 GHz, the difference in phase excitation, βd = βA − βB = βC − βD, can be
derived by (3). Where βA, βB, βC, and βD are the phase excitations of Elements A, B, C,
and D, respectively. In addition, βA equals βC, and the negative sign is the phase lag.

βd = − 2π

λ0 5.8G
× [Li + (L1/2)× 2 − Tw]= −90.48

◦
, (3)

In (2), replacing βd with −90.48
◦
, the normalized array factor of Elements 1 and 2 can

be written as (4). It has two maximums at θ = +26◦ and θ = −26◦, only one minimum at
θ = +180◦, and forms an end-fire array toward 0◦.

(AF12)n = cos
[

1
2

(
100.92

◦ × cosθ− 90.48
◦)]

, (4)

The normalized total field of the two-element array antenna, (Etotal)n, is (5). It has two
maximums at θ = +60◦ and θ = −60◦, only one minimum at θ = +180◦, and forms an
end-fire radiation toward 0◦.

(Etotal)n =
{

sin2θ× (AF12)n

}
n
, (5)

Figure 6 shows the relative power patterns of the vertical infinitesimal dipole, the
array factor of Elements 1 and 2, and the total field of the two-element array antenna.

Figure 6. The relative power patterns of the vertical infinitesimal dipole, the array factor of Elements
1 and 2, and the total field of the two-element array antenna.

2.3. Antenna Design for 2.4 GHz

Figure 7 shows the simulated surface current densities at 2.4 GHz, where the areas
with higher surface current densities are the main radiation areas. The two sides of the outer
conductor form a pair of L-shaped monopoles, Monopoles E and F. These two monopoles
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have the same wavelength, λL, and the lower resonance frequency, fL, can be approximated
by (6).

fL ∼= c
λL

=
c

{[W1 + (W2/2)] + [Li + (L1/2)× 2]}/0.23
= 2.52 GHz, (6)

Figure 7. The simulated surface current density at 2.4 GHz.

Due to the symmetrical design of the architecture, the radiations from the two bottom
paths cancel each other out. Due to the electric field that radiates between the inner and
outer conductors, the proposed antenna approximates a vertical monopole antenna. In
addition, since the cross-sectional area of the inner conductor reference plane is very small,
the radiation pattern of the vertical monopole antenna approximates a vertical dipole with
an effective length of Li + (L1/2)× 2, equivalent to 0.122 λL. Its maximum radiations are
near the horizontal plane.

3. Parametric Studies and Full-Wave Simulations

The proposed antenna was simulated by the ANSYS High-Frequency Structure Simu-
lator (HFSS) [19]. From (1), fH decreases as L2 increases, L2 can be derived from (7), and L2
increases as Th increases. Hence, fH decreases as Th increases.

L2 =

√
Th

2 +

(
Tw

2

)2
=

√
5.72 +

(
1.5
2

)2
= 5.75, (7)

Figure 8 shows the simulated reflection coefficients for different values of Th. The
simulated data agree with (1) and (7), fH decreases as Th increases, and fH is about 5.63
GHz when Th is 5.7 mm.

 

Figure 8. The simulated reflection coefficients for different values of Th.
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From (6), fL decreases as W1 increases, and Figure 9 shows the simulated reflection
coefficients for different values of W1. The simulated data agree with (6), fL decreases as
W1 increases.

Figure 9. The simulated reflection coefficients for different values of W1.

From (2) and (5), the normalized total field at 5.8 GHz changes as βd changes, and
from (3), βd gets closer to −100.92

◦
as Tw decreases closer to zero. Hence, the end-fire radi-

ation becomes more significant as Tw decreases. Figure 10 shows the simulated vertically
polarized radiation patterns at 5.8 GHz in the y–z plane for different values of Tw. The
simulated data are in agreement with (2), (3), and (5), and the end-fire radiation becomes
more significant as Tw decreases.

Figure 10. The simulated vertically polarized radiation patterns at 5.8 GHz in the y–z plane for
different values of Tw.
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4. The Comparisons of Simulated Data and Measured Results of The Prototype

Figure 11 shows the prototype of the proposed antenna with an SMA connector [20]
soldered to it, where the hand-soldered tin was not incorporated into the simulation. The
antenna was measured by the Atenlab A3 compact-type OTA measurement system [21] and
compared with its simulated data. Figure 12a–c show the measurement setup for radiation
patterns in the x–y, x–z, and y–z planes. The proposed antenna was placed on a turntable
and connected to the coaxial cable of the measurement system, which was not incorporated
into the simulation. Figure 12a shows that the proposed antenna was connected directly to
the coaxial cable of the measurement system, and the cable was parallel to the z-axis of the
proposed antenna. Figure 12b,c show that the proposed antennas were connected to the
coaxial cable of the measurement system via a right-angle SMA adapter [22], and the cable
was perpendicular to the z-axis of the proposed antennas.

 
Figure 11. The prototype of the proposed antenna with an SMA connector soldered to it.

 
(a) 

  
(b) (c) 

Figure 12. The measurement setup for radiation patterns. (a) x–y plane; (b) x–y plane; (c) x–y plane.

4.1. Reflection Coefficients

Figure 13 compares the simulated and measured reflection coefficients of the proposed
antenna. The simulated curve shows that the proposed antenna can meet |S11| ≤ −10 dB
from 2.11 to 2.58 GHz and 5.06 to 7.5 GHz, where the fractional bandwidths are 20.04%
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and 38.05%, respectively. The measured result agrees with the simulated one and can meet
Wi-Fi 2.4 and 5.8 GHz requirements for small UAV applications.

 

Figure 13. The comparison of the simulated and measured reflection coefficients of the proposed antenna.

4.2. Radiation Patterns

Figures 14–16 show the comparisons of the simulated and measured radiation patterns
of the proposed antenna in the x–y, x–z, and y–z planes. The simulated data show that the
proposed antenna has good vertically polarized radiation. Figure 14a,b show the radiation
patterns of the proposed antenna in the x–y plane at 2.4 and 5.8 GHz, respectively, and the
vertically polarized radiations are quasi-omnidirectional. Due to the hand-soldered tins
on the main radiation areas of 2.4 GHz, the measured horizontally polarized radiation is
larger than the simulated one, as shown in Figure 14a.

  
(a) (b) 

Figure 14. Comparison of the proposed antenna’s simulated and measured radiation patterns in the
x–y plane. (a) 2.4 GHz; (b) 5.8 GHz.

In the x–z and y–z planes, due to the cable effect, the measured horizontally polarized
radiations are much larger than the simulated data, as shown in Figures 15 and 16. In
addition, due to the cable effect, the measured vertically polarized radiation is larger than
the simulated one at −120◦ to +120◦ in the y–z plane at 5.8 GHz, as shown in Figure 16b.
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The simulated vertically polarized radiation patterns at 2.4 GHz are quasi-omnidirectional,
and the maximum radiations in the x–z and y–z planes are near the horizontal plane, as
shown in Figures14a, 15a and 16a. The simulated vertically polarized radiation patterns at
5.8 GHz have stronger radiation in the upper hemisphere (below the UAV), as shown in
Figures 15b and 16b. Its maximum radiations in the x–z and y–z planes are in the upper
hemisphere and between 14 and 29◦ from the horizontal plane.

  
(a) (b) 

Figure 15. Comparison of the proposed antenna’s simulated and measured radiation patterns in the
x–z plane. (a) 2.4 GHz; (b) 5.8 GHz.

  
(a) (b) 

Figure 16. Comparison of the proposed antenna’s simulated and measured radiation patterns in the
y–z plane. (a) 2.4 GHz; (b) 5.8 GHz.

Table 2 displays the characteristics of the simulated vertically polarized radiation
patterns. Ignoring the influence caused by the hand-soldered tin and the measurement
system’s cable effect, all measured radiation pattern results agree with simulated data. In
E-planes, the beamwidths of relative −10 dB at 2.4 GHz are no less than 142◦. Moreover, at
5.8 GHz, maximum gain angles are between 17 and 29◦ off the horizontal.

Table 3 compares the proposed antenna and published works on planar antennas.
The proposed planar antenna has the following advantages. First, it has a single-sided
structure, which has a relatively low cost to make small UAVs more affordable. Second,
it has a minimum electrical length (L) of 0.132 λ0 and a low profile (h) of 0.0128 λ0 to
meet the portability and aerodynamic requirements for small UAV applications. Third,
at 5.8 GHz, it has stronger radiation in the upper hemisphere (below the small UAV) to
reduce interference from rare-use directions. Its maximum radiations are below the UAV
and between 14 and 29◦ from the horizontal plane to provide more antenna gain when the
small UAV flies farther in urban areas. At 2.4 GHz, it has quasi-omnidirectional radiation
to ensure a stable link in all directions. Its maximum radiations are near the horizontal
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plane to provide more antenna gain when the small UAV flies farther in open areas. Finally,
it has good vertically polarized radiation at 2.4 and 5.8 GHz for long-distance applications.

Table 2. Characteristics of the simulated vertically polarized radiation patterns.

Unit: Degree
Y–z Plane x–z Plane

Left Plane Right Plane Left Plane Right Plane

2.4 GHz

Maximum gain angle −98 98 −95 91

Relative
−3 dB

Beam angle −142 −49 48 142 −139 −49 46 134

Beamwidth 93 94 90 88

Relative
−10 dB

Beam angle −165 −20 19 165 −165 −21 18 160

Beamwidth 145 146 144 142

5.8 GHz

Maximum gain angle −61 62 −76 73

Relative
−3 dB

Beam angle −102 −29 29 103 −118 −39 37 114

Beamwidth 72.96 74 79 77

Relative
−10 dB

Beam angle −127 −11 11 129 −152 −16 14 148

Beamwidth 116 118 136 134

Table 3. The comparison of the proposed antenna and published works on planar antennas.

Ref. Structure
Operating
Frequency

Radiation Pattern Electrical Dimensions
(L×W×h) (λ0)for Urban Areas for Open Areas

[11] Double-sided 0.86 to 1.51 Yes 0.3297 × 0.0344 × 0.0046
[12] Double-sided 3.9 to 5 Yes 2.3400 × 0.1820 × 0.0260
[13] Single-sided 3.5/3.7/4.5/5/5.7 Yes Yes 0.4690 × 0.1470 × 0.0092
[14] Single-sided 2.4 to 5.8 Yes 0.1600 × 0.2000 × 0.0128

This work Single-sided 2.4/5.8 Yes Yes 0.1320 × 0.2424 × 0.0128

5. Conclusions

In summary, we proposed a compact planar Wi-Fi antenna with optimized radiation
patterns for small UAV applications in urban and open areas. The proposed antenna was
prototyped and measured, and the measured results agree with the simulated data. It
has end-fire radiation to reduce the interference from rare-use directions at 5.8 GHz and
quasi-omnidirectional radiation to ensure a stable link in all directions at 2.4 GHz. The
directions of the maximum radiation in each elevation plane at 5.8 and 2.4 GHz provide
more antenna gain when the small UAV flies farther in urban and open areas. In future
work, the proposed antenna will be mounted on a small UAV for field experiments.
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Abstract: In this article, the compact, ultra-wideband and high-gain MIMO antenna is presented
for future 5G devices operating over 28 GHz and 38 GHz. The presented antenna is designed over
substrate material Roger RT/Duroid 6002 with a thickness of 1.52 mm. The suggested design has
dimensions of 15 mm × 10 mm and consists of stubs with loaded rectangular patch. The various stubs
are loaded to antenna to improve impedance bandwidth and obtain ultra-wideband. The resultant
antenna operates over a broadband of 26.5–43.7 GHz, with a peak value of gain >8 dBi. A four-port
MIMO configuration is achieved to present the proposed antenna for future high data rate devices.
The MIMO antenna offers isolation <−30 dB with ECC of <0.0001. The antenna offers good results in
terms of gain, radiation efficiency, envelop correlation coefficient (ECC), mean effective gain (MEG),
diversity gain (DG), channel capacity loss (CCL), and isolation. The antenna hardware prototype
is fabricated to validate the performance of the suggested design of the antenna achieved from
software tools, and good correlation between measured and simulated results is observed. Moreover,
the proposed work performance is also differentiated with literature work, which verifies that the
suggested work is a potential applicant for future 5G compact devices operating over wideband and
high gain.

Keywords: wideband antenna; compact size; high gain; Ka-band; 5G

1. Introduction

Due to high data rate and high link capacity, the multiple input and multiple output
(MIMO) antenna is widely used in modern wireless communication systems, especially
operating over millimeter wave spectrum for 5G devices [1,2]. It also has advantages to
avoid seamless connectivity, as in the MIMO system, multiple antennas are installed at
transmitter and receiver end. Due to these benefits, a MIMO antenna is a hot trend topic in
current research on designing antenna for 5G and 6G communication devices [3,4]. The
requirement of the MIMO antenna altered the requirement of antenna designing, as moving
towards the MIMO system, the simplified geometry along with low–profile and compact
size will be most beneficial [5,6].

On other hand, the performance parameters are also important to examine and analyze,
as high data rate and low latency is demanded to facilitate a large number of users with

Appl. Sci. 2023, 13, 4380. https://doi.org/10.3390/app13074380 https://www.mdpi.com/journal/applsci
19



Appl. Sci. 2023, 13, 4380

good services. These demands need an antenna to operate over wideband and offer high
gain along with radiation efficiency [7,8]. In the case of the MIMO antenna system, the
MIMO parameters are also important to be considered. The mutual coupling, envelop
correlation coefficient (ECC), and diversity gain (DG) and many others are key parameters,
which will be analyzed [9,10].

In literature, the researcher has present a number of monopole antennas operating
over 28 GHz [11–20], and various MIMO systems operational over 28 GHz for wireless
communication systems [21–32]. The author of the selected literature reported in [11–14]
presents the antenna with compact size and simplified geometry. The setback of these
designs is that the report work has a lack of measured results or low gain or radiation
efficiency. The antenna reported in [15–19], offers high gain and has simplified geometry.
The demerit of these works is narrow operational bandwidth or large size. The requirement
of 5G devices is the antenna having a compact size, low profile, and simplified geometry
along with wideband and high gain.

According to the requirements of the 5G communication system, the MIMO antenna,
which offers a high number of gains, is reported in literature. In [19], the MIMO antenna
with improved isolation is proposed by inserting electromagnetic band gap (EBG) between
MIMO elements. The reported four-port MIMO antenna operates at 28/38 GHz with a
bandwidth of 4 GHz and 2 GHz. Although the antenna is operational over high gain
and broadband, it has complex geometry due to inserting EBG cells. A two-port MIMO
antenna with simple geometry is reported in [21]. The geometry consists of defected
ground structure (DGS) to improve the performance. This work has the demerit of a
narrow bandwidth of 1.1 GHz. Another work that offers high gain and wideband is
reported in [22]. The antenna consists of eight ports, which lead the reported work with
large dimensions.

Compact and wideband antenna operating on mm wave application is reported
in [23]. The antenna has a compact size of 24 mm × 20 mm × 1.85 mm and operates over a
wideband of 33–44 GHz, but a setback of low value of ECC (that is 0.1). A wideband and
high-gain antenna with a bandwidth of 22–50 and peak gain of 15 dBi is reported in [24].
The antenna has complex geometry, as array is adopted to achieve the high gain. In [25],
an antenna is presented for the 5G communication system, which offers a bandwidth
of 27.1–28.1. The antenna also has large dimensions of 110 mm × 55 mm × 1.6 mm. A
compact antenna with an overall size of 12.5 mm × 12.5 mm × 0.8 mm and peak gain of 6
dBi is reported in [26]. The antenna consists of small size and is operational over high gain,
but offers low value of other MIMO performance parameters.

A two-port MIMO antenna with geometrical dimensions of 60 mm × 100 mm × 0.965 mm
and operating over a bandwidth of 27.6–28.3 GHz and ECC of 0.134. This work has the
advantage of simplified geometry, but the demerit of large dimensions, narrow bandwidth, and
low value of ECC [27]. A compact MIMO antenna with dimensions of 18.5 mm × 18.5 mm is
reported in [28]. The antenna is compact in size and offers a wideband of 4 GHz, but complex
geometry due to the multi-layer structure. Another compact antenna with an overall size of
48 mm × 31 mm × 0.254 mm is reported in [29]. The antenna has the advantage of compact
size and offers a wideband of 26–31 GHz, but the demerit of high isolation of −21 dB; [30]
reports a broad and strong gain. The antenna provides a high gain of 12 dBi and a wideband of
23–40 GHz. This design’s setback is substantial, measuring 80 mm by 80 mm by 1.57 mm. The
dimensions of a small, high-gain, broadband antenna that operates throughout the frequency
range of 25.5 to 30 GHz and has a peak gain of 8.75 dBi are given in [31]. The antenna is small,
wideband, and high-gain; however, the authors failed to mention the importance of ECC, and
its shape is complicated.

It can be observed from the above discussion and the rest of the literature that the
MIMO antenna configuration of the patch antenna is adopted due to its numerous advan-
tages and applications. The ratch antenna with MIMO configuration has an application
in smart mobile phones [32] with a high performance parameter and simple geometry,
and also in wearable applications when the radiator is placed over flexible substrate
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material [33]. To obtain the good results and requirements for 5G applications, various
techniques are adopted to improve the performance of the MIMO antenna [34,35]. The
most important parameter is mutual coupling between MIMO elements, and some design
meta-material is inspired to improve the mutual coupling [36]. The decoupling structure,
also called parasitic patch, is loaded between antenna elements to improve isolation [37].
The corner-fed technique [38] and multi-feeding method [39] are also used to get the desired
results operational over the 5G spectrum. Moreover, a low-cost MIMO antenna configura-
tion operating over wideband is also adopted for IoT applications [40]. In addition to the
patch antenna, Yagi antenna with MIMO configuration is also adopted in the literature for
5G applications [41].

From the above literature review, it is clear that there is still a research gap to design
an antenna with compact size, a low profile, and simplified geometry. The antenna should
operate over a wideband and offer high gain and radiation efficiency. In this article, the
antenna is presented to overcome the demands of a 5G wireless communication system.
The antenna offers ultra-wideband and high peak gain. The MIMO parameters also lie
according to requirements of any MIMO system. In the rest of the paper, the single element
design of the antenna is studied along with results in the form of a S-parameter, gain
verses frequency plot, radiation pattern, and radiation efficiency. Afterwards, the MIMO
configuration is analyzed, and comparison is performed between measured and simulated
results. Last, the comparison table is added to compare the results of proposed antenna
with literature along with conclusion and references.

The novelty of proposed work is:

• The compact size and simplified geometry;
• Wide operational band and high gain;
• Low mutual coupling between MIMO elements;
• Good values of MIMO parameters, such as, ECC, CCL, DG, and MEG.

2. Wideband Antenna Designing

2.1. Design Methodology

Figure 1 depicts the structure of the suggested design of an antenna operating over
28 GHz. The antenna is designed over substrate material Roger RT/Duroid 6002 with a
loss tangent of 0.0012 and relative permittivity of 2.2. The antenna has an overall size of L
× W × H = 15 mm × 10 mm × 1.52 mm. The antenna has a simplified structure with a
rectangular and circular patch loaded with arm-shaped stubs. These stubs are loaded to the
antenna to improve antenna performance in terms of bandwidth and return loss. Moreover,
the antenna is designed on the commercially available electromagnetic (EM) software tool
high frequency structure simulator (HFSSv9). The optimized value of antenna parameters
is given below. W = 10; L = 15; H = 1.52; A = 2; B = 2.58; C = 4; D = 4; E = 1; FX = 6; FY = 0.75;
and R = 2. All units are in millimeters (mm).

To obtain the optimized results, few design steps are performed. Initially, an antenna
with rectangular stub is design in first step for 28/38 GHz wireless applications. The length
and width of the antenna are obtained from the below formula [42,43]:

Leff =
c

2F
√

εre f f
(1)

εreff =
εr + 1

2
+

εr − 1
2

[
1

1 + 12 H
W

]
(2)

ΔL = 0.412H
(εreff + 0.3)

(
W
H + 0.264

)
(εreff − 0.258)

(
W
H + 0.8

) (3)

The resultant antenna operates at 28 GHz and 37 GHz with a return loss of −10.25 dB
and −8.5 dB, respectively. After that, in the second step, a circular radiator of radius
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R = 2 mm is loaded to the antenna in order to improve the return loss, which will help
in the enhancement of bandwidth. The antenna obtained from this step offers multiple
resonances at 25 GHz, 29 GHz, 38 GHz, and 42 GHz with return losses of −12.5 dB, −15 dB,
−16 dB, and −14.35 dB, respectively. In the third stage, an arm-shaped stub is added as
given in the figure. This step improves the return loss of the antenna, which leads the
antenna to operate over a wideband. In the final stage, the length of the arm is improved to
get further improvement in the bandwidth of the antenna. The improvement is possible
until the length of 4 mm. The antenna obtained from the final stage offers ultra-wideband
from 26.5 to 43.7 GHz, as given in Figure 2.

Figure 1. Geometrical configuration of proposed a dual-band millimeter wave antenna: (a) top view,
(b) back view, and (c) side view.

 
Figure 2. (a) Designing steps; (b) corresponding results.
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Parametric analysis of key parameters is performed to get an optimized value. For
the proposed antenna, the parametric analysis radius of the circular patch and length of
the lower stub is analyzed. At an optimal value of R = 1.8 mm, the antenna offers the
ultra-wideband of 26.5–43.7 GHz with a minimum value of return loss around −38 dB.
If the value is increased to 2.0 mm, the antenna stops operating over wideband and only
offers dual band with a minimum return loss of −18 dB and −11 dB at a resonant frequency
of 29.5 GHz and 38.5 GHz, respectively. If the value is decreased to 1.6 mm, again the
return loss and bandwidth is compromised, as given in Figure 3a. Another key parameter
is the length of lower stub D. At optimal value of D = 4 mm, the antenna offers the required
operational band. If the value is fixed at D = 6 mm, the antenna offers a 30–37 GHz
bandwidth with a return loss of around −15 dB. If the value is fixed at D = 2 mm, the
antenna offers 31.5–42.5 GHz with a return loss of around −20 dB, as given in Figure 3b.

Figure 3. Parametric analysis of (a) the radius of the circular patch and (b) length of the lower stub.

2.2. Results of Unit Elements

To validate the performance of the antenna, the important parameters are analyzed.
For further clarification, the hardware prototype is fabricated to compare with simulated
results, as shown in Figure 4. In this section, various performance parameters are discussed
and compared with measured results.

 
Figure 4. Fabricated prototype of wideband antenna.

2.2.1. |S11|

Figure 5 represents the comparison between the measured and simulated S-parameter
of the proposed ultra-wideband antenna. It can be seen from the figures that the antenna
offers broadband ranging from 26.5 to 43.7 GHz with resonance frequencies of 30 GHz, 34,
and 38 GHz. The proposed work covers the 5G band for millimeter wave application. The
antenna offers a low value of return loss with a minimum −38 dB and maximum −15 dB.
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The results also show similarity between simulated and measured results, which makes the
proposed work the best applicant for future 5G devices operating at broadband.

 
Figure 5. Comparison among simulated and experimental |S11| results.

2.2.2. Gain

Figure 6 shows a comparison of the proposed antenna’s prototype gain and software-
predicted gain. At the resonance frequency of 30 GHz, the antenna delivers a peak gain
of >8 dB. It may be noted from the figures that the antenna delivers gain >6.5 dBi at an
operational bandwidth of 26.5–43.7 GHz. The suggested antenna is the best candidate for
future 5G devices using wideband and high gain because of the great agreement between
predicted and tested outcomes.

 
Figure 6. Comparison among simulated and experimental gain results.

2.2.3. Radiation Pattern

The proposed ultra-wideband antenna’s observed and modelled radiation patterns
at resonance frequencies of 30 GHz and 28 GHz are shown in Figure 7a,b. It is clear
that the antenna provides both frequencies with a broad side radiation pattern in the
E-plane and a slightly inclined radiation pattern in the H-plane. The tiny distortion in the
radiation pattern is due to loading several stubs. Both the generated and observed radiation
patterns exhibit strong correlations with one another. When testing, a little discrepancy
that results from manufacturing flaws or connection loss is noticed. Because of the results
and correlation between measured and simulated outcomes, future 5G devices running at
broadband and high gain may be interested in the proposed study. The antenna offers a
low cross polarization of <−14 dB for both resonating frequencies.
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Figure 7. Radiation pattern and cross-polarization of a single element at (a) 28 GHz and (b) 38 GHz.

2.2.4. Surface Current Density

Figure 8 shows the surface current distribution of the proposed antenna operating
over the ultra-wideband of 26.5–43.7 GHz. It can be seen from the figures that the current
is highly distributed at feedlines and arm stubs for 28 GHz and the feedline and the
lower part of the antenna for 38 GHz. This phenomenon refers to that larger the effective
electrical length, which proves the generation of resonances. Moreover, the large number
of current distributions at arms also verifies the wideband operation of the antenna by
loading these stubs.

Figure 8. Surface current distribution of the proposed single element of antenna (a) 28 GHz and
(b) 38 GHz.

2.2.5. Radiation Efficiency

Figure 9 shows the proposed antenna’s predicted radiation efficiency. The antenna
has a strong radiation pattern with a 26.5–42.7 GHz working bandwidth. At resonance
frequencies of 30 GHz and 38 GHz, the antenna yields peak values of 86% and 90%,
respectively, with peak values of around >82% at operating bandwidth.
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Figure 9. Simulated radiation efficiency of proposed antenna.

3. Four-Port MIMO Antenna

In this section, the MIMO configuration of the proposed antenna along with the
hardware prototype is discussed. The antenna results, along with MIMO performance
parameter, are also studied.

3.1. MIMO Antenna Design

Figure 10a shows the four-port MIMO antenna for ultra-wideband and high gain
applications. The proposed MIMO antenna has an overall size of MY × MX × H = 27 mm
× 27 mm × 1.52 mm and is designed over same material as the single element. Each
unit element of the MIMO antenna has the same dimension as the single element given in
Figure 1. The gap between two adjacent elements M1 = 4 mm and between two opposite
elements is M2 = 10.2 mm. Moreover, the hardware prototype is fabricated to verify the
simulated results, as depicted in Figure 9b.

 

Figure 10. (a) Configuration of proposed MIMO antenna; (b) measurement setup for S-parameters
and far-field parameters.
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3.2. Results and Discussion
3.2.1. S-parameters

Figure 11 depicts the simulated and measured reflection and transmission coefficient of
the proposed four-port ultra-wideband MIMO antenna. It can be seen that the antenna offers
a broadband of 26.5–41.7 GHz with resonance frequencies of 30 GHz, 33 GHz, and 38 GHz. It
can also be observed from the figures that each element of the MIMO antenna shows good
correlation with each other, as well as with measured results. On other hand, the figure also
shows the transmission the coefficient of the proposed antenna. According to the figures, the
antenna offers minimum isolation around −55 dB and maximum isolation around −35 dB for
nearby element and minimum isolation of −52 dB and maximum isolation of −32 dB with
adjacent element. The results in the form of transmission and reflection coefficient and strong
agreement between simulated and measured results, making the proposed MIMO antenna a
good applicant for future 5G devices operating over broadband applications.

Figure 11. Comparison among S-parameters of MIMO antenna.

The minor difference between measured and simulated results may be due to:

• The fabrication tolerance of apparatus used for fabrication of antenna;
• Measurement setup tolerance due to usage of old wires;
• Connectors used in measurements as mismatching occur due to connectors at higher

frequency due to increase in losses on connectors.

3.2.2. Radiation Pattern of MIMO Antenna

Figure 12 shows the ultra-wideband MIMO antenna’s observed and predicted radia-
tion pattern at resonance frequencies of 30 GHz and 38 GHz. It is clear that the antenna
provides both frequencies with a broad side radiation pattern in the E-plane and a slightly
inclined radiation pattern in the H-plane. The loading of several stubs is what caused the
little distortion in the radiation pattern. Both the generated and observed radiation patterns
exhibit strong correlations with one another. When testing, a little discrepancy that results
from manufacturing flaws or connection loss is found. Because of the results and correlation
between measured and simulated outcomes, future 5G devices running at broadband and
high gain may be interested in the proposed study. Moreover, low cross-polarization of
<−10 dB is observed for both frequencies.
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Figure 12. Radiation pattern and cross polarization of proposed MIMO antenna at (a) 28 GHz and
(b) 38 GHz.

3.2.3. Electric Field Distribution

Figure 13 shows the E-field distribution of proposed MIMO antenna operating over an
ultra-wideband of 26.5–42.7 GHz. It can be observed that most of the electric field is distributed
among the feedline and the bottom rectangular patch for non-operating MIMO elements.

Figure 13. Electric filed distribution of proposed single element of antenna (a) 28 GHz and (b) 38 GHz.

3.2.4. Envelop Correlation Coefficient

By examining the envelope correlation coefficient (ECC), it is possible to evaluate the
performance of a single MIMO antenna element. It may be measured using the S-parameter
and the pattern of distant radiation. The ECCs of the adjustment element and diagonal
element for the proposed ultra-wideband MIMO antenna are shown in Figure 14. As can
be observed, the antenna operates over a wideband of 26.5–42.7 GHz with an ECC of 0.001.
The following mathematical formulas (4) may be used to compute the ECC of a MIMO
antenna [44]:

|ρe(i, j, N)| =
∣∣∣∑N

n=1 Si,nSn,j

∣∣∣√∣∣∣∏k(=i,j)

[
1 − ∑N

n−1 Si,nSn,k

] (4)
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Figure 14. ECC of the proposed MIMO antenna.

In the above equation, i and j are antenna elements and N represents number of
antennas placed in MIMO systems.

3.2.5. Diversity Gain

By using a MIMO antenna system, there are transmission power losses that may be
examined by looking at diversity gain (DG). In the best-case situation, the value DG = 10
dB; however, in real-world scenarios, a value near 10 dB is taken into account. According
to Figure 15, the suggested ultra-wideband MIMO antenna provides DG of about 9.99 dB
over an operational bandwidth of 26.5–42.7 GHz. Equation (5) provided in [45,46] may be
used to quantitatively compute the DG of a MIMO antenna system.

DG = 10
√

1−|ECC|2 (5)

 

Figure 15. Comparison among predicted and measured DG.

3.2.6. Channel Capacity Loss

Channel capacity losses also happen as a result of correlation losses in MIMO antennas.
It is a crucial component of every MIMO antenna. The value of CCL is observed for
the proposed ultra-wideband MIMO antenna at about 0.01 bps/Hz over the operational
bandwidth of 26.5–42.7 GHz, as shown in Figure 16. The value of CCL in an ideal situation
is in the vicinity of 0.5 bps/Hz. The Formula (6) to compute CCL is shown below [45,46].

CLoss = −log2 det
(

∝R
)

(6)
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where

∝R=

[
∝11 ∝12
∝21 ∝22

]

 
Figure 16. CCL of the proposed work.

3.2.7. Mean Effective Gain

By examining the mean effective gain, the received power of a MIMO antenna system
in a fading environment may be examined (MEG). The ideal instance would have an MEG
value of less than 3 dBi. According to Figure 17, the suggested ultra-wideband MIMO
antenna gives MEG −8 dBi at an operating bandwidth of 26.5–42.7 GHz. Moreover, the
following Equation (7), provided in [45,46], may be used to compute the MEG of a MIMO
antenna:

MEGi =
Prec

Pinc
=

∮ [
XPR. Gθi(Ω) + Gi(Ω).P(Ω)

1 + XPR

]
dΩ (7)

where P∅ represents an angular density function of incident power and XPR is the cross-
polarization power ratio.

 
Figure 17. MEG of the proposed MIMO antenna.
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3.3. Performance Comparison

Table 1 provides a comparison of the proposed ultra-wideband antenna operating over
26.5–43.7 GHz with the antenna already published in literature. The comparison in terms of
size, number of ports, operational bandwidth, peak gain, ECC, and minimum/maximum
isolation is performed. It can be seen from the table that antenna has compact size, offers
wideband and high gain, along with good and acceptable values of ECC and isolation.
This comparison also makes the proposed antenna a good applicant for future 5G devices
having a compact size and operating over wideband and high gain.

Table 1. Comparison between suggested and literature works operating over same frequency.

Ref
Dimensions

(mm × mm × mm)
Ports

Bandwidth
(GHz)

Operating
Frequency

(GHz)

Peak
Gain
(dBi)

ECC
Mini.

Isolation
(dB)

Max.
Isolation

(dB)
MIMO Antenna Type

[18] 115 × 60 × 0.76 5 27.5–28.7 28.3 5 0.056 −30 −13 Monopole antenna
[19] 50.8 × 12.5 × 0.8 4 26–36 27 5.23 – −45 −22 CPW-fed patch antenna
[20] 19.25 × 26 × 0.79 4 27–30.5 28.5 7.58 0.001 −35 −12 EBG-based antenna

[23] 24 × 20 × 1.85 4 33–44.1 38 4.56 0.1 −32 −16 Patch antenna over
transparent substrate

[24] 53 × 20 × 0.203 2 22–50 36/45 15 0.12 −40 −20 Slot array antenna

[25] 110 × 55 × 1.6 6 27.7–28.7 28 5.13 0.005 −55 −22 Air-filled slotted loop
(AFSL) antenna

[26] 12.5 × 12.5 × 0.8 4 33–36 35 6 0.02 −33 −23 Hexagonal patch antenna

[27] 60 × 100 × 0.965 2 27.6–28.3 28 4.5 0.134 −30 −17 Modified monopole
antenna

[29] 48 × 31 × 0.254 4 26–31 28 10 0.0015 −38 −21 Patch antenna loaded with
array of meatmaterials

[30] 80 × 80 × 1.57 4 23–40 30 12 0.0014 −40 −20 Arc-shaped patch antenna
[31] 20.5 × 12 × 0.79 2 25.5–30 28 8.75 – −40 −30 E-shaped patch antenna

Prop.
Work 27 × 27 × 1.52 4 26.5–43.7 30/38 8.4 0.001 −42 −30 Stub loaded monopole

antenna

4. Conclusions

This article presents the design and validation of a wideband antenna for Ka-band
5G applications. The initial design is comprised of a rectangular printed antenna, whose
performance is enhanced using an additional circular patch along with the loading of
two open-ended stubs. The resultant antenna offers wideband ranges from 26.5 GHz to
43.7 GHz having a peak gain of >6 dBi in the operational band. The unit element had a
compact size of 10 × 15 mm2. Furthermore, to meet the requirements of the modern-day
devices, a MIMO antenna is constructed using elements. The consecutive elements are
placed orthogonal to achieve a low mutual coupling. Moreover, the presence of the open-
ended stubs further helps to lower mutual coupling. The edge-to-edge space between
consecutive elements is 4 mm and the maximum mutual coupling is less than −30 dB. Other
performance parameters of the MIMO antenna are also studied, which show acceptable
values in all terms. At last, the performance comparison is performed with recently reported
works and the proposed work overperforms all the works by offering wideband, compact
size, high gain, and low mutual coupling, making the proposed work a potential candidate
for ka-band applications. The future extension of the proposed work is to deploy it for
massive MIMO applications requiring the low mutual coupling among the element placed
in close range.
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Abstract: An ultra-wideband (UWB), geometrically simple, compact, and high-gain antenna with a
WLAN notch band is presented for future wireless devices. The antenna is printed on the top side of
the Rogers RT/Duroid 5880 substrate and has a small dimension of 10 mm × 15 mm × 0.254 mm.
The primary radiator of the proposed coplanar waveguide-fed monopole antenna is comprised of a
rectangular-shaped structure initially modified using a slot, and its bandwidth is further enhanced by
loading a Y-shaped radiator. As a result, the antenna offers a –10 dB impedance matching bandwidth
of 11.55 GHz ranging from 3–14.55 GHz, covering globally allocated C-, S-, and X-band applications.
Afterward, another rectangular stub is loaded in the structure to mitigate the WLAN band from
the UWB spectrum, and the final antenna offers a notched band spanning from 4.59 to 5.82 GHz.
Moreover, to validate the simulated results, a hardware prototype is built and measured, which
exhibits good agreement with the simulated results. Furthermore, the proposed work is compared to
state-of-the-art antennas for similar applications to demonstrate its design significance, as it has a
compact size, wider bandwidth, and stable gain characteristics.

Keywords: UWB antenna; compact antenna; notch-band antenna; WLAN band rejection

1. Introduction

The recent evolution in wireless communication systems has urged us to revise the
requirements for designing communicating gadgets. The high data rate transfer with low
latency and low power consumption in ultra-wideband (UWB) technology has opened
doors for many applications in modern society [1,2]. The UWB technology is not limited to
satellite communication or military purposes, but it also finds many applications, ranging
from biomedical imaging to wireless sensor networks [3–5]. Thus, having an eye on
the advantages of the UWB spectrum, a number of antennas have been proposed in
the literature [6–12].

The UWB antennas presented in [6–8] have larger physical dimensions and do not
cover the UWB spectrum (3.1 GHz to 10.6 GHz) allocated globally. Thus, it results in limiting
their application to modern-day compact electronics. On the other hand, the compact-
sized antennas designed in [9,10] have drawbacks of structural complexity, low gain, and
unstable performance, while others have the disadvantage of limited bandwidth [11,12].
Moreover, it is necessary to design notch band UWB antennas due to the existence of
sub-bands inside the UWB spectrum, like Wireless Local Area Network (WLAN), Wireless
Fidelity (Wi-Fi), Worldwide Interoperability for Microwave Access (WiMAX), and Indus-
trial, Scientific, and Medical (ISM) bands. Wi-Fi interference with UWB spectrum may also
cause several co-existence issues like packet capturing and degraded performance [13,14].
It is noted that the UWB antennas proposed in [6–12] do not offer on-demand notch band
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functionality. Therefore, a lot of research has been done in designing new antennas for
UWB spectrum with notching characteristics. Since the 5 GHz band spectrum is widely
used for a number of applications, there is a dire need to mitigate this band from the UWB
region to minimize the interference with the UWB communication systems. Therefore, vari-
ous UWB antenna systems in the literature [15] are focusing on efficient antenna systems
offering low interference. Hence, to meet the requirement of present day UWB applications,
UWB antennas should offer notch band functionality without sacrificing overall antenna
performance in terms of bandwidth, gain, and stable radiation pattern [16,17].

Several UWB antennas with WLAN notch band characteristics that have the advan-
tages of compact electrical size have been widely investigated in the literature [18–30]. For
instance, a circular patch antenna that has a balanced notch band feature with a common
mode suppression is presented in [18]. A stub-loaded circular patch-based antenna was
designed to achieve UWB mode. Afterward, a bandpass filter was designed in such a
way that the resonator is judiciously fed, resulting in a common notch band behavior.
However, due to the utilization of a filter, the overall size of the antenna gets increased,
and the optimized antenna offers a physical size of 29.38 mm × 28.25 mm. Likewise, a
circular-shaped monopole antenna is designed in [26] to achieve wide operational mode
ranges from 2.8–12 GHz, while an enhanced mushroom-like modified Electromagnetic
Band Gap (EBG) structure is utilized to notch the desired band. However, the reported
antenna has several drawbacks, including structural complexity and a larger physical
dimension of 40 mm × 50 mm.

A rectangular-shaped quarter-wave monopole antenna was modified using two con-
secutive iterations of slots to design a modified W-shaped fractal antenna for UWB applica-
tions [27]. Additionally, a pair of two inverted L-shaped open-ended stubs were loaded
with a ground plane to achieve notch band functionality. The resulting antenna operates
from 3–12 GHz, a notched band of 5.2–5.8 GHz, and a set back of a large overall size
of 31 mm × 27 mm. On the other hand, a multi-layered Artificial Magnetic Conductor
(AMC) loaded UWB antenna is presented in [28]. At first, a rectangular monopole was
modified using truncated corners to widen the bandwidth, then two modified U-shaped
slots were etched to achieve a notch band, and finally, an AMC was loaded to enhance the
performance of the antenna. Having the advantage of high gain and two notch bands, the
antenna still has some disadvantages, including its limited bandwidth of 4.8–10 GHz and
its large physical size of 33 mm × 33 mm, with an overall critical height of 7 mm.

Last but not least, a pac-man-shaped printed UWB antenna was designed to achieve
two distinct notch bands [29]. However, the notch band does not have the potential for
practical usage due to poor comparison between simulated and measured results.

Winding up the whole discussion, there is still a need for a UWB antenna that has
notch band functionality without degrading the other design constraints like compact
size, wideband, geometrically simple, high gain, and stable radiation patterns. Thus, an
antenna having a wide operational bandwidth with a WLAN notch band characteristic
is proposed in this paper. The organization of the remaining manuscript is as under. The
design methodology of the proposed UWB antenna and respective results are presented
in Section 2, while the performance parameters are analyzed in Section 3. Furthermore,
Section 4 contains the comparison of the proposed work with the state-of-the-art, while the
manuscript is concluded in Section 5, followed by references.

2. Design Methodology of the UWB Antenna

2.1. Geometry of the Proposed Antenna

The top and side perspectives of the presented UWB antenna are depicted in Figure 1.
The antenna has a small footprint of only 15 mm × 10 mm (L × W). The antenna geometry
has a relative electrical permittivity and a loss tangent of 2.2 and 0.002, respectively, with a
thickness of 0.254 mm, and is etched on the Rogers 5880/Duroid substrate. The proposed
UWB antenna consists of a Coplaner Waveguide (CPW) feedline and a rectangular patch
with several stubs and slots. An additional stub is added to the modified rectangular

36



Appl. Sci. 2023, 13, 4271

patch radiator to enhance impedance bandwidth and get WLAN spectrum rejection. The
proposed antenna is of the CPW feedline which allows for the inherent advantages of
broadband performance, decreased dispersion, and ease of manufacture.

Figure 1. The geometry of the proposed WLAN Notch UWB antenna. (a) Top view, (b) side view.

The following are the optimal dimensions of the proposed notch band UWB antenna:
W = 10, L= 15, H = 0.254, Pl = 9.2, Pw = 5.4, CL = 4, CW = 3.5, s = 0.75, x = 0.8, SL = 1.25,
SW = 6, d = 0.4, GL = 3.19, and GW = 2.65 (All dimensions are in millimeters).

2.2. Antenna Design Steps

The design methodology steps and their respective s-parameters are shown in Figure 2.
The proposed work consists of two major phases. Phase 1 consists of designing a compact
size UWB antenna, which is further utilized in phase 2 to achieve UWB behavior with a
WLAN notch band spectrum.

Initially, a conventional quarter-wave monopole antenna that has a rectangular radia-
tor was designed. The commercially available CST Microwave Studio software was used to
perform the antenna simulations. The antenna is CPW-fed, a potential feeding technique
to achieve compact size, easy design, and broadband impedance matching. Moreover,
its uni-planar structure also eases its integration with electronic circuitry. The respective
length of the rectangular radiator for the desire frequency is estimated using the following
equation provided in [30]:

Lfo =
c

4fo
√

eff
(1)

where c refers to the speed of light in the vacuum and fo is the central resonating frequency
of 6.5 GHz. Furthermore, eff is the constant representing the effective dielectric constant
whose value can be approximated using Equation (2) [31]:

e f f ≈ er + 1
2

(2)
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Figure 2. Proposed antenna’s (a) various design steps. (b) |S11| responses.

After a slight optimization in parameters owing to the losses in the substrate material,
the antenna offers a broad bandwidth of 5.4–8.2 GHz, as depicted in Figure 2b. Afterward,
a slot was etched from the radiator, as shown in Figure 2a. This helps to achieve a further
wider bandwidth without affecting the overall size of the antenna. The slot results in a
Y-shaped radiator, which is also a potential structure to achieve wide impedance matching
to cover UWB frequency band. The working principle of the Y-shaped radiator is explained
in [32]. As shown in Figure 2b, the antenna now has a |S11| −10 dB impedance bandwidth
of 4.8–9.4 GHz.

In the final step in designing the proposed UWB antenna, a rectangular stub on a Y-
shaped radiator is introduced, as shown in Figure 2a. The antenna operates between 5 and
14 GHz, covering more than 85% of the UWB spectrum and extended UWB spectrums of
11 and 13 GHz, as recommended by the International Telecommunication Union (ITU) [33].
Finally, to avoid the interference of the UWB antenna with sub-bands lying inside the UWB
spectrum, a rectangular stub was loaded on the top side of the radiator, which notches the
globally allocated WLAN band spectrum of 5.25–5.85 GHz [34]. This specific frequency
band spectrum covers 4.9 GHz and 5 GHz Wireless LAN (WLAN) accessed using IEEE
802.11 communication protocols. This spectrum has a number of frequency channels, each
having a dynamic bandwidth of 10 MHz, 20 MHz, 40 MHz, 80 MHz, and 160 MHz, respec-
tively. The Radio Standard Specification (RSS) provides a transmitter output power line
and equivalent isotropically radiated power (EIRP) requirements, limiting the maximum
EIRP peak value to 4 Watts. Therefore, the wireless signals from WLAN spectrum have
the ability to interfere with the UWB spectrum. Furthermore, the notched band channels
also have weather radars operating in these bands. Thus, the most congested part of the
WLAN band spectrum 4.9 GHz (802.11j) and 5 GHz (802.11a/h/j) from channel 7 to channel
161 is attenuated for low interference with the UWB spectrum. Final optimization was
done to achieve the maximum possible bandwidth while keeping the notch band constant.
The proposed antenna offers UWB ranges from 3–14.55 GHz, having a notched band of
4.59–5.82 GHz, as depicted in Figure 2b.
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2.3. Parametric Analysis

As stated earlier, the additional stub loaded at the top edge of the UWB radiator is
responsible for the notch band behavior. Thus, to further demonstrate the findings, a
parametric analysis was done by varying the length of the stub (SW), and the corresponding
|S11| results are depicted in Figure 3a. It can be observed from Figure 3a that when the
optimized length of the stub is increased, the notch band shifts towards the left side, while
the bandwidth of the notched area remains unchanged. Similarly, when the length of the
stub is reduced, the notch band shifts toward the left side. When the electrical dimensions
of an antenna are reduced, it results in a frequency response shift towards the right end.

Figure 3. |S11| of the antenna for different values of (a) SW, (b) s, (c) CL.

Figure 3b,c demonstrate the |S11| results with respect to the variations in gap (s) and
the length CL. The characteristic impedance Zo of the coplanar waveguide varies as its

39



Appl. Sci. 2023, 13, 4271

dimensions (s and CL) are varied. When the gap length is decreased, the notch band is
shifted towards the lower end of the spectrum. Furthermore, it also causes a decrease in
the bandwidth of the antenna due to mismatching of the impedance. However, when the
gap length is increased, the bandwidth of the antenna decreases, and the notch band is
shifted towards the left side. Similarly, when the length CL is increased from the optimized
value, the notch band shifts towards the left side.

3. Results and Discussions

3.1. Hardware Prototype and Measurement Setup

To verify simulated results, the hardware prototype of the proposed compact an-
tenna was fabricated using a commercially available substrate. Then, the return loss of
the proposed work was measured using Vector Network Analyzer (VNA), while far-field
parameters, including gain and radiation pattern, were measured using an electromagneti-
cally isolated RF anechoic chamber. Figure 4 depicts the fabricated prototype along with
the far-field measurement setup.

Figure 4. Proposed extended UWB antenna’s (a) prototype and (b) antenna under test.

3.2. Reflection Coefficient

A comparison among simulated and measured reflection coefficient of the antenna is pre-
sented in Figure 5. It can be seen clearly that the antenna offers an ultra-wideband spectrum of
3–14.32 GHz when measured, having a notched band ranging from 4.59–5.82 GHz. Moreover,
a strong comparison between simulated and measured results validates the findings.

Figure 5. Measured and simulated |S11| of the proposed notch band extended UWB antenna.

3.3. Gain

The gain comparison of the proposed antenna for both simulated and measured values
for the complete working region is depicted in Figure 6. The antenna has a simulated gain
of more than 2 dBi in the resonating bandwidth, but it begins to decrease in the notch band,
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reaching a low of −3.9 dB at 5.5 GHz. The measured value of the gain also depicts similar
results for both resonating and notch bandwidths. The antenna gain and far-field radiation
characteristics are measured in an anechoic facility. A well-calibrated regular gain horn
antenna was placed in the anechoic facility and utilized as a transmit antenna, whereas the
prototype antenna acts as a receiver antenna. Low noise amplifiers were utilized for the
provision of constant power reception. The antenna was rotated at a number of angles to
measure the results at various configurations.

Figure 6. Simulated and measured gain of the proposed notch band extended UWB antenna.

3.4. Surface Current Distribution

To further understand the resonating behavior of the proposed antenna, Figure 7
illustrates surface current distribution at various resonating and notch band frequencies. It
can be observed that at the lower resonance of 4 GHz, the current distribution is lower at
the upper part of the radiator, which results in the generation of that frequency. Contrary
to that, at the notch band, the current show maximum value around the upper stub and
across it, while at the lower side, almost no current distribution is available. This causes
the mitigation of the 5.5 GHz band. Furthermore, it can also be observed from Figure 7 that
current is distributed across the radiator, which causes the generation of a higher resonance.
Hence, it is also verified that the upper stub (rectangular stub) is responsible for mitigating
the WLAN band from the UWB spectrum.

Figure 7. Current density of proposed notch band extended UWB antenna at various frequencies.

3.5. Radiation Pattern

The radiation pattern of the proposed UWB antenna with a notch band is presented in
Figure 8. The antenna offers a nearly omni-directional radiation pattern in the principal
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H-Plane for both resonating frequencies of 3.5 GHz and 6.5 GHz. On the other hand, for
E-Plane, a dipole-like bidirectional radiation pattern was observed for 3.5 GHz, while
a slightly tilted bidirectional radiation pattern was observed for 13 GHz, as depicted in
Figure 8. In general, a strong agreement between simulated and measured results was
observed for both resonating frequencies. It is worth noting that the antenna offers stable
radiation patterns at all resonating frequencies, ensuring its wideband operation.

Figure 8. The radiation pattern of proposed notch band extended UWB antenna at various frequencies.

3.6. Group Delay

Group delay may be used to characterize the degree of distortion in the UWB antenna.
In a UWB system, non-uniformity in group delay is desirable [31]. However, keeping the
various losses with a small amount of non-uniformity is acceptable. Thus, two identical
antennas are placed face-to-face and non-face-to-face at 30 cm to generate a far-field scenario.
The group delay of the proposed notch band UWB is illustrated in Figure 9, where, except
for the notch band, the group delay is entirely consistent. Except for the notch bands where
the value is higher than >4 ns, the group delay varies less than 1 ns for the operational
frequency range. Based on these results, the proposed antenna can be utilized for the UWB
system, and there will be no distortion between the transmitting and receiving antennas.
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Figure 9. The group delay of the proposed notch band extended UWB antenna.

4. Comparison with State-of-the-Art UWB Antennas

Table 1 summarizes the proposed antenna’s performance and its comparison with
related work presented in the literature in recent years. It can be observed that the presented
work offers a compact size as compared to all of the compared literature. The work
reported in [15,17] offered dual-notch characteristics, but their size is twice as big as the
proposed work. In addition, Refs. [17,18] offer a bit high peak gain value, but they suffer
from structural complexity, along with the narrowband and big size as compared to the
presented work. A semicircular-shaped printed antenna with two notch bands ranging
from 3.3–4.2 GHz and 6.6–7.6 GHz was proposed in [19]. The lower notch band was
realized using a modified dumbbell-shaped slot etched from the radiator, while the upper
notch band was attained by employing a two-pair of capacitors, along with L-shaped slots
carved from the ground plane. The antenna covers the complete UWB spectrum allocated
globally. However, two pairs of capacitors along with narrow slots increase the structural
complexity, while the physically large size of the antenna limits its applications for compact
devices. In [20], a jug-shaped CPW antenna was presented. The antenna was fabricated
on cheap FR4 substrate. However, the antenna does not offer any band rejection and
may suffer from interference with WLAN spectrum. In [21], an EBG-backed monopole
patch was presented. The antenna offers good notching characteristics. However, the
antenna has a structurally large width of 25 mm. In [22], a metamaterial-backed monopole
patch was presented, which offers a high gain. Although the presented design is a good
candidate for high gain applications, the antenna offers no band-notched characteristics or
interference rejection. Furthermore, an octagonal star-like monopole patch was presented
in [23]. The antenna offers a fractional bandwidth of 120 percent. However, the antenna
covers an area of 1275 mm2, which is geometrically larger than the presented antenna
in this manuscript. In [24], a unique geometry of an antenna was presented, offering
a bandwidth of 3.581–14.1 GHz. The antenna has a peak moderate gain of 3.2 dBi. This
antenna does not offer any band rejection capability and may not be suitable for applications
where low interference is a vital requirement. In [25], a planer stub-loaded patch was
presented. The antenna offers dual band-notched characteristics. However, the presented
design is about 20% structurally larger than the presented design. Based upon the above-
mentioned discussion, the proposed UWB antenna with WLAN notch band overperforms
all the related work by offering a compact size, wideband, comparable peak gain, and low
structural complexity.
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Table 1. Performance comparison of the proposed antenna with existing UWB antennas in the literature.

Ref.
Dimensions

(λo × λo × λo)
Frequency Range

(GHz)
Rejection Band

(GHz)
Peak Gain

(dBi)
Design

Methodology

[15] 0.3 × 0.31 × 0.02 2.9–14.5 3.1–3.6/4.9–6.1 No. Info. Slot and SRR-loaded
Antenna

[16] 0.21 × 0.21 × 0.02 3.04–10.87 5.03–5.94 4.2 Slot and SRR-loaded
Antenna

[17] 0.29 × 0.33 × 0.08 2.88–12.67 3.43–3.85/5.26–6.01 4.6 Slot and SRR-loaded
Antenna

[18] 0.32 × 0.30 × 0.005 2.95–10.75 5.01–6.19 5.2
Band Pass

Filter-loaded
Antenna

[19] 0.25 × 0.32 × 0.02 3.1–11.2 3.3–4.2/6.6–7.6 5.1 Capacitor-loaded
Patch

[20] 0.255 × 0.222 × 0.02 3–11 None 4.1 Jug-shaped
Monopole Patch

[21] 0.17 × 0.27 × 0.02 3.1–12.5 5–6 4.5 EBG-backed
Monopole Patch

[22] 0.148 × 0.226 3.08–14.1 None 4.54
Metamaterial-

backed
Antenna

[23] 0.44 × 0.32 × 0.08 3.25–13 5.7–6.2 6.7 Octagonal Star-Like
Patch

[24] 0.32 × 0.3 × 0.02 3.581–14.1 None 3.2 Slotted CPW-Fed
Antenna

[25] 0.24 × 0.31 × 0.01 3.4–11.9 4.5–5.3/7.2–9 3.9 Stub-loaded Planer
Patch

This Work 0.11 × 0.19 × 0.002 3–14.55 4.59–5.82 4.93 Stub-loaded Printed
Antenna

5. Conclusions

A CPW-fed antenna with compact dimensions of 15 mm × 10 mm × 0.254 mm
for WLAN notch band UWB application was presented. The antenna consists of simple
geometry with a modified rectangular shaped radiator loaded with a Y-shaped radiator,
improving impedance bandwidth ranges 3–14.55 GHz. Hereafter, an additional stub was
loaded to achieve WLAN band rejection capability. The proposed antenna offers key
features of compact dimensions, wide bandwidth, and moderate gain. This UWB antenna
also has band rejection at 4.59–5.82 GHz, thereby reducing the interference with the WLAN
band. The specific notched band channel is the most congested part of the WLAN band
spectrum 4.9 GHz (802.11j) and 5 GHz (802.11a/h/j) from channel 7 to channel 161. This
spectrum is attenuated for reducing the interference with the UWB spectrum. The antenna
offers a stable radiation pattern with a gain of more than 2 dBi in the pass band, while for
the notch band, a minimum gain of –3.9 dB was observed. The measurement results of the
fabricated antenna are well-matched to the simulation results. Moreover, the presented
antenna overperforms the literature work by offering a compact size, having a notched
band, a simple geometrical configuration, a moderate gain, and an ultra-wide impedance
bandwidth. Therefore, the presented antenna is a worthy candidate for utilization in UWB
applications where WLAN band rejection is a vital requirement for operation.
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Abstract: This paper presents a feasibility study for designing a floating patch antenna structure
fed with a probe from a microstrip. The main premise is to eliminate the dielectric in the patch
design, which is equivalent to having an air dielectric and leads to the necessity of proper support
to fasten the patch in the air. The novelty of this paper is that this new device, apart from being fed
with the though-wire technique directly from the microstrip line, has to be, by design, robust and
easy to manufacture, and, at the same time, it has to present, simultaneously, good values in all of
the performance indexes. A prototype has been designed, manufactured, and measured with good
performance results: a bandwidth higher than 10% around 2.4 GHz, a radiation efficiency higher than
96%, a 9.63 dBi gain, and a wide beamwidth. The main advantages of this prototype, together with
its good performance indexes, include its low fabrication cost, low losses, light weight, robustness,
high integration capability, the complete removal of the dielectric material, and the use of a single
post for feeding the patch while simultaneously fixing its floating position.

Keywords: floating patch; antenna; air substrate; microstrip; through-wire

1. Introduction

The quick development of wireless communication systems for the general public
implies the improvement of the radiation elements, among which the microstrip patch
antenna has attracted much attention because of its main advantages: its lightweight,
low-profile nature; its low-cost, easy fabrication process; etc. Nevertheless, it also presents
some drawbacks, such as its narrow bandwidth; low gain; poor polarization purity; limited
power capacity; etc. [1].

Essentially, a microstrip patch antenna is made up of a patch on one side of a dielectric
substrate and a ground plane on the other side of the substrate; the feeding is made through
a microstrip line, whether directly with insets, with an aperture-coupled probe, or with
a coaxial probe. The patch may be of any geometry (it is commonly rectangular and
circular) [2].

In fact, it is usually recognized that it is quite challenging to design an antenna that
combines a high-bandwidth, high-gain, and wide beamwidth with the properties of low
cost, lightweight, and ease of manufacture; some attempts to achieve this are reported in the
scientific literature by using substrate-integrated waveguides, multipatch designs, multiple
slots feeding the patch, a multi-layered substrate, variations in the feeding structure, the
use of lumped elements, a combination of dielectrics (as in dielectric resonator antennas),
different patch shapes, the inclusion of parasitic elements over the patch, etc. [3–7].
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In [8], the authors state that the optimal selection of the dielectric material and its
thickness has little influence on the resonance frequency, but it is of paramount importance
to achieve maximum radiation efficiency and bandwidth. The dielectric constant also affects
the size of the patch: the higher the dielectric constant, the tinier the patch will be. This
fact is used in [9], in which an antenna array at 2.45 GHz with a high relative permittivity
substrate has been used to minimize the size of a human wearable device. Nevertheless,
theoretically, the smaller the dielectric constant, the better the antenna performance will
be [10]. In fact, in [11–14], researchers proved theoretically and experimentally that a
floating patch with an air dielectric improves the performance of the bandwidth and gain;
however, this is at the cost of a small increase in size. This increment can be minimized by
shorting posts and slots at the cost of increasing the manufacturing complexity [15].

Some examples of dielectric removal by using air as the separation between the floating
patch and the feeding network have been reported in the literature; for instance, in [16],
a suspended patch based on a microstrip coaxial probe feed technique was presented with
an excellent radiation efficiency higher than 90%; however, this solution presents a poor
fractional bandwidth of lower than 5%. On the other hand, in [17], a transparent water
patch fed by an L-shaped probe was presented with a fractional bandwidth higher than 30%
but a poor radiation efficiency of lower than 80% and higher manufacturing complexity.
Another example, in [8], a floating patch fed by a microstrip and inserts was presented
with a radiation efficiency of higher than 90% but a poor fractional bandwidth of less than
6%. As another example, in [18], a suspended conformal patch antenna was proposed, and
the authors compared it to the non-conformal version, both of which include a non-floating
patch and an air cavity backed between the patch substrate and the reflection ground. The
best results give good values for the gain but a poor bandwidth, apart from the necessity
of a supporting frame to make the air cavity. Furthermore, in [19,20], examples of slot-
strip-foam-inverted patch (RSSFIP) antennas and arrays are proposed, in which the single
element antenna achieves an excellent gain value, but the device requires an H-shaped slot,
two layers of substrate, and an additional metallic reflector layer, all of which are separated
by two air layers that, in fact, increase the complexity of the manufacturing process. On the
whole, this reveals that, for a single radiating element patch antenna, getting a bandwidth
of higher than 10% with a radiation efficiency of more than 90% is very complex, and it
depends on the feeding technique and the floating patch construction design.

All of the former examples make use of different techniques that include air in the
improvement of the performance indexes, whether as a cavity-backed [18] or additional
layer, such as in the air-gap technique [13], the suspended patch technique [21], or the
inverted patch technique [19]. However, in none of these is the patch really isolated as
a completely dielectricless floating element only surrounded by air, which is the new
approach used in this novel proposal. In order to solve the above challenges, this work
deals with the aim of designing a microstrip patch antenna with an air substrate in the
simplest possible way (complex antenna designs are not of interest to the rapidly growing
wireless industries [8]). It needs to be able to cope with a high gain, radiation efficiency, low
loss, and wide bandwidth, which are the common performance requirements of current
radiating elements, while maintaining its compact size, light weight, ease of manufacture,
and easy integration with other electronic devices [22]. Therefore, in order to cope with
these requirements, this work proposes a real dielectricless floating patch in which the
dielectric is removed by using air (εrair = 1) as the separation between the floating patch
and the feeding. Next, the patch shape is chosen to be the simplest for manufacturing,
i.e., a rectangle (as this shape minimizes cuts in the base material and can be completed
with maximum accuracy). Lastly, and most importantly, the patch feeding is adjusted
through a pin rod (probe) to the microstrip feeding line, taking advantage of the through-
wire technique equivalently used in [23,24] for feeding an empty substrate-integrated
waveguide. This new feeding technique is used for the first time to feed a patch antenna; it
has the same advantages as the coaxial feed, together with low losses, a perfect adaptation
to the microstrip line, and a straight and very simple way of connecting to the patch with
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just a direct insertion point to be tin-soldered (as this is just a monoconductor pin rod).
This pin rod will serve, at the same time, as the fastener of the patch to fix its floating
position, which therefore is easier with regard to the manufacturing process. The proper
combination of these pieces allows for the achievement of an extremely good-performance
patch antenna fulfilling all of the desired requirements, and, under a new design approach
characterized by a completely dielectricless patch antenna, uses the new through-wire
technique to feed and hold the real floating patch and make it through a simple structure
with a very quick and easy manufacturing procedure.

2. Design Goals and Procedure

The proposed antenna radiates at 2.4 GHz, with a desired 10% minimum bandwidth
and 95% minimum radiation efficiency, through a floating metallic thin patch with hair mm
of an air dielectric (εrair = 1) between the patch and the ground plane. The patch is
implemented with a fully metalized layer of a substrate of hpatch mm total thickness
(considering the 17 μm of cladding and 9 μm of copper electrodeposition to completely
metalize the whole patch); in fact, the patch can also be completed with just a copper sheet
of hpatch thickness and sufficient stiffness. For the feeding section, a microstrip line of a
wms mm width is used; it is set in another layer of substrate (Rogers-4003C, εrsubst = 3.55,
tan δ = 0.0027, and 17 μm of cladding for each side) of an hms mm thickness. A proper
fastener to hold and stabilize the floating patch is needed, which is the feeding pin rod that
injects the power into the patch from the microstrip line; the design and adjustment of this
element are critical for achieving a good impedance matching and a successful device with
high values of efficiency. The well-known design equations for a microstrip patch included
in Chapter 14 of [10] and summarized in [25] are used to calculate the initial values of the
patch size; the used equations give only an initial approximation of the dimensions, so the
device is modeled and numerically evaluated through optimization algorithms using CST
Studio Suite to obtain the final dimensions and the adjustment of the pin rod’s position in
the patch.

The appearance and design parameters of the prototype are illustrated in Figure 1.
The three parts composing the prototype are shown: the lower layer with a microstrip line
whose ground plane is also used as the ground plane for the patch; the metallic floating
patch optimized to radiate at 2.4 GHz; and the pin rod holding the patch and feeding it
from the microstrip, whose insertion position and isolation from the ground plane are
optimized to maximize the impedance matching.

The patch is just a completely metalized piece of Rogers-4003C of a thickness of
0.813 mm, giving a total thickness of hp = 0.866 mm; its shape is a rectangle of the size
Lp × Wp at the distance hair over the ground of the microstrip layer. This distance is chosen
to be hair = 8.13 mm to ease the manufacture (it is the piling of ten substrates of a height
of 0.813 mm). For a chosen radiation frequency of fr = 2.4 GHz and the air as the patch
dielectric (εre f f = εrair = 1), the design equations for the patch are simplified as follows:

Wp =
c

2 fr
(1)

ΔL = 0.722hair
0.264 + Wp

hair

0.8 + Wp
hair

(2)

Lp =
c

2 fr
− 2ΔL (3)

where Wp = 62.457 mm is the size of the radiating edges (y axis), Lp = 51.459 mm is the
size of the non-radiating edges (x axis), εre f f is the effective dielectric constant (that matches
εrair = 1 in this case), and ΔL = 5.499 mm is the correction in size due to the fringing effects
on the patch. The size of the patch reference plane (Ls ×Ws) must be greater than the patch;
it is recommended to be at least approximately the size of the patch incremented six times
by the value of the dielectric (Ls = Lp + 6hair, Ws = Wp + 6hair).
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Figure 1. Appearance and design parameters of the floating patch prototype. From top-left to bottom-
right: 3D view from the top, lateral view of the device, top view of the device, ground side of the
microstrip layer, and line view of the microstrip layer. Main dimensions: Ls = 120 mm, Ws = 110 mm,
Lp = 52.586 mm, Wp = 62.457 mm, drod = 3 mm, and hair = 8.13 mm. Color legend: white is the
substrate, dark yellow/brown is copper, and background gray is air.

The microstrip layer is integrated into an hms = 0.813 mm thick substrate of the size
Ls = 120 and Ws = 110 mm with a 50 Ω impedance microstrip line on the bottom side
of the length lms = 40 mm and width wms = 1.784 mm. The top side of this layer is the
common ground plane for the microstrip and patch.
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The feeding of the patch is made with a coaxial probe that has been implemented as a
pin rod connecting the microstrip line with the patch through the ground plane by using the
through-wire technique stated in [23]. With the aim of using the pin rod as the holding post
of the patch, and considering the size of the patch, a 3 mm diameter metallic rod has been
selected to ensure the robustness and stability of the device. To make the manufacturing
process easier, the values of the pads and gaps necessary for the through-wire technique
have been forced to the values of 1 mm for the gap in the ground plane and 2 mm for the
pads around the metallic rod. As the rod must trespass the microstrip layer, a through-hole
must be made; that hole needs to be metalized (with 9 μm of copper electrodeposition) to
achieve good connectivity with the rod, so that procedure needs to be completed before
printing the microstrip line.

The insertion position of the pin rod into the patch is critical. According to the
considerations stated in Chapter 21.6 of [26], the insertion position for a linearly polarized
antenna should be at the middle of one of the radiating edges and separated a distance Δx
from the edge toward the center of the patch. It is well-known that the impedance strongly
varies along the antenna, and, furthermore, the impedance and bandwidth are dependent
on the ratio Wp/Lp because it changes the quantity of energy stored in the cavity formed by
the patch and the ground plane. Consequently, it is stated in [26] that the precise insertion
position is very sensitive to Lp and Δx and only initial approximations can be given that
must later be adjusted empirically through a simulator. Taking the former into account and
considering that the air is the dielectric of the patch, the initial position of the insertion pin
rod is estimated by Δx ≈ 0.25Lp.

This device has been simulated (including losses), and the values of Δx and ΔL (and
therefore Lp) have been optimized for adjustment of the insertion position of the pin rod
that maximizes the radiation at 2.4 GHz. The optimum point indicates that the antenna has
a bandwidth of 10.46% around 2.4 GHz (according to the band with S11 < −10 dB), with a
directivity of 9.95 dBi and a total efficiency of 99.78%; those values are quite promising,
as they reflect the high-performance indexes of the bandwidth, efficiency, and gain at the
same time for just a single radiating element. The final dimensions of the optimized device
are those in Table 1.

Table 1. Optimum dimensions (in mm) for the floating patch device.

lms wms hms drod padms
40 1.784 0.813 3 2
Ls Ws padgr gap hair

120 110 2 1 8.13
ΔL Lp Wp Δx hp

4.936 52.586 62.457 8.862 0.866

3. Results and Discussion

The designed device has been manufactured, and the resulting prototype is shown
in Figure 2. Just two pieces of the substrate are needed: one for the microstrip layer and
another for the patch, apart from a short metallic rod to fasten both layers. The manufactur-
ing process is quite simple and can be completed with standard PCB operations, such as
drilling, cutting, milling, plating, and soldering. The hole for the rod is drilled into both
substrate pieces. Then, the microstrip layer is plated to metalize the hole. Afterward, the
microstrip line is printed, and the final layer is cut. On the other hand, after drilling the
patch layer, it is directly cut and completely plated. Next, the rod is cut to the desired
length, and it is tin-soldered to the patch. Finally, the rod has to be carefully soldered to the
microstrip layer.
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Figure 2. Manufactured prototype; top and frontal views with a reference scale.

The prototype has been measured with a vector network analyzer (Agilent N5230C)
to characterize the S11 parameter. The result is shown in Figure 3, which compares the
measurement to the simulation. It reflects practically a total match between the simulated
device and the manufactured prototype; the measured return loss is 30 dB at 2.4 GHz with a
measured bandwidth of 10.41% around the resonance frequency. This fulfills one of the
goals of achieving a high bandwidth for the patch antenna by using the air as a dielectric
and a through-wire feed.
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Figure 3. Comparison of the measured and simulated parameter S11.

The radiation of the prototype patch antenna has been also measured in an anechoic
chamber with the technique of the reference antenna (QRH500, in this case), as can be seen
in Figure 4. With the data acquired in this measurement procedure, the antenna can be
completely characterized.
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Figure 4. Measurement of the prototype in an anechoic chamber.

The measured radiation pattern is shown in Figure 5, whose XZ (φ = 0◦), YZ (φ = 90◦),
and XY (θ = 90◦) plane cuts are included in Figure 6. The obtained patterns are typical
of a patch antenna. The measured directivity at the resonance frequency is 9.94 dBi,
with a measured gain of 9.63 dBi, which gives a radiation efficiency of 96.41% and a total
efficiency of 93.08%. The maximum direction of the radiation is θ = 2◦ and φ = 224◦,
whereas the −3 dB beamwidth is 52◦ for plane YZ and 60◦ for the XZ. Moreover, a good
cross-polar rejection is obtained, with 67 dB for the polarization ellipse axial ratio. These
results fit almost perfectly with the simulations and reveal, as intended, the simultaneous
high-performance indexes of the return loss, bandwidth, beamwidth, gain, and efficiency. c

E (dB) total

Figure 5. 3D representation of measured electric field radiation.

Despite the quite easy manufacturing process for this antenna, some inherent fabrica-
tion errors may occur. A yield analysis has been performed to check the endurance and
repeatability of the proposed prototype and its manufacturing. It has been considered that
errors may appear in the most critical operations: the milling pads and gap for the rod
as well as the drilling position for the rod in the patch and the cutting process for the size
of the patch. The selected criteria to mark a device as acceptable are that S11 < −10 dB at
a minimum bandwidth of 10% around the resonance frequency. Taking into account that
the tolerance of the laser cuts used is 2 microns, the analysis indicates that, even for high
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tolerances of 25 microns, 100% of the devices would be acceptable. If the tolerance were
extremely high, for instance, 50 microns, 99% of the prototypes would be acceptable; even
for the unlikely case of an excessively high tolerance of 100 microns, 96% of the prototypes
could be still acceptable. This reveals the accuracy of the design and the high tolerance for
manufacturing errors of this prototype.

E total
Plane XZ

E total
Plane YZ

E total
Plane XY

Figure 6. Polar plot cuts of measured electric field radiation. From left to right: plane XZ, plane YZ,
and plane XY.

The results above prove the feasibility of this prototype and validate the simplicity
and endurance of its fabrication procedure. To contextualize this new patch antenna device,
the performance indexes of different air substrate microstrip patch antennas with just one
radiating element are compared in Table 2 regarding the resonance frequency, the return
loss, the fractional bandwidth, the gain, the efficiency, and the feeding technique; qualitative
aspects about the manufacturing complexity and other details of the prototypes are also
included. The data in the table show that every published antenna can stand out in one
or two performance indexes, and it also clearly reveals that this new antenna is the only
one that is simultaneously completely dielectricless, able to achieve good values at the
same time in all of the performance indexes, very easy to manufacture, and uses just one
holder for both feeding the patch and fixing its position. The same happens if this antenna
is compared with other patch antennas using different substrates, such as those in the
compilation included in [27].

Table 2. Comparison of measured performance parameters of air substrate patch antennas.

Ref. fr (GHz) RL (dB) BW (%) G (dBi) η (%) Feeding
Manufacturing

Complexity
Comments

[16] 0.445 32.00 4.50 8.55 95.00 mstrip-coax easy
only simulation, aluminium

patch, eight holders

[17] 1.9 — 34.90 6.60 75.00 coax-L_probe very difficult water-based,
transparent patch

[21] 2 24.00 7.00 6.60 — coax-mstrip very difficult
complex structure,
dual polarization

[11] 2.44 30.00 4.94 9.78 99.00 coax easy additional metallic
holding post, η simulated

[14] 2.45 23.00 5.00 7.91 — mstrip easy
air-gap,

non-dielectricless
[15] 2.45 26.50 5.00 3.90 89.00 coax medium shorting posts, slots

[18] 2.45 20.00 3.00 8.51 — mstrip-insets medium air cavity backed

[28] 2.44 21.00 — 8.40 88.00 mstrip-coax difficult dual band, semi-circular
slot, four holders

This 2.4 30.00 10.41 9.63 96.41 mstrip-through_wire very easy
single holder,

completely dielectricless
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4. Conclusions

In this paper, the design, fabrication, and measurement of a floating patch antenna
are proposed. The design procedure is eased by selecting air as the dielectric for the patch,
as well as a simple patch shape; the most critical aspect is the positioning of the feeding
pin rod that connects the microstrip line to the patch so that there is a good impedance
matching able to maximize the radiation at the resonance frequency. The manufacturing
processes are standard PCB operations, and the whole fabrication procedure is very easy
and highly tolerant of manufacturing errors. This antenna is able to radiate at 2.4 GHz
with a 10.41% fractional bandwidth, 9.63 dBi gain, 96.41% radiation efficiency, and total
efficiency of 93.08%, together with a wide beamwidth and good polarization purity. Thanks
to the microstrip and through-wire feeding system, this antenna presents a high integration
capability with other planar circuits; at the same time, this device is low-cost, lightweight,
robust, and easy to manufacture. The main novelties of this design are its ease of design
and manufacture, the total absence of a dielectric, the use of the through-wire technique to
feed the patch and fasten the floating patch, the extreme robustness and error tolerance of
the prototype, and the simultaneous achievement of good values in all of the performance
indexes. The proposed antenna can be profitably used for wireless applications in the
2.4 GHz band.
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Abstract: To improve the coverage and timing capability of enhanced Loran signals, three enhanced
Loran transmitters are planned to be built in Western China. The most appropriate antenna configu-
ration can be determined by comparing domestic and foreign mainstream small and radio antennas.
By analyzing and comparing the electrical and structural parameters and signal propagation curves
of the transmitting antenna, it can be concluded that the single tower umbrella antenna provides the
best performance in all evaluation indexes, and the enhanced Loran signal can be transmitted to areas
1000 km away through the single tower umbrella antenna so that the enhanced Loran signal covers
most areas of Western China. Therefore, it should be widely used in the construction of enhanced
Loran transmitters in the future.

Keywords: enhanced loran signal; transmitting antenna; propagation curve

1. Introduction

The enhanced Loran system evolved from the Loran-C (long-range navigation) system.
It is an internationally standardized positioning, navigation and timing (pnt) service system.
It is the latest development achievement of low-frequency long-range radio navigation
timing technology. It meets the needs of PNT services in aviation non-precision approach,
port approach, land vehicle navigation and location service in terms of PNT service accuracy,
reliability, effectiveness, perfection and continuity. Additionally, it can provide high-
precision time and frequency signals in the order of hundreds of nanoseconds. The eLoran
transmitting antenna is an important part of the system; its electrical performance and
coverage ability are very important [1–3].

Loran transmitting antennas are a mature technology has that has benefitted from
many years of research and development. Typically, they comprise single-tower umbrella
antennas or four-tower inverted cone antennas [4,5].

China plans to build three enhanced Loran launchers in the western region. Its purpose
is to cover most parts of China with Loran time service signal, which will be used for time
service and navigation in the future. At present, the performance of the Loran-C system
in all aspects of operation is relatively backward. Therefore, the three new transmitting
stations will choose the Loran transmitting antenna with higher performance. In particular,
the Tibet Naqu transmitting station, one of the three largest transmitting stations, will realize
the construction of Loran transmitting antennas for the first time in regions above 4500 m
above sea level in the world. Referring to the past design and construction experience of
Loran transmitting antennas, it is difficult to meet the current needs. Therefore, the design
and selection of the transmitting antenna will face new challenges. The antenna not only
needs to cope with the complex geographical characteristics of Tibet, but also needs to meet
the requirements of the transmitter and improve the signal radiation capacity as much
as possible, which will put forward higher requirements for the structural and electrical
performance design of the transmitting antenna. Its main purpose is to carry the signal
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transmitted by a 2500 kW high-power transmitter and radiate it efficiently. The radiation
efficiency is more than 70%. It is planned to cover most of the land area in Western China.
The main performance requirements are as follows: (1) the working center frequency is
100 kHz; (2) The bandwidth exceeds 3.5 kHz; (3) The effective height exceeds 180 m; (4)
The characteristic impedance is 200–300 Ω [6,7].

2. International Typical Transmitting Antenna Reference

2.1. China

The BPL long-wave timing station is located in Pucheng County, Weinan City, Shaanxi
Province. It is the first large-scale radio station in China to transmit and broadcast high-
precision time standard signals. The transmitting antenna adopts the form of four inverted-
cone antennas. It is supported by four towers with a height of approximately 206 m. The
distance between the sides of the grounding tower is approximately 425 m. Figure 1 shows
photos of the four towers of the BPL antenna [1,2].

Figure 1. Four towers of the BPL antenna.

The Changhe II system, which has the form of a single-tower, insulated umbrella
tower (see Figure 2), is located in Jilin Helong, Shandong Rongcheng, Anhui Xuancheng,
Guangdong Raoping, Guangxi He County, and Chongzuo City. Single-tower umbrella
antennas are geometrically symmetric, which can improve the efficiency of the ground
net and thus the system transmission efficiency. The horizontal component of the single
antenna is small, which reduces the energy loss of the antenna system and the interference
of the horizontal component with the waveform [2,3].

2.2. United States

There are many Loran-C transmitting antennas in the USA. Most use tall mast radiators
with heights ranging from 190–220 m, which are insulated from the ground. These masts are
inductively lengthened and fed by a loading coil. A well-known example of a station that
uses such an antenna is Rantum. However, some stations utilize free-standing tower radiators
of a similar height (e.g., Carolina Beach). The output power from some Loran-C transmitters
exceeds 1000 kW, which is achieved by using extremely tall (412 m) mast radiators. Other
high-power Loran-C stations, such as George, use four T-antennas mounted on four guyed
masts arranged in a square configuration. Figure 3 shows a single-tower antenna belonging to
a radio station in the USA, which is still used for the Loran-C system.
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Figure 2. Single umbrella antenna of Changhe II.

 
Figure 3. Satellite image of a Loran-C system transmitting antenna in the USA.

2.3. Russia

The Chayka system is a Russian ground radio navigation system that shares similar-
ities with the Loran-C system. Chayka transmitters operate at very high power. Certain
transmitters use 460 m tall, single-tower mast antenna, while others use multi-tower anten-
nas. In the 1980s, three sets of transmission antennas were constructed as Chayka chains
in northern Siberia. These chains were used to transmit 1200 kW navigation signals at
100 kHz and demonstrated high transmission efficiency. Figure 4 shows the 460-m-tall
antennas used in the Russian Chayka system.
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Figure 4. Satellite image of a Chayka system transmitting antenna in Russia.

3. Structure and Performance Design of Typical Loran-C Transmitting Antenna

3.1. Single-Tower Antenna Form

As the main antenna form of the global Loran-C transmission system, the single tower
antenna is usually an umbrella antenna supported by a 200–300 m high tower. The radiator
is composed of mast, top line and bottom lead. Part of the top line below the line leads to the
lower line at the bottom of the tower feed point. The whole radiator is in a conical umbrella
shape. The representative schematic diagram of the structure is shown in Figure 5. The top
of the tower is powered by several load top conductors as umbrella conductors, which are
connected to the ground through insulators, and the bottom of the mast is connected to the
ground through an insulator base. The radiation grounding grid is set with the iron tower
as the center, and the ground wire is buried underground. The transmission power of the
system is 2000 kW. Table 1 shows the performance indexes of the one-tower transmitting
antennas designed with reference to Figure 5 at different heights [8,9].

Table 1. Main Performance Parameters of the Single-Tower Antenna.

The height of Single-Tower Antenna (m) 280 250 200
Antenna efficiency (%) 78.2 77.2 70.61

Input resistance (Ω) 8.09 6.4 3.84
Ground Loss Resistor (Ω) 1.76 1.44 1.13

Static capacitance (nF) 7.57 7.25 5.79
Antenna bandwidth (kHz) 3.84 3.0 1.42

Product of efficiency and bandwidth (kHz) 3.0 2.33 1
Effective height (m) 189 168.1 124.4

The main advantages of the single tower umbrella antenna are that the main body of
the antenna system is supported by only one iron tower, the antenna structure is relatively
simple, the radiation efficiency is high, the engineering quantity is relatively small, the
cost is low and the cost performance is high. Its main disadvantages are that the central
tower needs to be insulated from the ground, the performance requirements of the base
insulator are very high and the seismic performance of the system is lower than that of the
four-tower inverted cone antenna. In addition, in areas prone to snow disasters and sand
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storms, there may be the risk of system short circuits and work interruption caused by the
inundation of the base insulator.

Figure 5. Schematic diagram of a single-tower umbrella antenna model.

3.2. Four-Tower Antenna Form

The antenna is supported by four towers of equal height between 200 and 280 m. The
radiating body consists of a square top load, main and lower leads and auxiliary lower
leads. A small tower is built at the center of the lower leads to provide fixed closure. A
schematic diagram of the four-tower inverted-cone antenna is shown in Figure 6. Owing to
the low effective height and radiation resistance of the four-tower inverted-cone antenna,
a large-scale ground network needs to be designed to achieve better radiation efficiency.
The ground network is radial with the feeding point as its center, which is also buried
underground. Table 2 shows the performance indexes of the four-tower transmitting
antennas designed with reference to Figure 6 at different heights [10,11].

Figure 6. Schematic diagram of the four-tower inverted-cone antenna model.
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Table 2. Main Performance Parameters of the four-tower Antenna.

The height of four-Towers Antenna (m) 240 220 200
Tower spacing (m) 507.6 465.3 423

Antenna efficiency (%) 68.5 63.6 58.1
Ground loss resistor (Ω) 1.8 1.8 1.8
Static capacitance (nF) 37.48 34.49 31.6

Radiation resistance (Ω) 3.91 3.14 2.5
Antenna bandwidth (kHz) 13.46 10.72 8.54

Product of efficiency and bandwidth (kHz) 9.22 6.82 4.97
Effective height (m) 149.37 133.88 119.37

The main advantage of the four-tower transmitting antenna is that the tower height is
relatively low and the bandwidth is wide. All iron towers are directly grounded to avoid
the use of an insulator at the base of the iron tower. In areas with severe environments
such as multiple snow disasters and earthquakes, the system has high safety, reliability and
good seismic performance. Its main shortcomings are relatively low radiation efficiency, a
large number of towers, large quantities and high cost.

4. Antenna Broadcast Signal Propagation Model

According to the atmospheric noise data in the book, VLF Radio Engineering of the
United States, in Tibet, the maximum atmospheric noise affecting the 100-kHz frequency
band occurs during summer, and the maximum noise spectral density is approximately
−120 dBV·m−1·Hz1/2. The receiver bandwidth is 30 kHz (referring to the Loran-C re-
ceiver), which corresponds to a noise field strength of 44.7 dB·μV·m−1. Based on the
operation experience of the long-running Loran-C navigation and BPL time service sys-
tems, a minimum signal field strength of 45 dB·μV·m−1 should be maintained to ensure
reliable reception [12,13].

With reference to the geographic information data in four directions around the newly-
built transmitter, setting the Loran signal propagation model and then simulating the
transmission field strength of the antenna with MATLAB tools allows valuable data related
to the terrain and signal propagation around the station to be obtained, which can be used
to determine the propagation capacity and radiation efficiency requirements of the antenna.

By comparing the structure and electrical performance of single-tower antennas and
four-tower antennas, it can be seen that single-tower transmitting antennas have certain
performance advantages. In order to further analyze the transmission capacity of a single-
tower antenna, the antenna performance can be more directly understood from the aspects
of the single-tower transmitting antenna pattern, the field intensity distribution under the
antenna, the antenna magnetic field distribution and the radiation efficiency curve. Figure 7
shows the direction diagram of a single-tower antenna, Figure 8 shows the distribution
of antenna field strength in the quarter area, Figure 9 shows the distribution of antenna
magnetic field in the quarter area and Figure 10 shows the radiation efficiency curve.

 

Figure 7. Antenna pattern.
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Figure 8. Distribution diagram of ground electric field under antenna (quarter area).

Figure 9. Antenna magnetic field distribution (quarter area).

Figure 10. Antenna efficiency curve.
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With reference to the geographic information data in four directions around the newly-
built transmitter, setting the Loran signal propagation model, and then simulating the
transmission field strength of the antenna with MATLAB tools allows valuable data related
to the terrain and signal propagation around the station to be obtained, which can be used
to determine the propagation capacity and radiation efficiency requirements of the antenna.
Therefore, an antenna selection database can be established. Simulating the four-way
radio signal propagation around the transmitter in Naqu, Tibet is to finally determine the
electrical parameters of the transmitting antenna and better deal with the very special
geological and environmental conditions in Naqu, Tibet [14,15].

4.1. Eastward Transmission

During the eastward propagation of the eLoran signal, the field strength of the signal
will be affected by the terrain and change accordingly. Simulation Figure 11 shows the
change of geographical environment during propagation, while Figure 12 shows that the
signal field strength changes with the increase in propagation distance under the influence
of geographical environment.

Figure 11. Landform profile of the Naqu region due east.

Figure 12. Field intensity propagation curve for the transmitted signal from the eastward-oriented
antenna.

4.2. Westward Transmission

During the westward propagation of the eLoran signal, the field strength of the signal
will be affected by the terrain and change accordingly. Simulation Figure 13 shows the
change of geographical environment in the process of propagation, while Figure 14 shows
the change of signal field strength under the influence of geographical environment with
the increase in propagation distance.
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Figure 13. Landform profile of the Naqu region due west.

Figure 14. Field intensity propagation curve of the transmitted signal from the westward-oriented antenna.

4.3. Southward Transmission

When the eLoran signal propagates southward, the field strength of the signal will
be affected by the terrain and change accordingly. Simulation Figure 15 shows the change
of geographical environment during propagation, while Figure 16 shows that the signal
field strength changes with the increase in propagation distance under the influence of
geographical environment.

Figure 15. Landform profile of the Naqu region due south.
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Figure 16. Field intensity propagation curve of the transmitted signal from the southward-oriented
antenna.

4.4. Northward Transmission

When the eLoran signal propagates northward, the field strength of the signal will
be affected by the terrain and change accordingly. Simulation Figure 17 shows the change
of geographical environment during propagation, while Figure 18 shows that the signal
field strength changes with the increase in propagation distance under the influence of
geographical environment.

Figure 17. Landform profile of the Naqu region due north.

Figure 18. Field intensity propagation curve of the transmitted signal from the northward-oriented
antenna.

The simulation results show that the topographic fluctuation of the propagation path
has a slight influence on the signal intensity, with the propagation curves showing localized
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fading characteristics that correspond to the topographic profile. When the topographic
fluctuations are less intense, the characteristics of the ground wave propagation decline are
not as significant; only a few peaks demonstrate declines measuring 2–3 dB. The results
indicate that the radiation signal field intensity of the Naqu transmitter can satisfy the
required coverage distance of 1000 km. Furthermore, these results can be used to guide
antenna construction in Western China. The results here demonstrate clearly that single-
tower antennas with an increased effective height provide the optimal transmission range
and efficiency [16–18].

5. Conclusions

Long-wave transmitting antennas have been widely used all over the world. Single-
tower or four-tower structures are usually adopted. According to the development status
of long-wave, high-power antenna technology at home and abroad, and referring to the
practical experience of major Loran transmitting antennas in the world, the performance
parameters of various Loran transmitting systems are compared. In addition, there are
many innovations in the research work of this paper: firstly, this project will design and
construct the Loran transmitting antenna with an altitude of more than 4500 m for the
first time in the world. In addition, according to the geographical environment of the
Naqu area, the propagation model of the Loran signal is established. Compared with
previous papers, the innovations of this paper are shown in the content of this paper to
have been rarely carried out before. Compared with the previous similar literature, this
paper analyzes and compares the radiation characteristics of the transmitting antenna in
detail, and simulates the radiation field strength and signal propagation of the four basic
compass directions in the complex geographical environment of Tibet, China, in order
to more intuitively design and enhance the signal propagation ability in this area. These
simulation results not only show the advantages of the performance of the single-tower
antenna in Tibet, but also design the structure and electrical parameters of the transmitting
antenna according to the simulation results so that the enhanced Loran signal transmitted
by the transmitting antenna can be extended to 1000 km or even further. Therefore, the
single-tower umbrella antenna should be selected as the preferred form of enhanced Loran
transmitting antenna [19–21].
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Abstract: In this paper, a compact, flexible Vivaldi antenna is designed, and an array of nine identical
antennas of this type is used as a microwave breast imaging model to detect cancerous tumors in
the multilayers phantom model presented in this paper. The nine-antenna array is used to measure
the backscattering signal of the breast phantom, where one antenna acts as a transmitter and the
other eight antennas act as receivers of the scattered signals. Then, the second antenna is used as a
transmitter and the other antennas as receivers, and so on till we have gone through all the antennas.
These collected backscattered signals are used to reconstruct the image of the breast phantom using
software called “Microwave Radar-based Imaging Toolbox (MERIT)”. From the reconstructed image,
the tumor inside the breast model can be identified and located. Different tumor sizes in different
locations are tested, and it is found that the locations can be determined irrespective of the tumor
size. The proposed modified Vivaldi antenna has a very compact size of 25 × 20 × 0.1 mm3 and has
a different geometry compared with conventional Vivaldi antennas. The first version of the antenna
has two resonant frequencies at 4 and 9.4 GHz, and because we are interested more in the first band,
where it gives us sufficient resolution, we have notched the second frequency by etching two slots in
the ground plane of the antenna and adding two rectangular parasitic elements on the radiating side
of the antenna. This technique is utilized to block the second frequency at 9.4 GHz, and, as a result,
the bandwidth of the first resonant frequency is enhanced by 20% compared with the first design
bandwidth. The modified antenna is fabricated on Polyimide flexible material 0.1 mm thick with a
dielectric constant of 3.5 using a standard PCB manufacturing process. The measured performance
of this antenna is compared with the simulated results using the commercially available simulation
software Ansoft HFSS, and it is found that the measured results and the simulated results are in
good agreement.

Keywords: flexible antenna; Vivaldi antenna; breast imaging; microwave imaging; cancer detection

1. Introduction

Breast cancer is considered a major health issue across the globe. It is considered the
most common cancer that affects women among all cancer cases. In 2022, an estimated
287,850 new cases of invasive breast cancer will be diagnosed in the U.S. alone, which
contributes to 30% of all cancer cases among women [1–3]. The early detection of such
malignant cells is one of the most significant factors in improving the survival rate and
quality of life experienced by breast cancer sufferers. X-ray mammography is the current
detection method for early-stage breast cancer. However, this method is an invasive
and ionizing technique. It also yields high false-negative rates [4,5]. Other non-ionizing
detection methods, such as Magnetic Resonance Imaging (MRI), can be used for early-stage
breast cancer diagnoses. However, this method is expensive and may not be accessible to a
large number of patients [5,6].

In recent years, there has been a great demand for a new reliable, non-ionizing, cost-
effective, and comfortable approach to breast cancer screening. Microwave imaging (MWI)
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methods are one of the promising techniques for early breast cancer diagnosis [7]. At
microwave frequencies, the contrast between the electrical properties of cancerous cells
and those of healthy breast tissue is significant. Several experimental studies of dielectric
properties of healthy and malignant breast tissues have been reported in the literature.
In [8], a large-scale study, with 319 measurements on freshly excised breast tissue specimens
to experimentally determine the ultrawideband microwave dielectric properties of a variety
of normal, malignant, and benign breast tissues, measured from 0.5 to 20 GHz, is reported.
The analysis showed that the contrast in dielectric properties between malignant and
normal adipose-dominated tissues in the breast is considerable, as large as 10:1. Moreover,
the contrast in the microwave-frequency dielectric properties between malignant and
normal glandular/fibroconnective tissues in the breast is no more than about 10%. In [9],
experimental measurements of dielectric properties of normal and tumorous tissues on
more than 220 tissue samples were performed in the frequency range of 0.5 to 50 GHz.
The results showed that the mean values for tumorous and normal tissues are separated
from each other at all frequencies. Moreover, the normal tissue samples were divided
into three subgroups based on their adipose component percentage. It has been found
that as fat content decreases, the average dielectric properties rise significantly between
groups. An average contrast in dielectric properties of malignant and healthy tissues of
8.4:1, 2.2:1, and 1.4:1 exist for low-adipose, medium-adipose, and high-adipose tissues,
respectively. Similar experimental results with 330 samples were also reported in [10]. This
reported contrast allows for smaller breast tumors detection with higher accuracy than
traditional methods [11,12].

In microwave imaging, there are two approaches: tomography- and radar-based. In
microwave tomography, the dielectric properties of the breast are calculated by transmitting
narrowband microwave signals through the breast. The backscattered signals are collected
through multiple receiving antennas. However, this method requires many transmitting
and receiving antennas. Additionally, it requires solving a non-linear inverse scattering
problem which requires a computationally intensive reconstruction algorithm. In radar-
based imaging, antennas are used to transmit and receive the backscattered signals using
the transmitting antenna (monostatic) or additional antennas (multistatic). The monostatic
arrangement can be used multiple times from multiple locations to provide a sufficient
number of channels for imaging. Alternatively, the multistatic antenna array method uses
multiple antennas at a fixed location to collect the backscattered signals. This method
avoids the mechanical issues of monostatic imaging systems. Successful imaging systems
based on this idea have been developed in [13–15].

In MWI, antennas play a vital role in the imaging process. They act as transceivers
where a transmitting antenna becomes a receiving antenna (sensor) in the next iteration.
Thus, careful antenna design is required to meet system requirements. Recent studies have
shown that antennas used for MWI should have the following properties: small size, high
gain, directive power radiation, and wide bandwidth. The operational frequency band is
also important: lower frequency bands provide greater penetration, and higher bands offer
better range resolution. However, lower frequency requires a larger antenna footprint, and
higher frequency causes higher power losses [16,17].

UWB antennas have attracted researchers for their unique features: high data rate,
small size, low cost, and power spectrum density. They can also be designed to operate
in both low and high-frequency ranges. Moreover, they are environmentally friendly,
biocompatible, and biologically friendly [18]. Several types of UWB antenna for MWI
have been proposed, including omnidirectional vs. directional radiation pattern [19];
wide range vs. narrowband [20]; high vs. low frequency [21]; etc. However, in all cases,
the system requires high efficiency, high gain, and compatibility to penetrate the human
body [3]. To date, many UWB antennas for MWI breast imaging have been reported:
compact planar UWB antenna [22], modified antipodal Vivaldi antenna [3], hemispherical
antenna [17], reflectarray antenna [23], flexible monopole antenna [7], circular polarized
radial line slot array antenna [24], and many more.
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The human breast, on the other hand, has an inhomogeneous and complex structure
of skin, fat, gland, and muscle. Each of these substances has different dielectric properties,
namely relative permittivity and conductivity. This inhomogeneous environment can
be modeled by stacking several homogeneous layers that represent the properties of
skin, fat, gland, and muscle. The proposed structure is not a representation of the real
breast. However, the model is widely used in laboratory environments for prototype breast
imaging systems [5,7,25,26].

Successful imaging systems require preprocessing for backscattered signals to remove
artefacts and reflections. Several artefact removal algorithms have been reported in the
literature. The Average Subtraction method subtracts the response of each channel from
a reference waveform. The reference waveform is the average response of all imaging
channels [27]. This method assumes that the artefact is similar in each channel. Adaptive
filtering extends this idea to compensate for channel-to-channel variation in the artefact [28].
The rotational subtraction method has been reported in [29]. In this method, the antenna
array is physically rotated around its center, and a second radar measurement is performed.
The two data sets are then subtracted to remove undesired signals.

In this paper, a modified and compact flexible Vivaldi antenna with a size of
25 × 20 × 0.1 mm3 is proposed and studied. Two versions of antennas, one with two
resonant frequencies at 4 and 9.4 GHz and the other with one resonant frequency at
4.4 GHz, are discussed. Both are of the same size, and the improved antenna is fabricated
on Polyimide flexible material with a thickness of 0.1 mm and a dielectric constant of
3.5 using a standard PCB manufacturing process. The reflection coefficients, current
distribution, and radiation patterns are discussed and evaluated. An array of nine identical
antennas of the second version, i.e., with one resonant frequency at 4.4 GHz, is used as
a microwave breast imaging model to detect and locate the tumor inside the proposed
multilayer phantom model using Microwave Radar-Based Imaging toolbox (MERIT). This
simulation setup successfully identifies and locates tumors of different sizes and positions
inside the phantom model. The imaging results are very promising for the practical use
of the proposed microwave imaging as a good candidate for breast cancer detection. The
novelty of the work is the use of the proposed modified flexible antenna and the proposed
breast phantom for breast imaging applications.

2. Materials and Methods

2.1. Antenna 1 Design

A simple, low-cost, compact, and flexible Vivaldi UWB antenna is designed. The
antenna has a radiating triangular shape on the top side and a slotted ground plane on
the bottom side. It has a relatively small size of 25 × 20 mm2 compared with conventional
Vivaldi antennas presented in the literature. It is fabricated using standard printed circuit
board (PCB) manufacturing processes with polyimide flexible material. To the best of
our knowledge, the compact size of the flexible Vivaldi antenna presented here can be
considered one of the smallest sizes that have been reported in the literature. Figure 1
illustrates the geometry of the proposed flexible Vivaldi antenna 1. The antenna is fabricated
on an inexpensive Polyamide substrate with a thickness of 0.1 mm, relative permittivity of
3.5, and loss tangent, tanδ = 0.02. The radiating side of the antenna on the top layer consists
of a microstrip feed line, a horizontal line that passes above the parabolic notch on the
GND plane, and a triangular shape to enhance propagation. The feeder line of the antenna
consists of two segments of the line where the first segment has a width of 0.21 mm, which
results in a 50 Ω matching impedance. The second segment of the feeder has a width of
0.28 mm to match the first segment of the feeder to the horizontal line of the radiation
side. The horizontal line extends through the triangular shape of the radiating side of the
antenna. The antenna has a 50 Ω CPW feeder line on the top side, and an SMA connector is
connected at the end of the line. The proposed antenna underwent many design stages.
Starting with a 45 × 40 × 1.5 mm3 Vivaldi antenna, the parameters were optimized to
yield the proposed final shape of 25 × 20 × 0.1 mm3. The radiating shape of the antenna
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was also investigated to yield the best possible outcome. The designed dimensions of
the proposed Vivaldi antenna were obtained using the commercially available simulation
software Ansoft HFSS. The optimized parameters of the final design of proposed Antenna 1
are given in Table 1.

Figure 1. Proposed Antenna 1 Dimensions.

Table 1. Proposed Optimal Dimensions of Antenna 1.

Parameter Value (mm) Parameter Value (mm)

L 25 W 20
L1 8 L2 3.45
L3 7.54 L4 4.27
L5 0.8 L6 2.83
W1 0.21 W2 0.28
W3 0.27 D1 4
W4 3.5 F 11.45
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The simulation results show that the antenna has two resonant frequencies: the first
resonant frequency is at 4.0 GHz with a 1 GHz impedance bandwidth, and the second
is located at 9.4 GHz with a 1 GHz impedance bandwidth. Figure 2 shows the reflection
coefficient of this antenna against frequency.

Figure 2. Reflection Coefficient of Proposed Antenna 1.

2.2. Modified Antenna with One Resonant

Proposed Antenna 1 has two resonant frequencies, at 4 GHz and 9.4 GHz. However,
only the bandwidth of the first resonant frequency is of interest. In this section, a modified
antenna is presented to notch the second resonant frequency and further enhance the
bandwidth at the first resonant frequency. The modified antenna has the same dimensions
as Proposed Antenna 1. However, two slots (DGS) in the ground planes were added to
notch the second resonant frequency at 9.4 GHz. The DGS creates a notch frequency at
8.2 GHz, which eliminates the second resonant frequency. Moreover, copper rectangles
were added to the propagator side of the antenna. The rectangles work as parasitic elements
through which the bandwidth of the antenna is enhanced. Modified Antenna dimensions
are shown in Figure 3. The modified antenna has the same dimensions as Proposed
Antenna 1 except for the added slots and parasitic elements. The dimension parameters of
the added elements are listed in Table 2.

Figure 4 shows the reflection coefficients of the modified antenna. As can be seen, the
modified antenna has only one resonant frequency, at 4.4 GHz. Moreover, the impedance
bandwidth of the modified antenna, 1.2 GHz, is greater than the bandwidth of Proposed
Antenna 1 by 20%. The current distribution of the modified antenna is higher at the feeder
line of the radiator. On the bottom side, the current is concentrated around the edges of the
parabolic cut in the ground plane, with a higher current around DGS, as shown in Figure 5.
The gain, as demonstrated in Figure 6, increases over frequency, and it is at its minimum at
the notch frequency. It has a local maximum of 2.33 dBi at 4.4 GHz, the center frequency of
the antenna. The gain is at its minimum at 6.7 GHz, which corresponds to the maximum
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value of the reflection coefficient shown in Figure 4. The modified antenna has a directive
radiation pattern. Figure 7 shows the 3D radiation pattern of the modified antenna. The
E-plane and H-plane are shown in Figure 8, where the XZ plane represents the E-plane,
and the YZ plane represents the H-plane.

Figure 3. Modified Antenna’s dimensions.

Table 2. Modified Antenna optimal parameters.

Parameter Value (mm) Parameter Value (mm)

L1 2.8 L2 7
W1 0.2 W2 0.15
h 15.2 g 0.2
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Figure 4. Reflection Coefficient of the Modified Antenna.

(a) (b) 

Figure 5. Current Distribution at 4.3 GHz: (a) Top Side; (b) Bottom Side.

75



Appl. Sci. 2022, 12, 4908

Figure 6. Maximum Gain of the Modified Antenna.

Figure 7. Three-dimensional Radiation Pattern of the Modified Antenna at 4.3 GHz.
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Figure 8. Two-dimensional Radiation Pattern at 4 GHz of Modified Antenna.

2.3. Parametric Study of Modified Antenna

To achieve the highest possible bandwidth of the antenna and enhance the reflection
coefficient, the DGS parameters and location were varied. Moreover, the dimensions and
size of the parasitic element were studied. The modified antenna achieves the best possible
result. The studies detailed below show the effects of changing each parameter.

2.3.1. Changing DGS Width, W1

The DGS width affects the bandwidth at the first and second resonant frequency. As
can be seen in Figure 9, W1 = 0.2 mm shows the best result.

Figure 9. Effects of Changing W1.
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2.3.2. Changing Parasitic Element Width, W2

Reducing W2 results in a slightly higher BW but increases the reflection coefficient.
It also introduces a second resonant at 8.2 GHz. Increasing W2 enhance the reflection
coefficient but reduces the bandwidth. Figure 10 shows the effects of changing W2. It can
be seen that W2 = 0.15 mm is the optimum value.

Figure 10. Effects of Changing W2.

2.3.3. Changing DGS Length, L1

The length of DGS affects the bandwidth of the antenna at 4.4 GHz, as shown in
Figure 11. A smaller value of L1 slightly decreases the BW of the antenna and enhances
the reflection coefficient of the antenna. A larger value of L1 enhances the bandwidth but
greatly increases the reflection coefficient.

Figure 11. Effects of DGS Length L1.
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2.3.4. Changing Parasitic Element Length, L2

Increasing L2 results in a similar BW but also increases the reflection coefficient, as
shown in Figure 12. Reducing L2 increases the BW but introduces a second resonant
frequency at 8.8 GHz and increases the reflection coefficient.

Figure 12. Effects of Changing L2.

2.3.5. Changing DGS Height, h

The height of the DGS affects the resonant frequency and BW of the antenna, as shown
in Figure 13. A higher value of h results in a better BW but introduces a second resonant
frequency at 8.2 GHz, which conflicts with the purpose of the modified antenna. On the
other hand, a smaller value of h results in a higher reflection coefficient.

Figure 13. Effects of Changing DGS Height.
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2.3.6. Changing Parasitic Element Gap, g

The gap between the parasitic element and the radiator affects the center frequency
location and reflection coefficient values. As shown in Figure 14, g = 0.2 mm is the optimum
value for this antenna.

Figure 14. Effects of Changing Parasitic Element Gap.

2.4. Comparison to Literature

The proposed antenna was compared with various antennas reported in the literature.
The results are summarized in Table 3. The proposed antenna has a smaller BW than
most reported antennas. However, a BW greater than 1 GHz is considered sufficient for
breast imaging. Moreover, the proposed antenna reduces the size of a conventional Vivaldi
antenna by half while keeping a directional radiation pattern.

Table 3. Comparison of Proposed Antennas and others reported in the Literature.

Citation Type Radiation
Size
mm3

Band
(GHz)

Fc
(GHz) BW (GHz)

Gain
(dBi)

[3] Vivaldi Directional 40 × 40 × 1.6 2.5–11 NA 8.5 7.2

[7] Flexible
Monopole

Omni-
directional 20 × 20 × 0.05 2–4 3 2 NA

[30] Vivaldi Directional 36 × 36 × 1.6 3–12 7.2 9 8.2

[31] Vivaldi Directional 48 × 46 × 0.8 3.1–10.6 7.8 7.5 8.25

[32] Vivaldi Directional 57 × 41 × 1.6 3–9 3.8 6 NA

[33] Vivaldi Directional 51 × 42 × 0.05 2.8–7 5 4.2 7.5

Proposed 1
With two resonant Vivaldi Directional 25 × 20 × 0.1 3.8–4.8

and 9–10 4.0 and 9.5 1.0 and1.0 2.24 and 2.7

Proposed 2
With one resonant Vivaldi Directional 25 × 20 × 0.1 4.0–5.2 4.4 1.2 2.33

2.5. Antenna Manufacture

The modified antenna was manufactured on flexible polyimide material with 18 μm
copper from both sides using standard PCB manufacturing processes. A standard SMA
connector was attached to the antenna as a feeder. The connector has four ground pins
and is suitable for a PCB thickness of 1.6 mm. To overcome this issue, two ground pins
were removed from the connector, and the connector was assembled diagonally so that
it fit without bending the antenna. Figure 15 shows the top and bottom sides of the
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manufactured antenna after assembly. The reflection coefficient of the fabricated antenna
was measured using Vector Network Analyzer (VNA). The result showed that the resonant
frequency was shifted to 4.0 GHz. Moreover, the measured reflection coefficient showed
that the antenna has higher bandwidth than the simulated antenna. The actual antenna
has a bandwidth of 1.7 GHz centered at 4 GHz. The difference in antenna bandwidth and
center frequency is mainly due to the fabrication and measurement errors. Figure 16 shows
simulated and measured reflection coefficients. The radiation pattern of the antenna was
measured in an anechoic chamber. Figure 17 shows the measured and simulated radiation
patterns for the E-plane and H-plane at 4.3 GHz. The results are close to simulation results
except for manufacturing and assembly errors.

(a) (b) 

Figure 15. Modified Antenna: (a) Top Side; (b) Bottom Side.

Figure 16. Simulated and Measured Reflection Coefficients.
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(a) (b) 

Figure 17. Radiation Pattern at 4.3 GHz: (a) E-Plane; (b) H-Plane.

2.6. Breast Model

A large-scale study of microwave dielectric properties of normal, benign, and ma-
lignant breast tissue was reported in [8–10]. It has been found that normal breast tissue
spans a very large range of dielectric properties dependent on the adipose content of the
sample. Low water content (high adipose) exhibits a low dielectric constant, and high water
content glandular or fibroconnective tissue exhibits a high dielectric constant. In this paper,
a half-spherical breast phantom was designed with electrical properties that match the
human breast. The phantom radius is 45 mm, and it consists of three layers. The skin layer
width is 2.5 mm with a dielectric constant and conductivity of 36 and 4 S/m, respectively.
The width of the fat (tissue) layer is 42.5 mm with a dielectric constant and conductivity
of 9 and 0.4 S/m, respectively. A spherical tumor of 2.5 mm and 5 mm radius is inserted
inside the phantom in different places. The tumor has a relatively high dielectric constant
of 55 and conductivity of 4 S/m. The proposed phantom presented in our work has similar
dielectric properties and thicknesses to phantoms found in [3,14,20]. The proposed model
is developed in HFSS, as shown in Figure 18.

Figure 18. Proposed Breast Phantom.
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2.7. Imaging Setup

The imaging setup consists of the proposed breast phantom surrounded by transmit-
ting/receiving antenna elements. The number of antennas used for imaging affects the
accuracy of the reconstructed image. In this paper, the modified Vivaldi antenna is used
as a radiating/receiving element. Nine antenna elements are used as radiating/receiving
elements. The placement of the antenna around the breast phantom is critical in this design
since the modified antenna has a directional radiation pattern. The nine antennas are placed
at an equal distance from each other and 10 mm from the phantom, with the radiating side
of the antenna facing the phantom, as shown in Figure 19. The distance from the center
of the phantom to the center of each antenna element is r3 = 67.5 mm, and the distance
between adjacent antennas in the array is 46.2 mm (center to center). The setup is illustrated
in Figure 19 with antennas numbered Antenna1–Antenna9. The fidelity of the modified
antenna in the imaging setup was investigated. A signal centered at 4.3 GHz is transmitted
from Antenna1 and received by all other antennas. The procedure is repeated nine times
with Antenna2, Antenna3, . . . and Antenna9 as transmitting elements and all others as
receiving elements. Backscattered signals are collected in the frequency range of 3.65 to
5.2 GHz. Table 4 shows the minimum reflected signal magnitude of S12, S13, . . . , S21,
S23, . . . , S97, S98 with and without the presence of the tumor inside the breast phantom.
The result shows that the presence of the tumor increases the reflected signal magnitude
due to the presence of high-dielectric material. Moreover, a weaker signal magnitude is
received when the tumor is not present in the breast phantom. The presence of tumor is
very noticeable over the frequency range of 4.1 to 4.7 GHz. The imaging is performed in
air; a coupling medium between the array and the phantom is not used.

Figure 19. Imaging Setup using Modified Antenna.
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Table 4. Backscattered Signal Magnitude with and without the Presence of Tumor.

Frequency Range
(GHz)

Minimum
Reflected-Signal

Magnitude
without Tumor (dB)

Minimum
Reflected-Signal

Magnitude
with Tumor (dB)

Variation in
Magnitude (dB)

Presence of Tumor

3.65–3.8 −7.5 −5.6 −1.9 Weak Noticeable
3.8–3.95 −10.6 −7.7 −2.9 Weak Noticeable

3.95–4.11 −16.1 −11.9 −4.2 Noticeable
4.1–4.25 −30.3 −21.8 −8.5 Strong Noticeable
4.25–4.4 −34.0 −18.6 −15.5 Strong Noticeable
4.4–4.6 −28.0 −16.4 −11.6 Strong Noticeable
4.6–4.7 −21.5 −14.3 −7.2 Strong Noticeable
4.7–4.9 −16.4 −11.7 −4.7 Noticeable
4.9–5 −14.0 −10.6 −3.4 Noticeable
5–5.2 −16.5 −13.0 −3.5 Weak Noticeable

2.8. Image Reconstruction

Image reconstruction was performed using open-source Matlab software that was
developed by Martin Glavin, Edward Jones, and Martin O’Halloran. The software is called
“The Microwave Radar-based Imaging Toolbox (MERIT) [34]. It aims to produce a robust,
consistent framework for microwave image signal processing and reconstruction.

In the imaging software, collected signals are preprocessed to remove artefacts from
system components such as skin and tissues, as well as antenna coupling signals. The
software uses the Rotational Subtraction method to perform artefact removal. The imaging
setup shown in Figure 19 is used to perform the first radar measurement set. After that,
the antenna array is physically rotated around its center by 36◦, and a second radar
measurement set is performed. Undesired signals such as those from skin, tissues, and
antenna coupling are almost identical and appear at the same time position. In contrast,
tumor response appears at a different time position in the two data sets. Thus, the imaged
object (tumor) response is isolated, and clutter is eliminated by subtracting the rotated scan
from the original scan. Applying this technique depends on the homogeneity of the breast
within the rotation angle. Therefore, during antenna array rotation, the distance between
antennas and skin remains unchanged, while skin and tissue properties and thickness are
the same.

The filtered signals are used for image reconstruction using the Delay-and-Sum (DAS)
method. The method is based on synthetically focusing signals on points within the imaging
domain. Synthetically focused signals from each channel are summed. Then, the energy of
the summed signals is used to reconstruct the energy profile of the imaging domain. Points
of high contrast exhibit coherent addition from multiple channels resulting in high energy
at that point; thus, the areas of high dielectric contrast are highlighted. Synthetic focusing
is achieved by compensating attenuation and phase for a given channel. The procedure is
summarized in the steps below:

• Propagation path is estimated from the Euclidian distance between the transmitting
antenna, the points of interest, and the receiving antenna;

• Distance traveled through different media along the path is calculated;
• Dielectric properties of the media are estimated based on published dielectric datasets.

The distance travelled and the dielectric properties are used to synthetically focus
the signals.

3. Results

The proposed imaging setup shown in Figure 19 was used to detect tumors at different
locations inside the proposed half-spherical breast model. The imaging is performed in the
commercially available software HFSS in the frequency range from 4.0 GHz to 5.2 GHz.
Moreover, imaging is performed with a radius of 45 mm and a resolution of 5 × 10−4. As
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shown in the figures below, the proposed system could detect a small tumor of a 2.5 mm
radius. Figures 20–24 show the imaging setup and reconstructed image. The reconstructed
image represents the breast phantom where the center of the phantom is the (0,0) point
of the reconstructed image. The image extends from −45 to 45 mm on both x- and y-axis,
which represent the 2d surface of the breast. The image has a color scale where objects in
yellow have a high dielectric constant, indicating tumors. The dark blue object indicates
normal healthy tissues. The red circle in the reconstructed image shows the actual size and
location of the tumor. Table 5 summarizes tumor locations and sizes with respect to the
breast phantom center. As can be seen, the proposed system efficiently detected the tumors
with the correct location and size.

(a) (b) 

Figure 20. Tumor Detection: (a) Imaging Setup; (b) Detected Tumor.

(a) (b) 

Figure 21. Tumor Detection: (a) Imaging Setup; (b) Detected Tumor.
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(a) (b) 

Figure 22. Tumor Detection: (a) Imaging Setup; (b) Detected Tumor.

(a) (b) 

Figure 23. Tumor Detection: (a) Imaging Setup; (b) Detected Tumor.

(a) (b) 

Figure 24. Tumor Detection: (a) Imaging Setup; (b) Detected Tumor.

86



Appl. Sci. 2022, 12, 4908

Table 5. Tumor Locations and Sizes.

Imaging Setup Location (x,y) Tumor Size (mm) (Diameter)

Figure 20 −28, 28 5
Figure 21 −23, 28 10
Figure 22 20, 13 5
Figure 23 −5, −17 10
Figure 24 0, 0 5

4. Discussion

Tumors of different sizes located at different locations inside the phantom were de-
tected. The proposed system shows great accuracy at distinguishing cancerous masses in-
side human breast. Tumors were detected near the skin layer, as shown in Figures 20 and 21.
Although the skin layer has a relatively high dielectric constant of 36, the image reconstruc-
tion algorithm was capable of clearly identifying cancerous masses. In Figures 22 and 23,
tumors were detected further away from the skin layer inside the tissue layer. The system
was also capable of detecting small tumors of size 5 mm and higher. The worst-case sce-
nario is when the tumor is located at the furthest point inside the phantom, the center. In
this setup, the initial radar measurement set and the rotated measurement set are similar,
which complicates the detection. Figure 24 shows a 5 mm tumor located at (0,0), where it is
clearly identified from healthy cells. However, in all cases, an acceptable amount of clutter
is present in the reconstructed images due to the limited bandwidth of the antenna.

5. Conclusions

In this paper, a compact flexible Vivaldi antenna for breast imaging application is
proposed. The resultant antenna has two resonant frequencies, at 4 and 9.4 GHz. To elimi-
nate the second frequency and enhance the bandwidth of the proposed Vivaldi antenna,
two slots have been etched on the ground side of the antenna. Moreover, two rectangu-
lar parasitic elements in the radiation side of the antenna have been added. Due to the
added DGS and parasitic elements, the resonant frequency is shifted to 4.4 GHz and the
simulated bandwidth increased by 20%. The antenna is fabricated on Polyimide flexible
material with a thickness of 0.1 mm and dielectric constant of 3.5 using standard PCB
manufacturing processes.

The measured and the simulated reflection coefficient are compared, and it is found
that they are in good agreement with each other, as discussed in Section 2.5. An array of
9 antennas is used as a microwave breast imaging model to detect and locate the tumor
inside the proposed multilayer phantom model using Microwave Radar Based Imaging
toolbox (MERIT). This simulation setup successfully identifies and locates the tumors of
different sizes and positions inside the phantom model. A more complex breast phantom
model can be used that includes more layers such as the fibroglandural tissue, with a
dielectric constant close to that of tumor. Moreover, an imaging setup with a higher
number of antennas may be used to enhance imaging quality. In the nine-antenna array,
the resolution we obtained is good enough to detect a tumor of 5 mm in diameter, but if we
consider more antennas, we might be able to detect tumors of smaller sizes. This will be
considered in a future study to generate a more realistic model.
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Abstract: A type of telecommunication technology called an ultra-wideband (UWB) is used to
provide a typical solution for short-range wireless communication due to large bandwidth and low
power consumption in transmission and reception. Printed monopole antennas are considered as a
preferred platform for implementing this technology because of its alluring characteristics such as
light weight, low cost, ease of fabrication, integration capability with other systems, etc. Therefore, a
compact-sized ultra-wideband (UWB) printed monopole antenna with improved gain and efficiency
is presented in this article. Computer simulation technology microwave studio (CSTMWS) software is
used to build and analyze the proposed antenna design technique. This broadband printed monopole
antenna contains a jug-shaped radiator fed by a coplanar waveguide (CPW) technique. The designed
UWB antenna is fabricated on a low-cost FR-4 substrate with relative permittivity of 4.3, loss tangent
of 0.025, and a standard height of 1.6 mm, sized at 25 mm × 22 mm × 1.6 mm, suitable for wireless
communication system. The designed UWB antenna works with maximum gain (peak gain of 4.1 dB)
across the whole UWB spectrum of 3–11 GHz. The results are simulated, measured, and debated
in detail. Different parametric studies based on numerical simulations are involved to arrive at the
optimal design through monitoring the effects of adding cuts on the performance of the proposed
antennas. Therefore, these parametric studies are optimized to achieve maximum antenna bandwidth
with relatively best gain. The proposed patch antenna shape is like a jug with a handle that offers
greater bandwidth, good gain, higher efficiency, and compact size.

Keywords: printed monopole; CPW-fed; UWB; wireless communication

1. Introduction

An ultra-wideband (UWB) is a telecommunications technology that is utilized in radio
communication networks to achieve high-speed bandwidth connections with minimal
energy consumption. Primarily, the UWB was intended for commercial radar. Wireless
personal area networks (WPANs) and consumer electronics are two main applications of
UWB technology. UWB wireless has developed as an emerging skill with limited smart
structures such as radar, wireless communications, and medical engineering domains since
its initial achievement in the middle of the 2000s [1]. Until 2001, UWB was significantly
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used for military purposes. The Federal Communications Commission (FCC) permitted
the public to use UWB bandwidth for commercial purposes after 2002. Furthermore, the
FCC approved the usage of the UWB spectrum, which is allocated between 3.1–10.6 GHz
in the United States [2]. The low spectral density of UWB is responsible for short range
of communication. This function, however, demands high-gain antennas with relatively
stable radiation characteristics [3]. Planar antennas, primarily monopoles, are used in UWB
electrical devices [4,5] due to its compact size, low profile, and low cost, as well as its
ultra-wide impedance bandwidth. Moreover, when these antennas are placed near metallic
surfaces, they can cause severe impedance mismatch. Low-profile antennas also transmit
limited frequency signals with low gain and poor directivity [6,7].

However, the cost and size of the UWB antennas increases with discreet filters [8].
Frequencies from 5.2–5.8 GHz were notched by etching an omega type slot on the surface
of the antenna in [9]. Similarly, in [10], U- and inverted U-shaped slots were embedded
in printed monopoles to stop multiple frequencies. A curved shaped slot is introduced
in [11] to achieve notching features in WiMAX and WLAN bands. To attain notching
characteristics in 5.10–5.94 GHz, an S-shaped slot is applied in the feedline of the monopole
antenna in [12]. Split ring resonators can act both as a band stop and band pass filters for
different frequencies [13]. In [14], uplink and downlink satellite frequency bands were
rejected by introducing a single SRR slot in the patch of the antenna. A WLAN band is
rejected by inserting split ring resonators in [15]. Three different frequencies were notched
in [16] by embedding multiple split rings near the feedline of the antenna model. Notching
was achieved by using SRR in [17]. Tri-notching using frequency-selective surface (FSS)
of an ultra-wideband antenna with gain augmentation was reported in [18]. Another
compact-sized UWB planar antenna using truncated ground plane was presented in [19].
The antenna covers large bandwidth, but the size was still large, compared to our design.
A broadband overleaf-shaped antenna using beam tilt characteristics is presented in [20].
The reported size of the antenna is large, and small bandwidth is achieved, as shown in
Table 1. Another Vivaldi antenna resonative over a wide frequency range is reported in [21].
The antenna is antipodal, and the miniaturization was achieved by using exponential strip
arms technique.

Table 1. Comparison with the previous research.

Ref.
No.

Frequency Range
(GHz)

Area
(mm2)

Electrical Size
(λ0

2)
Antenna Type Substrate

Material
Efficiency

(%)
Gain
(dB)

[11] 3.4–7, 8–11.4 40 × 30 0.94 × 0.705 Split Ring Resonator Patch FR-4 <95 <5

[12] 3.1–10.6 38.31 × 34.52 0.82 × 0.74 Monopole FR-4 <95 <5

[13] 4.05–5.1, 6–13 32 × 36 0.89 × 1.01 Circular Patch FR-4 - <4

[14] 2.5–19.8 36 × 25 0.62 × 0.43 Slotted Patch FR-4 - <3

[15] 2.8–18 50 × 38 0.96 × 0.73 Tapered Slotted Patch FR-4 - <4.32

[16] 1.9–5, 6–10.6 48 × 55 0.63 × 0.72 Monopole FR-4 - <5

[17] 1.2–9.8 53 × 63.5 0.21 × 0.25 Anti-Spiral Shaped Patch FR-4 <85 <5.2

[18] 2.6–10.58 38.3 × 34.5 0.33 × 0.3 Sharp triple notched FR-4 - <5

[19] 1.5–10.4 64 × 37.4 0.32 × 0.19 Planar patch F4BM - >2

[20] 2–5 100 × 78 0.67 × 0.52 Leaf Shaped Patch Taconic TLY-5 - >3

[21] 0.83–9.8 161 × 140 0.45 × 0.39 Ex-potential Strip Arms εr = 2.3 - >2.5

This
Work 3–11 25 × 22 0.25 × 0.22 Printed Monopole FR-4 >85 <4.1

In this research article, a simple CPW based an ultra-wideband antenna having
impedance bandwidth ranging from 3 GHz to 11 GHz (8 GHz) for wireless communi-
cation networks is presented. It is very hard to achieve a UWB band with compact size;
however, in this design, the UWB band is achieved through a CPW technique and the design
optimization. The total size of the designed UWB antenna is 25 mm × 22 mm × 1.6 mm.
This printed broadband monopole antenna is manufactured using a low-cost FR-4 Duroid
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material. The antenna presents good efficiency with suitable gain. This article is organized
as follows: the proposed antenna design is presented in Section 2. Results and discussion
are presented in Section 3, and the conclusion is given in Section 4.

2. Antenna Design Analysis

The schematic diagram of the designed ultrawideband antenna is presented in Figure 1.
The structure of the UWB antenna involves the jug-shaped printed monopole with handle
at the right side of the radiator, sized at Ls × Ws × hs. The printed monopole is fed by
a coplanar waveguide (CPW) feedline of length “Lf” and width “wf”. The width of the
CPW feedline is kept at 3 mm to attain 50 Ω input impedance. The antenna is designed on
a low-cost FR-4 substrate having relative permittivity (εr) of 4.4 and loss tangent (tanδ) of
0.025. The design is simulated in computer simulation technology (CST-2018) software. On
the front view of the substrate, a rectangular ground plane is designed having dimension
Lg × Wg, and the ground plane is shown. The three-dimensional (3D) view of the antenna
is depicted in Figure 1, and its optimized dimensions are given in Table 2.

Figure 1. Schematic diagram of the presented UWB antenna.

Table 2. Different design parameters of the presented antenna.

Parameters Values (mm) Parameters Values (mm)

Ls 25 Ws 22
Lf 14.65 Wf 1.58
Lg 12.14 Wg 10.85
L1 3.02 L2 2.75
L3 6.73 L4 3.96
L5 3.05 L6 4.64
g 0.24 y 1.58
u 0.95 hs 1.6
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2.1. Different Design Steps

Figure 2 shows the different design steps of the designed monopole and the S11
behavior given in Figure 3. In the first step, the basic design consists of a simple rectangular
printed monopole radiator excited by a coplanar waveguide (CPW) feedline, as shown in
ANT I. Then, in the second step, the simple rectangular radiator is truncated from its upper
and lower sides to keep its shape similar to the body of a jug, which helps to keep the
S11 (dB) close to −10 dB, but the antenna only operates at 3.5 GHz and 10.5 GHz. Again, in
the third step, a semicircular-shaped patch is introduced in the ANT II, which keeps some
portion of the UWB band below −10 dB, but the antenna works from 3.3 GHz to 9 GHz
and 9.3 GHz to 12 GHz, as can be seen in ANT III (Figure 3), and this is not a required
frequency band. Now, in order to achieve the whole UWB spectrum from 3 GHz to 11 GHz,
a C-shaped resonator is introduced in the final step to make the shape similar to a handle
of a jug, as shown in ANT IV.

 
Figure 2. Design steps of the presented ultra-wideband antenna: (a) rectangular printed monopole
only (ANT I), (b) truncated monopole (ANT II), (c) addition of semicircular printed monopole
(ANT III), (d) presented design (ANT IV).

Figure 3. S11 (dB) of the different design steps of the presented UWB antenna shown in Figure 2.

The design process of the printed monopole antenna is explained as follows: The
primary antenna design (ANT I), shown in Figure 3, contains a 50 Ω CPW feedline, a
jug-shaped monopole, and the ground plane. The printed monopole’s width and length
are calculated using Equations (1) and (2) [13], as follows:

W p =
λo

2(
√

0.5(εr + 1)
(1)
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where εr and λo are the relative permittivity and the wavelength of the substrate in free
space at the operating frequency. The best option of Wp tends to the perfect impedance
matching. The length of the printed monopole can be evaluated by using Equation (2).

Lp =
co

2 fo
√

εe f f
− 2ΔLp (2)

where co, ΔLp, and εe f f are the velocity of light, change in the length of the printed
monopole due to its fringing effect, and the effective dielectric constant, respectively. The
effective relative permittivity can be calculated using Equation (3):

εe f f =
εr + 1

2
+

εr − 1
2

(
1√

1 + 12 hs
Wp

) (3)

where hsub is the height of the substrate. At the end, the fringing effect can be calculated
using Equation (4):

ΔLp = 0.421hs
(εe f f + 0.300)(Wp

hs + 0.264)

(εe f f − 0.258)(Wp
hs + 0.813)

(4)

With the placement of εr = 4.3, hs = 1.6 mm in Equations (1)–(4), the initial parameters
of the rectangular printed monopole are Lp = 15 mm and Wp = 12 mm.

With a simple rectangular monopole (ANT I), the antenna works only works at 3.5 GHz
and 9.8 GHz, as shown in Figure 3. By ANT II, the bandwidth of the antenna is increased
but is unable to achieve UWB band. Then, in the third step (ANT III), with the help of the
semicircular printed monopole on the top of the truncated printed monopole, the antenna
achieves most of the UWB band, as the antenna has achieved band from 3 GHz to 11 GHz

2.2. Parametric Study of the Presented Design

The presented design is finalized after performing several parametric optimizations
on different variables, as shown in Figure 4. The first parametric study is performed on the
length and width of the ground plane. By increasing the length of the ground plane “Lg”
from 10 mm to 12 mm, the impedance matching of the antenna improves with suitable
bandwidth, and when the width of the ground plane “wg” is varied from 9 mm to 11 mm,
then the bandwidth of the antenna is increased from 4.1 GHz to 8 GHz. The next parametric
study is performed on the width of the feedline “wf”. Gradually increasing the width of the
feedline improves the impedance bandwidth from 5.8–8 GHz. A parametric study of the
C-shaped radiator is also performed. By varying the lengths “L6” and “L3”, the bandwidth
of the antenna is improved, as depicted in Figure 4.

The surface current densities of the UWB antenna at different frequency bands are
taken into consideration. This indicates that the antenna plays a significant role in making
it resonate at the desired frequency bands. For example, the surface current density at
3.5 GHz is illustrated in Figure 5a. Most of the current seems to flow through the radiator
at 3.5 GHz (see Figure 5b), while at 4.1 GHz, the current only flows through the C-shaped
resonator and some amount of current through the feedline (see Figure 5c). At 8 GHz, the
current flows through the outer lower edge of the printed monopole and some amount of
current flow through the CPW ground at 10.5 GHz (see Figure 5d).
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(a) 

 
(b) 

 
(c) 

Figure 4. Cont.
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(d) 

(e) 

Figure 4. Different parameters optimization: (a) variation in “Lg”, (b) variation in “wg”, (c) variation
in “wf”, (d) variation in “L6”, (e) variation in “L3”.

Figure 5. Surface current density (a) at 3.5 GHz, (b) at 4.1 GHz, (c) at 8 GHz, (d) at 10.5 GHz.
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2.3. Equivalent Circuit Model

A circuit model for the UWB presented antenna for wireless communications is
presented in Figure 6a. The main purpose of the circuit model is to validate the scattering
parameters of the ultra-wideband antenna with the S11 obtained from the circuit model.
The circuit model is designed by using advanced design system (ADS) software. The
circuit model consists of four inductors, four capacitors, three resistors, and three resistor–
capacitor (RC) circuits connected in series with one resistor and an inductor for each, as
given in Figure 6a. By varying the values of the resistors, the S11 of the circuit model
can be varied, while by fluctuating the values of the capacitors and inductors, the S11 of
the antenna can be tuned. The values of the lumped components are given in Table 3.
The S11 (dB) of the circuit model is illustrated in Figure 6b. It covers the bandwidth from
3.1 GHz to 11.5 GHz.

 
(a) 

 
(b) 

Figure 6. (a) Equivalent circuit model, and (b) reflection coefficient of the equivalent circuit model.

Table 3. Values of the components used in the circuit model.

Capacitors Values (pF) Inductors Values (nH) Resistors Values (Ω)
High

Resistors
Values (Ω)

C1 1 L1 7 R1 2 r1 1500
C2 0.1 L2 0.8 R2 65 r2 1000
C3 0.5 L3 0.5 R3 65 r3 500
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3. Results and Discussions

In order to measure the scattering parameters of the fabricated prototype, the port of
the fabricated design is connected with a vector network analyzer (VNA). The picture of
the prototype is visible in Figure 7a. The S11 (dB) of the projected antenna is accessible in
Figure 7b. Due to intolerances in the fabrication process and surrounding noises, there are
some variations in the measured results. The simulated and measured S11 (dB) are in good
agreement, as both are covering the whole UWB band for wireless communications.

 
(a) 

 
(b) 

Figure 7. (a) Printed UWB prototype; (b) comparison of simulated and measured reflection
coefficients (S11).

The simulated and measured (E & H) plane of the UWB antenna at 3.5 GHz, 4.1 GHz,
8 GHz, and 10.5 GHz are given in Figure 8. It can be seen that there is an omnidirectional
pattern at the frequencies of 3.5 GHz and 4.1 GHz along the E-plane while elliptical along
the H-plane, and the antenna has a broadside radiation pattern in both planes at the
frequencies of 8 GHz and 10.5 GHz. The simulated and measured gain graph is presented
in Figure 9. It can be noticed that the antenna has attained the average peak gain ranges
from 2–4.1 dB and the antenna’s efficiency is attained for more than 85% over the entire
band. A comparison with the previous research is given in Table 1.
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(a) 

 
(b) (c) 

(d) (e) 

Figure 8. (a) Simulated and measured 2D radiation pattern setup inside chamber (b) at 3.5 GHz,
(c) at 4.1 GHz, (d) at 8 GHz, (e) at 10.5 GHz.
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Figure 9. Comparison of simulated and measured efficiency and peak gains (dB).

4. Conclusions

A simple jug-shaped ultra-wideband (UWB) antenna is presented in this work. The
presented design is printed, and measured results are also taken. The simulated results are
verified by a measured result of the ultra-wideband antenna. The designed UWB antenna
is printed on a low-cost FR-4 substrate with relative permittivity of 4.3, loss tangent 0.025,
and a standard thickness 1.6 mm, sized at 25 mm × 22 mm × 1.6 mm, suitable for wireless
communication system. The designed UWB antenna works with maximum gain (peak
gain of 4.1 dB) across the whole UWB spectrum of 3–11 GHz. The simulated and measured
reflection coefficients and radiation pattern are in close agreement. The designed antenna
is a good applicant for wireless communication systems portable devices.
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Abstract: In this study, a new concept for a Ka-band 5G communication tunable reflector metasurface
(MS) for beam steering at 28 GHz is proposed. Varactor diodes are used as the tunability component of
each unit cell of this MS. Significant improvements in beam steering and bandwidth performance were
achieved using this new concept referred to as the stripes configuration. Several different geometries
of unit cells arranged in stripes were designed to achieve better performance in directionality, gain,
sidelobe level (SLL), and bandwidth in the stripes configuration. Simulation results for a three-stripe
MS with different unit cells in each stripe showed better performance in the phase dynamic range
and reduced reflectance losses compared to a typical one-stripe MS. The simulation results showed
a significant improvement of 3 dB, depending on the steering angle in reflectance gain, compared
to a uniform MS (one stripe). Furthermore, a significant improvement of approximately 50% in the
accuracy of the steering angle for different operating frequencies was demonstrated. Manufacturing
considerations are discussed in this study.

Keywords: beam steering; Ka-band; metasurface; varactor diode

1. Introduction

A metasurface (MS) is a 2D metamaterial that has electromagnetic properties that do
not exist in nature. In the last two decades, ag reat deal of research has been conducted
in the field of metamaterials and MSs, enabling fascinating electromagnetic properties
that cannot be achieved with naturally occurring materials. In contrast to conventional
materials, MSs provide a new way to manipulate microwave and MMW radiation based
on reflection from sub-wavelength unit cell periodic arrays, which simultaneously have
negative permeability and permittivity [1–3]. The unique interaction between the unit cells
and the electromagnetic radiation aids in the design of innovative components. Applica-
tions such as metasurface perfect absorbers [4], cloaks [5], flat parabolic mirror surfaces
(FLAPSs) [6], and polarization control [7,8] have been demonstrated experimentally.

In 1968, Veselago [9] theoretically investigated the electrodynamic consequences of
a medium having negative values of both ε and μ, and concluded that such a medium
would have dramatically different propagation characteristics stemming from the sign
change of the group velocity. However, these effects could not be experimentally verified
since substances with μ < 0 were not available. The split ring resonator (SRR) medium
proposed by Pendry et al. [10] provided the opportunity to make a material with negative
permeability, from which a “left-handed” medium could be constructed. By combining the
SRR with cut wire in an array structure, a left-handed material [11] was created.

Reconfigurable metasurfaces (MSs) have attracted a great deal of interest in the last two
decades. There are many interdisciplinary applications that have been realized by MSs [12].
Applications such as a millimeter-wave sensitive sensor MS based on a perfect absorber for
the detection and recognition of micro-poisons in drinking water [13] and a W-band flat
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parabolic mirror for imaging systems and beam propagation [6] are resonant, and thus they
are limited to a narrow bandwidth around the resonant frequency. Adding tunability to
each unit cell significantly expands the performance and versatility of the MS for innovative
applications. Reconfigurability of the MS can be realized by PIN switches [14], MEMS
switches [15], liquid crystal or piezoelectric materials [16,17], and varactor diodes [8].
The PIN switch enables MSs with a fast switching time, high reliability, low cost, and
low voltage control [15]. Tunable components such as MEMS switches have attracted
attention due to their small size and linearity; on the other hand, they have a relatively
slow switching time compared to PIN switch diodes [16]. The discrete nature of switches
cannot be used in applications where a continuous phase change is required. Liquid crystal
(LC) changes the dielectric coefficient of the unit cell substrate by tens of percentage points
as a function of applied DC bias. LC can be used at K-band frequencies and above [15]. LC
has a slow response time compared to switches and varactors [18] and a small dynamic
range relative to the varactor. A piezoelectric crystal allows limited flexibility proportional
to the change in its physical size and requires a relatively high DC bias [17]. The varactor
diodes enable a continuous and high dynamic range of capacitance, constant gamma for
linear tuning, a convenient PCB assembly, and very low power consumption [19].

However, the solutions offered in the literature suffer from a bandwidth problem.
This makes the task of finding an efficient and practical solution more difficult. Previous
works, extensively based on CST simulation code, were implemented and experimentally
tested for reconfigurable MS reflectors at Ku-band [20] and K-band [7]. The experimental
results of these MSs are in excellent agreement with the simulation results for the reflection
property values and beam-steering abilities. Based on those experimental results, we
propose a new configuration concept named the stripes method. The stripes configuration
showed a better performance in gain, SLL, and bandwidth.

2. Unit Cell Design

In this study, a combination of two types of unit cell geometries arranged in the same
MS reflector were designed. Figure 1a–d shows a typical unit cell design consisting of
a front side, back side, profile, and 3D view of two adjacent unit cells. This unit cell is
composed of two PCB layers made by the Rogers Company, model RT/Duroid 5880 with
εr = 2.2 [21], and three copper layers of 0.5 oz thickness. The unit cell is composed of
two vertical stripes in the top layer with each electrical connected to a pad, in conjunction
with a varactor diode (used in this study) by a horizontal appropriate microstrip line. The
varactor diode, model MAVR–011020–1411 of Macom [19], is used in this MS design due
to its extremely low capacitance. The varactor diode is placed on the pad between the
strips (see Figure 1 in green), adding variable capacitance Cdiode to the unit cell. The
dynamic range of the capacitance is Cdiode max = 0.216 pF to Cdiode min = 0.032 pF for
0–15 V reverse bias voltage, respectively. One of the vertical stripes has the same length as
the unit cell width, W (used for the DC ground), while the second strip, SL, has a shorter
length by 0.05 mm and is connected through a via to the back side of the PCB for the DC
bias circuit. The middle copper layer acts as a metal ground for the unit cell, and it is
separated by clearance (CD) from the via, as shown in Figure 1d. To have a symmetrical
unit cell design, a mirror unit cell was added, as seen in Figure 1, where polarization- and
propagation-instated reduction hits are perpendicular to the surface, as shown in Figure 1a.

In this study, we propose a new concept referred to as the stripes configuration. The
proposed configuration is composed of three stripes (1, 2, and 3) of two types of MS reflec-
tors (Type A and type B) arranged side by side, as can be seen in Figure 2. Each type has
a different unit cell design as shown in Table 1. The designed MS has three stripes with each
stripe composed of four unit cell columns (Figure 2). Each stripe has a different dielectric
substrate thickness, h, yielding a smaller dynamic phase range improving the reflected
gain. Stripe one and stripe three are identical stripes with a thickness of h = 0.6 mm. The
thickness of stripe two, in the middle, is h = 0.75 mm. Using the 3D electromagnetic simu-
lation software CST, three different unit cell parameters were investigated and optimized
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for best performance. The final dimensions are summarized in Table 1. Two different MSs
for 28 GHz were designed and investigated, based on the unit cells given in Table 1. The
first is a typical uniform MS (one stripe) based on a uniform unit cell. The second MS is
composed of two types of unit cells, type A and type B, arranged in three stripes, as shown
in Figure 2.

 

Figure 1. The design of two adjacent unit cells. (a) Unit cell top layer. (b) Unit cell back layer. (c) Side view of the unit cell.
(d) 3D view of the unit cell [8].

 
Figure 2. MS structure with three stripes stuck together.

There are three absorption-loss mechanisms in the proposed tunable MS: varactor
diode losses caused by internal resistance of the diode (Rdiode), dielectric losses, and ohmic
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losses [8]. The dielectric losses and ohmic losses are well defined and quantified in the CST
simulation. On the other hand, the varactor serial resistance Rdiode is unknown, therefore
experimental measurements from similar studies were used [22,23], taking manufacturing
process imperfections into consideration. The approximate value of Rdiode was found to be
4 Ω [22,23]. Table 2 summarizes the electrical parameters that were used in the simulations.

Table 1. Geometric unit cell parameters.

Parameter Description Value (mm) Uniform Unit Cell Value (mm) Type A Value (mm) Type B

P Unit cell length 3.4 3.4 3.4
W Unit cell width 2.55 2.55 2.55
SL Pad/Line(strip) length 2.45 2.45 2.45
Sw Pad/Line(strip) width 0.9 0.9 0.9
DL Varactor diode length 0.7615 0.7615 0.7615
Dw Varactor diode width 0.406 0.406 0.406
DH Varactor diode height 0.203 0.203 0.203
Di Distance between external line 0.686 0.686 0.686
Do Distance between internal line 0.94 0.94 0.94
h Dielectric substrate thickness 0.381 0.6 0.75
t Copper thickness 0.035 0.035 0.035

Pd Pad diameter 0.6 0.6 0.6
VD Via diameter 0.3 0.3 0.3
CD Clearness diameter 0.6 0.6 0.6

Table 2. Electrical unit cell parameters.

Parameter Description Value

Rdiode Diode resistance 4 Ω
Cdiode max Max diode capacitance 0.216 pF
Cdiode min Min diode capacitance 0.032 pF

The proposed MS reflector was simulated using the TEM plane wave port with
CST simulation software [24]. The simulation results of the uniform unit cell, including
magnitude and phase reflection as a function of frequency, are shown in Figure 3. The
simulations were repeated for three capacitance values: Cdiode min = 0.032 pF (red), Cdiode
max = 0.216 pF (green), and Cdiode res (28 GHz). This provided a dynamic reflection phase
range of 311◦, marked by a continuous black crosser, as shown in Figure 3a. The magnitude
of the reflected beam for capacitance is shown in Figure 3b. The maximum loss value
for Cdiode res (28 GHz) = 0.0815 pF was 5.5 dB, marked by a continuous black crosser,
as shown in Figure 3b. The via was used for the DC bias for the varactor diode. The
standard via diameter for manufacturing is 0.25 mm–0.30 mm, which had no effect on the
MS’s performance. Figure 3c describes the influence of the via diameter on the resonance
frequency and the absorption, where no significant influence was found.

The simulation results of type A and type B unit cell phase reflection and mag-
nitude are shown in Figure 4 as a function of frequency for three capacitance values:
Cdiode min = 0.032 pF (green), Cdiode max = 0.216 (red) pF, and the 28 GHz resonance capac-
itance Cdiode res. Type A provided a dynamic reflection phase range of 236◦ and type B pro-
vided a dynamic reflection phase range of 150◦, marked by the dashed black crossers shown
in Figure 4a,c, respectively. The maximum loss value of type A Cdiode res (28 GHz) = 0.05 pF
was 1.6 dB, and the maximum loss value of type B Cdiode res (28 GHz) = 0.04 pF was 0.8 dB,
marked by continuous black crossers in Figure 4b,d, respectively.

The resonance frequency is related to the inductance and capacitance of the unit cell.
The thickness, h, of the dielectric substrate is proportional to the inductance [25]; thus,
the change of h affects the resonance frequency and the dynamic phase range of the unit
cell. The motivation to design an MS based on the stripes method was to reduce the total
absorption of the proposed MS compared to the uniform type (one stripe). Changing
h is advantageous since it reduces the “transition effects” (or “edge effects”), yielding
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a better beam-steering performance. Any differences between two adjacent stripes would
disturb the periodicity of the unit cells of the whole MS, causing transition effects or edge
effects, degrading the reflected beam. The advantage of changing h (the dielectric substrate
thickness) eliminates this problem. In this realization, the incident wave “sees” the same
geometry but with a different phase reflection, significantly decreasing the transition effects.

(a) 

(b) 

(c) 

Figure 3. Simulation results of uniform unit cell reflection. (a) Phase. (b) Magnitude. (c) Influence of the via diameter.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Unit cell reflection simulation results. (a) Type A—Phase. (b) Type A—Magnitude. (c) Type B—Phase. (d) Type
B—Magnitude.
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3. Metasurface Simulation Results

The MS reflector structure, including the DC bias circuit, is shown in Figure 5. The
MS structure and the simplicity of DC biasing reduces the complexity and the absorption
of the unit cell (Figures 3 and 4). The via and the clearance add losses to the unit cell
due to the need to provide a DC bias to each varactor. The stripes of the unit cells are
used as a DC ground for the varactors in one stripe column, eliminating the need for
an additional via in each unit cell. The shorter strip is used for supplying the DC bias
through a via, enabling each MS unit cell to be independently biased. Figure 5 describes
the MS structure including the DC bias circuit where Δφx and Δφy are the reflected phase
differences between two adjacent unit cells in X and Y, respectively.

 

Figure 5. MS structure with varactor DC biasing method. (a) MS top layer. (b) MS back layer with varactors’ DC bias
indexes. (c) 3D inside view of the MS with the closure of the electrical circuit for each varactor [8].

The array size was 40.8 mm × 40.8 mm with 12 rows and 16 columns of unit cells,
yielding 192 independent unit cells with a separate DC voltage connection, as required.
Beam steering in one dimension (the X axis, in this case) requires that every unit cell in each
column is connected to the same DC voltage/basis to get the desired Δφx while Δφy= 0◦.
The steering angle θ for each angle was calculated, as shown in Table 3 using (1).

θ = sin − 1 (λ·Δφx./360·ΔX) (1)

where ΔX is the distance between the canter of two adjacent unit cells, and λ is the
operating frequency wavelength. The MS was simulated using CST code for a normal
incident TEM plane wave of approximately 28 GHz. The simulation results are shown in
Figure 5. Results show the main lobe difference to the side lobe at more than 10 dB. The
results can be improved by approximately 3 dB by using the optimal phase dynamic range
with the stripes configuration. For the beam-steering mode, considering the dynamic phase
range and MS size, the phase difference parameter Δφx is limited according to Equation (2)
for type A and Equation (3) for type B.

236◦ ≥ 11 × Δφx (2)

140◦ ≥ 7 × Δφx (3)

In Figure 6a, beam steering at θ = 0◦ around the resonant frequency with the highest
absorption is shown. The solid red line describes the beam reflected gain of one stripe
(uniform) MS and the solid green line describes the beam reflected gain for the three
stripe configuration. The three-stripe gain curve showed significantly better performance
compared to the gain in the one-stripe configuration (red line) by approximately 3.6 dB. Fur-
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thermore, the larger the steering angle was, the better the reflected gain of the three-stripe
configuration compared to one stripe (uniform) MS. Figure 7 describes the simulation re-
sults of a typical one-stripe configuration and the simulation of a three-stripe configuration
for steering angles of θ = 5◦, θ = 7◦, and θ = 9◦.

Table 3. Parameter values in Equation (1) for beam steering (periodicity Δx = 3.4 mm).

Reflected Beam (Deg) Δφx (Deg)

5 10
7 14
9 18

 

Figure 6. Beam steering far-field radar cross section (RCS) results at 28 GHz with the three-stripe configuration (green) vs.
the one-stripe configuration (red). Steering angle simulations results of 0◦.

 
(a) 

Figure 7. Cont.
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(b) 

 
(c) 

Figure 7. Beam steering far-field radar cross section (RCS) results at 28 GHz in the three-stripe configuration (green) vs.
the one-stripe configuration (red). (a) Steering angle simulation results of 5◦. (b) Steering angle simulation results of 7◦.
(c) Steering angle simulation results of 9◦.

The co-polarization and cross polarization properties of the proposed three-stripe MS
was investigated for the case of 9◦ beam steering. The simulation results show that most
of the transmitted power was reflected in the co-polarization. The cross polarization was
below 50 dB, referring to the co-polarization, as seen in Figure 8.

There was a correlation between the calculation in Equation (1) for beam steering
and the simulation results. The stripes configuration improved the performance of the
reflected beam gain by 3 dB. A significant improvement in the reflected beam angle θ
for different frequencies around the operating frequency (bandwidth) was obtained with
the three-stripe configuration, compared to the typical uniform configuration (one stripe).
Figures 9 and 10 show the influence of a slight change in the operating frequency of the
MS. The accuracy in the beam steering angle for the three-stripe configuration was about
50% better than for the typical one-stripe configuration. Far-field simulations indicated
that the three-stripe configuration for a steering angle of θ = 10◦ showed an almost 0.7◦
difference (see Figure 10) compared to the uniform one-stripe configuration, which was
about a 1.2–1.4◦ difference (see Figure 9) for the same frequencies. Table 4 summarizes the
bandwidth simulation results.
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Figure 8. Results of far-field co-polarization and cross polarization for beam steering at 28 GHz in the three-stripe
configuration. Steering angle simulation results of 9◦.

 
Figure 9. Results of bandwidth for beam steering 10◦ at 28 GHz in the one-stripe configuration.

 
Figure 10. Results of bandwidth for beam steering 10◦ at 28 GHz in the three-stripe configuration.
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Table 4. Results of far-field radar cross section (RCS) for beam steering around 28 GHz for a uniform
configuration compared to a three-stripe configuration.

Monitor Far-Field (GHz) Reflected Beam (Deg) One Stripe Reflected Beam (Deg) Three Stripes

27.75 11.1 10.7
28 9.9 10

28.25 8.5 9.2

To demonstrate the advantages of the stripes method, the following combination was
investigated: uniform–type A–uniform MS (three stripes method) compared to uniform
MS (one stripe). Three performance parameters were simulated: reflected beam gain, SLL,
and steering dynamic range. Figure 11 shows the simulation of the reflected beam for 8 deg
for three stripes (solid green line) and one stripe (solid red line). The performance of the
reflected beam gain and SLL of the three-stripe configuration was higher by about 3 dB.

Figure 11. Beam steering far-field radar cross section (RCS) results at 28 GHz in the three-stripe (green) vs. one-stripe
configuration (red). Steering angle simulation results of 8◦.

The phase dynamic range for 12◦ and 31◦ are given in Figure 12. The three-stripe
configuration composed of uniform–type A–uniform was able to cover a much larger
dynamic range of the steering angle, as can be seen in Figure 12, whereas the type A (one
stripe) configuration was unable to realize this.

 

(a) 

Figure 12. Cont.
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(b) 

Figure 12. Beam steering far-field radar cross section (RCS) results at 28 GHz in the three-stripe configuration. (a) Steering
angle simulation results of 12◦. (b) Steering angle simulation results of 31◦.

4. Discussion

The simulation results indicate that the three-stripe configuration proposed here
yielded better performance compared to the common configuration (one stripe). Perfor-
mance parameters such as reflected beam gain, SLL, beam-steering accuracy, and steering
dynamic range showed better results. Figure 7 shows a 3 dB better reflected gain and SLL
for the three-stripe configuration in comparison to the common one-stripe configuration.
The larger the beam-steering angle, the better the reflected gain, SLL, and bandwidth in the
three-stripe configuration, compared to the one-stripe configuration. The reason for this
is the smaller phase dynamic range of each stripe in the three-stripe configuration (type
A and type B) compared to the one-stripe configuration where the phase dynamic range
was larger (Figure 4). In addition, another combination of the three-stripe configuration
was investigated, in which the three-stripe configuration was again superior to the one-
stripe configuration (Figures 11 and 12). The accuracy of the reflected angle for different
frequencies around the operating frequency (bandwidth) was found to be better for the
three-stripe configuration compared to the one-stripe configuration, as shown in Table 4.
A 50% better accuracy was demonstrated (Figures 9 and 10).

The construction of a three-stripe MS could be realized by using a plastic frame holder
in the front and a plastic board on the back side for mechanical strength, as shown in
Figure 13. In Figure 13, the incident beam “sees” the whole MS uniformly, aligned at Z = 0
(the front side of the MS). On the back side, it is different, but no effect on the reflected
beam was found.
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Figure 13. Full and detailed realization of the three-stripe MS.

5. Conclusions

In this paper we demonstrated a new concept of a metasurface reflector for 5G com-
munication based on a stripe configuration. This unit cell offers beam steering in the
Ka-band with low losses and better beam-steering performance. The unit cell design fits
the standard PCB technology. In general, the phase dynamic range of the unit cell and its
losses were inversely related. The use of the three-stripe configuration led to losses lower
than 1.5 dB at 28 GHz for Type A (Figure 2) and losses lower than 0.8 dB at 28 GHz for
Type B (see Figure 2), compared to uniform unit cell losses of about 5.5 dB at the same
frequency, as shown in Figures 3 and 4. The three-stripe configuration enabled superior
beam steering with better reflected beam gain in comparison to to the one-stripe configura-
tion. Furthermore, the improvement of SLL and the reflected gain was about 3 dB, and the
improvement of the reflected beam angle accuracy was about 50%.
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Abstract: Since antennas are strong radar targets, their radar cross section (RCS) reduction and
radiation enhancement is of utmost necessity, particularly for stealth platforms. This work proposes
the design of a Fabry–Perot Cavity (FPC) antenna which has wideband low monostatic RCS. While in
the transmission mode, not only is gain enhancement achieved, but radiation beam is also deflected
in the elevation plane. Moreover, the design is low-profile, i.e., the cavity height is ~λ/4. A patch
antenna designed at 6 GHz serves as the excitation source of the cavity constructed between the
metallic ground plane and superstrate. The superstrate structure is formed with absorptive frequency
selective surface (AFSS) in conjunction with dual-sided partially reflective surface (PRS). Resistor
loaded metallic rings serve as the AFSS, while PRS is constructed from inductive gradated mesh
structure on one side to realize phase gradient for beam deflection; the other side has fixed capacitive
elements. Results show that wideband RCS reduction was achieved from 4–16 GHz, with average
RCS reduction of about 8.5 dB over the reference patch antenna. Off-broadside peak radiation at −38◦

was achieved, with gain approaching ~9.4 dB. Simulation and measurement results are presented.

Keywords: Fabry–Perot Cavity (FPC); radar cross section; frequency selective surface; partially
reflecting surface; off-broadside peak radiation

1. Introduction

Stealth platforms have low radar cross section (RCS), but their radar signature in-
creases significantly when antennas are mounted on them for communication purposes [1,2].
This can compromise their ability to counter the radar waves, so, in this regard, design and
development of low RCS antennas is deemed necessary, for safety and security.

Reduction of the antenna’s RCS is a critical feat, and several methods have been
investigated to ensure that the antenna radiation properties are least affected while at-
tempting to reduce its RCS. One of the methods is structural/geometrical shaping [3–7], in
which the shape of the radiating structure is modified to ensure the backscatter avoids the
threat direction. The other method is based on periodic structures, and this includes the
use of radar absorbing materials (RAMs) [8–10], frequency selective surface (FSS) ground
plane [11,12], FSS radome [13,14], electromagnetic bandgap (EBG) structures [15–17], artifi-
cial magnetic conductors (AMCs) [18], perfect metamaterial absorbers (MAs) [19–22], and
polarization conversion metasurfaces (PCMs) [23,24]. In all of the above configurations,
the periodic structure is implemented either at the ground plane, on top of the radiator,
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or loaded around the planar radiator, and, in all of these implementations, although the
RCS is lowered, the antenna radiation property either remains just intact, or it slightly
deteriorates.

To improve the antenna radiation properties in parallel with lowering the RCS, further
research has led to using partially reflecting surfaces (PRSs) in a Fabry–Perot Cavity
(FPC) configuration, as evident in [25–28]. In all of these works, backscatter reduction
was achieved, and broadside antenna gain was enhanced. To achieve this, mainly an
absorptive FSS (AFSS) (periodic loop elements with lumped resistors) surface was used
with a uniform PRS—a PRS employing identical unit cell elements in a grid, and hence
identical transmission/reflection responses over the entire surface of the superstrate. With
reference to antenna, in transmission mode, the uniform superstrate acts as a PRS for
broadside gain enhancement, and in receiving mode, it acts as an electromagnetic (EM)
absorber for normal EM wave illumination over a wide frequency range.

Some interesting work can evolve if a PRS that has a phase gradient can be used
with an AFSS after appropriate design adjustments. Our aim in this work is to develop a
superstrate structure that consists of phase gradient metasurface (PGM) conjoined with
an AFSS, such that not only the wideband monostatic RCS reduction and peak gain
enhancement can be achieved for a patch antenna, but also the peak radiation can be
steered in a fixed angle, which becomes an additional antenna functionality in comparison
to the works done previously. In addition, the design goal also includes the realization of a
reduced cavity profile. In [29], the use of PGM can be found, integrated with an AFSS. Its
primary purpose there is to scatter away the in-band incident wave; however, the presence
of an absorptive surface may only serve the same to an appropriate level, by suppressing
the in-band incident wave. The peak radiation direction is still towards broadside.

This study investigates the use of a PRS constructed with unit cells that have phase
shifts implemented by a dimensional gradient, and henceforth progressively varying
transmission/reflection properties over the surface of the superstrate. The designed PRS
is a composite structure, meaning thereby it utilizes both sides of the dielectric, and this
feature aids in reducing the cavity height to λ/4. The absorptive surface consists of periodic
loop elements loaded with lumped resistors, and it works in conjunction with the composite
PRS that is formed by gradated mesh (inductive) structure on one side and constant patch
(capacitive) elements on the other side. The excitation source of the cavity is a patch
radiator designed at 6 GHz (C-band). Simulations have been validated with a fabricated
prototype. Off-broadside peak gain of 9.4 dB was achieved at −38◦ offset in the elevation
plane, along the axis of the gradient. The wideband (in-band + out-of-band) monostatic
RCS reduction was achieved over a frequency range of 4–16 GHz (120%), with average
RCS reduction exceeding 8.5 dB for the two orthogonal (x/y) polarizations.

The low scattering property of the proposed antenna makes it suitable to be integrated
with stealth type platforms. That is because the platform’s low observability would still
remain low despite mounting the antenna onto it for communication, and this paves the
way for its multiple applications in the military and defense realm. One example is a side
looking air borne radar (SLAR) [30], where the antenna points to a sideward direction and
requires physical tilting of its structure. The proposed antenna can potentially be used in
this scenario. Similarly, for the aerial security, surveillance, and reconnaissance applications,
it can be used on unmanned aerial vehicles (UAVs) and drones where downward pointing
high gain beam is more pragmatic for communication with the ground targets [31]. The de-
velopment of low RCS multiple-input multiple-output (MIMO) antennas is also becoming
popular due to their technological advantages, and as such, the proposed technique can be
further developed to realize pattern decorrelated low observable MIMO antennas [32,33].
In addition, the antenna can be utilized for any military communication application where
fix tilt-angled communication is required [34].
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2. Unit Cell Design and Proposed FPC Antenna

The goal is to design a stacked combination of layers of FSS elements, in a unit cell
configuration, which when paced as a grid above the patch antenna (excitation source)
in an FPC configuration, should realize the following four functionalities/objectives in
parallel:

1. Wideband monostatic RCS reduction.
2. Appropriate gain enhancement.
3. Off-broadside peak radiation.
4. Reduced cavity height (λ/4).

Where λ is free space wavelength at operating frequency. Conventionally, the FP
cavity, with an excitation source within, resonates when a PRS is placed at a height of ~λ/2
above the ground plane reflector, and results in an enhanced gain radiation of the source
antenna. The cavity height (h) at wavelength (λ) corresponding to the operating frequency
can be calculated as [35]:

h = (ϕPRS + ϕG) λ/4π + Nλ/2, (1)

where ϕPRS is the phase of reflection coefficient of PRS, ϕG is reflection phase of ground
reflector, and N defines the resonance order. ϕG is further estimated as:

ϕG = π − 2 tan−1 (Zd tan (βd)/Z0), (2)

where Zd and Z0 are characteristic impedances of the dielectric and air, respectively, β
represents the dielectric phase constant (given as 2π/λ), and d is the dielectric thickness
over which the ground plane is lying. For the metallic reflector only (i.e., without the
dielectric), the reflection phase is π. For N = 0, the resonant cavity height turns out to be
λ/2 if ϕPRS is assumed to be of π rad. If a PRS can be designed to exhibit a 0 reflection
phase, the cavity height can be reduced to λ/4.

The unit cell with port designations is shown in Figure 1a. To obtain wideband RCS
reduction, the top surface of the unit cell, as shown in Figure 1b, was constructed from a
closed metallic ring of square shape, with four RF resistors (100 Ω each) soldered on four
sides. Such a resistive periodic surface (AFSS) mounted on a perfect electric conductor
(PEC) plane with a dielectric sandwiched in-between serves as a wideband RAM for an
impinging electromagnetic (EM) wave [36]. However, for the proposed objectives, the
backing PEC plane has to be replaced with an appropriate PRS, so that all our four objectives
can be simultaneously achieved. A survey of literature [37–39] shows various designs of
reflective surfaces; however, the appropriate PRS to be conjoined with the selected AFSS
should be:

1. Symmetric in design, so that wideband RCS reduction can be achieved for both
polarizations of the incident radar wave, i.e., transverse electric (TE) and transverse
magnetic (TM), and

2. It should give 0 reflection phase so that once mounted above patch antenna, the cavity
height can be reduced to λ/4.

Such a surface can be designed if a dual-sided PRS dielectric is constructed with an
inductive mesh (aperture) grid on its top and a capacitive patch grid on its bottom [40].
AFSS of periodic square rings when backed by such a surface would achieve wideband
RCS reduction, gain enhancement, and reduce cavity height; however, to also achieve
radiation beam deflection, a gradient of phase has to be implemented within this composite
PRS. To achieve this, a gradation in the size of mesh aperture was kept, as an inductive
gradient achieves higher beam deflection than a capacitive gradient [40]. The proposed
constituent unit cell elements of the PRS are shown in Figure 1c,d. Therefore, the designed
final unit cell consists of resistive ring on the top, followed by air gap, and followed by
gradated aperture on top of a constant patch element. However, intuitively, below the
resistive ring the presence of a constant patch on top of a gradated mesh would have been
more suitable, in that the variation of mesh aperture would have least affected the desired
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absorption frequency response. In fact, initial unit cell simulations were performed with
that configuration; however, two problems arose:

1. The achieved reflection phase gradient was meagre and seemed insufficient to achieve
significant beam tilt.

2. The reflection phase values were not supportive of reduced cavity height.

Figure 1. Unit cell structure. (a) Perspective view. (b) Top side. (c) Middle layer. (d) Bottom
side. (g = 3.2 mm, S = 15 mm, LW = 0.9 mm, LL = 8 mm, RG = 0.5 mm, R = 100 Ω, APL = variable,
PL = 10.5 mm).

Henceforth, the configuration of the PRS was flipped below the AFSS (gradient mesh
above constant patch), and interestingly, the unit cell simulations showed encouraging
results for fulfilling all objectives, and are discussed next in detail.

The high frequency structure simulator (HFSS) unit cell parametric simulations em-
ploying periodic boundaries and Floquet ports were performed to compute the finalized
scattering (S) parameters. While optimizing the S-parameters, the following guidelines
were followed [25,28]:

• For incoming wave absorption (port 1 to port 2), reflection (S11) magnitude as well as
transmission (S21) magnitude had to be below −10 dB over a wide range of frequencies,
to achieve at least 80% of incident wave absorption.

• In the transmission mode (port 2 to port 1), reflection coefficient (S22) had to show
high partial reflectivity as well as progressive phase over the gradated apertures, at
operating frequency, to achieve high gain as well as off-broadside radiation.

The plots in Figure 2 are of TE (transverse electric) wave polarization, and it is
important to note that due to the symmetry of the unit cell structure, the plots for TM
(transverse magnetic) wave polarization are expected to be similar as well, and hence have
not been shown here. The co-/cross-polarized reflection and transmission plots for a wave
incident towards −z-axis are shown in Figure 2a,b, respectively. Solid lines depict the
co-polarized components, while the dashed lines represent the cross-coupled components.
Different curves correspond to the varying aperture sizes (APL: 2 mm to 10 mm). For
the co-polarized S11 and S21 responses shown in Figure 2a,b, it can be seen that starting
from 7 GHz (out-of-band) and extending well into high frequency region, more than 80%
absorption (A) (A = 1 − |S11|2 − |S21|2) is being achieved for all aperture sizes. This
owes to the values of the incoming wave reflection and transmission, which are below
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−10 dB over a wideband. S11 and S21 magnitudes around operating frequency (6 GHz)
show partial absorption, which means a reasonable extent of RCS reduction should occur at
in-band frequencies also. For the cross-coupled S11 and S21 responses shown in Figure 2a,b,
it is evident that their magnitudes are significantly low, hence establishing the efficiency
and purity of absorption.

Figure 2. Unit cell scattering parameters for ±z-axis incident wave (TE polarization). (a) S11 mag-
nitude response. (b) S21 magnitude response. (c) S22 magnitude (linear) response. (d) S22 phase
response. (Note: The dashed traces shown in (a,b) represent cross-coupled/polarized reflection and
transmission components).

S22 magnitude response is shown in Figure 2c for gradating aperture values. At
operating frequency, the reflection magnitudes lie between 0.64–0.99 (linear). Figure 2d
depicts the phase response of S22. It shows that the reflection phase values range between
104◦ to −114◦ over aperture variation of 2 mm to 10 mm, realizing a significant phase
gradient at 6 GHz. Furthermore, the extents of phase range closely follow ±90◦, a reflection
phase range criteria of the PRS to reduce the cavity height to λ/4 [40]. From Figure 2c,d, it
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can be inferred that an off-broadside radiation with a high gain can be realized in the FPC
configuration.

The reflection/transmission characteristics of the unit cell for oblique angle incidences
are shown in Figure 3, and the results are given for both TE and TM wave polarizations.
All results were plotted for APL = 5.5 mm (the center of the gradient, see Table 1). From
Figure 3a,b depicting TE wave polarization, it is evident that despite the variation of the
angle of incidence, low magnitudes (less than −10 dB) of reflection as well as transmission
are still being obtained over a wide band (starting from about 7 GHz and beyond). For the
TM case, a similar behavior is also observed, and can be witnessed from Figure 3c,d. It can
be asserted that the PRS backed AFSS, as an absorber, shows good angular stability.

Figure 3. Unit cell response to oblique angle incidences of TE/TM wave polarizations. (a) Reflection
response for TE wave. (b) Transmission response for TE wave. (c) Reflection response for TM wave.
(d) Transmission response for TM wave. (All results shown for APL = 5 mm).
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Table 1. Gradient aperture lengths (APL) and corresponding reflection phases.

APL (mm) 2.4 3.5 5.1 5.5 5.8 6.2 6.6

Reflection Phases 97.72◦ 86.24◦ 10.56◦ −23.89◦ −38.38◦ −63.91◦ −81.57◦

A 7 × 7 unit cell array was mounted on top of a rectangular patch antenna, as shown by
the simulated model in Figure 4a, and experimental prototype in Figure 4b. Cavity height
(h) is 13 mm (~λ/4). The coaxial feed offset is 3.2 mm from the patch center towards +x-axis.
All dielectric laminates are of Rogers RO4003C material (εr = 3.55 (design), thickness 1.52
mm). Gradient implementation is along y-axis, with the APL values and the corresponding
reflection phases shown in Table 1.

Figure 4. Proposed antenna. (a) Simulated model (cutout view). (b) Fabricated prototype. (h = 13 mm, L = 12 mm,
W = 14 mm).

3. Simulation and Experimental Results

Simulated vs. measured S11 response of the proposed antenna is shown in Figure 5a.
Sharp resonance was achieved at 6 GHz, and impedance bandwidth (−10 dB) is 443 MHz
(7.26%). Gain vs. frequency plot of the proposed antenna is also shown in Figure 5a. At
operating frequency, peak gain achieved is ~9.4 dB. Gain bandwidth (3 dB) is from 5.82 GHz
to 6.08 GHz (4.37%). A satisfactory agreement exists between simulated and measured
results, establishing the accuracy of simulation and fabrication. Figure 5b illustrates the S11
and gain vs. frequency response of the reference antenna (antenna without the superstrate
assembly). It can be seen that −10 dB resonance of the reference antenna is slightly right-
shifted as compared to the resonance of the proposed antenna. This frequency shifting
is attributed to the input impedance variation when the dielectric superstrate is absent.
Meanwhile, the gain of the proposed antenna is 6.4 dB at operating frequency, and is
increased by 3 dB in the presence of the superstrate assembly. Figure 6a illustrates the
far field H-plane radiation pattern at 6 GHz. Off-broadside radiation at an angle of −38◦
was achieved, deflected in the elevation plane, with side lobe levels (SLLs) ~10 dB below
the maximum. Deflection angle is aligned to the axis in which the increase of aperture
size (gradient) is implemented. E-plane pattern is shown in Figure 6b. Manufacturing
tolerances as well as positioning errors during measurements can be the cause of difference
between simulated and measured patterns. The far field H-plane and E-plane radiation
patterns of the reference antenna are shown in Figure 6c,d, respectively. It can be witnessed
that without the superstrate, the antenna radiates towards broadside. The radiation pattern
plotted at various frequencies is shown in Figure 7. The pattern is satisfactorily uniform
over a bandwidth of 50 MHz, although a little deterioration of the SLLs occurs.
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Figure 5. Reflection coefficient and gain frequency response. (a) Proposed antenna. (b) Reference
antenna.

Figure 6. Radiation patterns of the proposed antenna, (a) H-plane. (b) E-plane. Radiation patterns of
the reference antenna, (c) H-plane. (d) E-plane.
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Figure 7. Radiation beam plots (H-plane) at three different frequencies (f).

The reference antenna’s radiation efficiency at operating frequency is 95%; however,
the proposed antenna’s efficiency diminishes to 60%. The primary reason for this efficiency
reduction can be deduced from Figure 2b, where the S21 transmission is shown. It notes
that since the unit cell/superstrate is a passive structure, its S12 transmission response
would also be exactly identical to Figure 2b. Thus, at operating frequency, the transmission
magnitude is −6 dB for the APL value of 6.6 mm (the largest aperture dimension listed in
Table 1), and the transmission magnitude reduces with the decreasing aperture values. This
means that the loss of energy of the radiated wave occurs within the superstrate structure,
and thus diminishes the radiation efficiency.

To validate the antenna’s scattering performance, simulated monostatic RCS plotted
against frequency for normal illumination of the incident wave is shown in Figure 8. Verti-
cally polarized (VP) and horizontally polarized (HP) incident wave cases are respectively
given in Figure 8a,b. Also shown in the figures is the RCS response against frequency of
the reference antenna, which has the same lateral dimensions as of the proposed antenna.
In addition, the calculated RCS frequency response of a perfect conductor of similar size is
also presented. The calculation is based on the relation given as: σC = 4πa2/λ2, where σC
is RCS of the perfect conductor, a is the area of the conductor, and λ represents wavelength
of interest. For both polarizations shown in Figure 8a,b, wideband RCS reduction was
achieved, including in-band frequencies. RCS reduction bandwidth (BW) extends over
4–16 GHz (120%), and an almost identical frequency response was achieved for the VP
and HP wave incidences. This is owed to the symmetric unit cell design. For VP, average
RCS reduction over the bandwidth is about 8.5 dB, and for HP, it is about 8.8 dB. Maxi-
mum achieved RCS reduction values are 25 dB (for VP) and 24 dB (for HP), respectively,
appearing at 14.3 and 14.4 GHz value. The results shown in Figure 8a,b correspond to the
co-polarized RCS frequency performance. The cross-coupled RCS monostatic performance
of reference as well as proposed antenna, considering VP and HP wave incidences, is
displayed in Figure 8c. As can be seen, the cross-coupled radar echoes are significantly low.
The cross-coupled RCS performance of the proposed antenna obeys the cross-coupling
reflection results presented for the unit cell in Figure 2a. Hence, the function of the absorber
for reflectivity suppression is validated.
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Figure 8. Frequency response of monostatic radar cross section (RCS) for (a) vertically polarized (VP)
and (b) horizontally polarized (HP) wave incidences. (c) Cross-coupled monostatic RCS response for
proposed and reference antenna.

The results presented in Figure 8 are for the case of 50 Ω antenna termination. This is
because for most of the practical cases, the antenna would be matched terminated to its
transmitter (Tx) or receiver (Rx). However, simulations for the cases of open/short termi-
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nations (worst case scenarios) were also performed for the proposed antenna, and it was
observed that there was no significant change among different cases (short/open/matched).
This might be due to the reason that the short or open primarily affects the antenna mode
scattering, which is a function of antenna gain given as [41]:

σANT = G2 Γ2 λ2/4π, (3)

where σANT represents antenna mode scattering, G is antenna gain, Γ is reflection coeffi-
cient, and λ is the wavelength at the frequency of interest. The out-of-band frequencies
will be unaffected by open/short terminations as these frequencies are being significantly
absorbed at the absorber surface (and hence leave an insignificant energy that would reach
the antenna surface). For the in-band frequencies, the in-band absorption is impaired
(as evident from Figure 2a,b), but the in-band antenna mode scattering (frequencies re-
flected from the mismatched load and getting re-radiated by the antenna) would still be
insignificant as the gain towards broadside is considerably low.

The measurement of frequency response of monostatic RCS was performed using two
sets of in-lab developed parabolic reflector antennas that had lambda/2 dipole as their
excitation source. Each set contained two such antennas (one for transmit (Tx) and one
for receive (Rx) operation). Within the desired frequency range, six different frequencies
were tested. In comparison to horn antennas, the size of these antennas is smaller; hence,
in a real scenario, they can better replicate the ideal monostatic simulation setup—a merit
that is worth noting. Figure 9a represents the simulated vs. measured monostatic RCS
suppression for VP incident wave, whereas Figure 9b displays the same for the HP incident
wave. The measurement setup is displayed in Figure 9c. As evident from Figure 9a,b,
an agreeable correlation is found between the simulated and measured results; in fact,
the measured suppression performance is superior for most of the frequency points. The
details of tested frequencies with a comparison between simulation and measured RCS
suppression levels are exhibited in Table 2. The measured mean suppression surpasses the
simulated values. From these measurements, it can be asserted that the design verification
stands as successful.

Table 2. RCS suppression values at tested frequencies.

Ser.

Tested
Frequencies

(GHz)

RCS Suppression (dB)

VP Incident Wave HP Incident Wave

Simulation Measurement Simulation Measurement

1. 7.5 9.32 11.49 9.44 12.92
2. 8 9.15 12.72 9.27 13.73
3. 8.8 9.93 18.48 10 18.3
4. 10 7.43 12.5 7.66 11.71
5. 12.6 8.61 13.16 9 14.51
6. 14 17.02 16.95 18.78 16

Mean RCS Suppression (dB) 10.24 14.22 10.69 14.53

The monostatic RCS was also investigated as a function of incidence angle (−90 to +90)
to determine the angular stability of the proposed design. Figure 10a,b show normalized
y–z plane plots for VP incident wave, respectively, for reference antenna and proposed
antenna. Similarly, Figure 11a,b show normalized x–z plane plots for HP incident wave,
respectively, for reference antenna and proposed antenna. Measured results of the above
are presented along with, and depict, a satisfactory correlation with the simulation results.
All of these results were plotted at 10 GHz. From Figures 10 and 11, RCS reduction occurs
over about ±15◦ angular span. All presented RCS results are for antennas terminated with
matched load.
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Figure 9. Simulation vs. measurement results of monostatic RCS suppression presented at different
frequency points. (a) VP wave incidence. (b) HP wave incidence. (c) Measurement setup.
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Figure 10. Normalized angular performance of monostatic RCS for y–z plane with VP incident wave
at 10 GHz. (a) Reference antenna. (b) Proposed antenna.

Figure 11. Normalized angular performance of monostatic RCS for x–z plane with HP incident wave
at 10 GHz. (a) Reference antenna. (b) Proposed antenna.

In Figure 12, the simulated monostatic RCS angular responses of the reference and
proposed antennas are presented for some more frequencies. Figure 12a illustrates the
y–z plane RCS plots for a VP incident wave at 7.6 GHz, while Figure 12b illustrates the
x–z plane RCS plots for an HP incident wave at 7.6 GHz. Similarly, Figure 12c illustrates
the y–z plane RCS plots for a VP incident wave at 14 GHz, while Figure 12d illustrates
the x–z plane RCS plots for an HP incident wave at 14 GHz. For the 7.6 GHz frequency,
the RCS reduction in both planes occurs over an angular span of ±22◦, and it increases to
±28◦ at 14 GHz. It is inferred that as the broadside RCS reduction increases, the angular
span over which the RCS reduction is achieved, increases as well. Furthermore, it can be
observed from Figures 10–12 that in comparison to the reference antenna, the low RCS
performance of the proposed antenna gets impaired towards wider off-broadside angles.
In fact, the reflectivity even increases at too far-off angles. This increase may be attributed
to the vertical dimension of the proposed antenna, as it is a Fabry–Perot cavity, while the
reference antenna is a single layer planar antenna. Thus, it is important to mention that
although the proposed antenna’s main beam (radiation) is deflected towards off-broadside
direction, the wideband low RCS performance of the proposed antenna is dominantly
towards broadside angles only. Furthermore, as explained by the working of the unit cell
in Section 2, the off-broadside peak radiation was achieved by implementing the phase
gradated PRS, while the wideband broadside RCS reduction is a result of the PRS backed
AFSS. Therefore, the antenna may potentially be used in those low observable military
applications where it is desired to have communication in an off-broadside direction.
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Figure 12. Normalized monostatic RCS angular response at various frequencies. (a) y–z plane, VP
incident wave at 7.6 GHz. (b) x–z plane, HP incident wave at 7.6 GHz. (c) y–z plane, VP incident
wave at 14 GHz. (d) x–z plane, HP incident wave at 14 GHz.

The monostatic RCS reduction for oblique angle incidence is shown in Figure 13.
For the VP wave incidence, RCS reduction is shown in Figure 13a, and for the HP wave
incidence, the RCS reduction is shown in Figure 13b. From the curves, it can be observed
that for the incident angles of 5◦ and 10◦, the performance is close to that of 0◦ case (bore-
sight). For the wave incidence of 15◦, the RCS reduction for both polarizations is close to
0 dB at the frequency points of 6, 10, and 11 GHz. It is important to mention that at these
frequencies, both the proposed as well as the reference antennas realize nulls (or steep
slopes just around the nulls) in their monostatic reflectivity patterns. For the incidence
angle of 20◦, the average RCS reduction becomes somewhat lower, and the RCS reduction
value at 12 GHz is a little compromised. Thus, it can be asserted that the overall angular
stability of the proposed design is slightly less than ±20◦.

To have further insight into absorption as well as off-broadside radiation mechanism,
surface E-field plots are presented in Figure 14. The log magnitude of E-field plotted on the
absorber surface is show in Figure 14a. The plot is for a VP (x-polarized) incident wave, and
at the frequency of 9 GHz. By inspection of Figure 14a, the spots of higher field intensity are
easily identifiable. This field appears across the gaps in the metallic loops where resistors
are present. The energy dissipation of the incident field occurs as heat within these resistors,
thereby leading to the absorption of incident wave at the surface. Identical field plot is
expected for an HP incident wave, except that the higher field intensity spots would now
appear across the other two gaps for every loop. Likewise, field overlay plot on the surface
containing gradated apertures (phase gradient surface) is shown in Figure 14b. This plot
represents the field induced as a result of the wave radiated from the patch antenna (6 GHz
frequency). It can be witnessed that a steady variation of surface E-field appears along the
y-axis, in that, the E-field concentration increases gradually along –y-axis. This validates
the mechanism behind beam deflection operation.
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Figure 13. Simulated monostatic RCS reduction for oblique angle incidence of 5◦, 10◦, 15◦, and 20◦.
(a) VP wave incidence. (b) HP wave incidence.

Figure 14. Surface E-field plots. (a) Absorber surface for VP incident wave. (b) Gradient surface.

4. Discussion

Table 3 shows a comparison of the proposed design with similar works from literature.
In terms of RCS reduction, it is evident that the antenna performs almost equally well
compared to most of the other designs. Additionally, the proposed antenna is capable of
realizing an off-broadside beam radiation functionality. Furthermore, the achieved RCS
reduction bandwidth is also superior to other works. In addition, the cavity height is also
smaller, making it a low-profile design. Although proposed antenna also has high gain
(relative to a conventional patch antenna), the value of gain quoted for other designs is
higher as those antennas radiate a broadside beam, and hence do not suffer from scan
loss [42]. The second reason for this is their aperture sizes, which are comparatively larger
than the proposed design.
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Table 3. Comparison of proposed work with previously reported designs.

Ref. Size Gain
Operating
Frequency

RCS Reduction Band
(% BW)

Average RCS
Reduction

Beam
Deflection

[25] 2.3 λ × 2.3 λ × 0.58 λ 13.2 dB 11.5 GHz 6–14 GHz (80%) 10 dB No

[28] 2.79 λ × 2.79 λ × 0.68 λ 13.7 dB 9.05–10 GHz
(reconfigurable) 7–14 GHz (66.67%) unspecified No

[29] 3.36 λ × 3.36 λ × 0.7 λ 17.9 dB 8.4 GHz 7–15 GHz (72.73%) 9.9 dB No
[26] 3.7 λ × 3.7 λ × 0.73 λ 18.4 dB 10 GHz 8–17 GHz (72%) 13 dB No
[43] 3.67 λ × 3.67 λ × 0.62 λ 19.8 dB 10 GHz 8–12 GHz (40%) 8.76 dB No
This
work 2.1 λ × 2.1 λ × 0.26 λ 9.4 dB 6 GHz 4–16 GHz (120%) 8.5 dB (VP)

8.8 dB (HP)
Yes

(−38◦)

5. Conclusions

A low-profile high gain FPC antenna that can simultaneously realize low backscatter-
ing as well as enhanced gain deflected beam operation has been presented in this article.
To construct the cavity, an absorptive FSS was designed to work in conjunction with a
double-sided PRS, and mounted on top of a patch radiator. One side of PRS is a capacitive
grid, while the other side is an inductive grid. A dimensional gradient was implemented
in the inductive part. For an incident wave, wideband RCS reduction was achieved and
also included in-band frequencies. In the transmission mode of antenna, high gain as well
as off-broadside beam radiation was achieved. Antenna cavity height is ~λ/4. The low
scattering property of the proposed antenna makes it suitable to be integrated with stealth
type platforms for communication, and it can find multiple applications in the military and
defense realm; examples include side looking air borne radars, surveillance UAVs, and any
military application that requires above/below the horizon communication. In future, the
work can be extended to incorporate linear/circularly polarized MIMO antennas.
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Abstract: An important issue in the existing inverse finite element method (iFEM) is that reconstruction
accuracy cannot satisfy the analytical demand for the flexible structure. To address this issue,
this paper presents a multi-nodes iFEM that reconstructs the displacement of structure based on
surface measurement strains in real time. Meanwhile, in light of the response characteristics of
iFEM, an innovative interpolation method is adapted to regenerate the full field deformation again.
The proposed method substantially expands the size of inverse elements, which reduces the numbers
of sensors and improves the reconstruction accuracy. The effectiveness of the method to predict
displacement is verified by a flexible antenna panel subjected typical boundary conditions.

Keywords: reconstruction accuracy; multi-node iFEM; interpolation method; flexible antenna panel

1. Introduction

Today, with the rapid development of integrated antenna of radar technology,
morphing-wing-embedded antenna arrays have an extensive application, such as military and
civilian aerospace [1]. However, these structures are subjected to complex loads, such as wind and
atmospheric pressure, which will produce various types of deformation leading to decrease the pointing
accuracy of array antenna dramatically [2]. Therefore, real-time measurement of the deformation of
antenna unit, which provides feedback to actuation and control systems of structure, is significant for
human and environment safety [3,4].

The method on dynamically monitoring the deformation of structure, known as shape sensing,
and the process of precisely approximating the integrated displacements based on strain measurement
belongs to strictly the inverse problem [5]. To settle the inverse problem, Tikhonov et al. proposed
a method included a regularization term to enhance the smoothness degree for approximating
solution [6], and the technique was extensively employed for the inverse procedure. During the
past few decades, the utilization of shape sensing algorithms for practical engineering has been
demonstrated extensively. However, these approaches are mainly classified into the inverse finite
element method (iFEM), modal method, and Ko’s displacement method. Haugse and Foss proposed a
modal method derived from the idea of polynomial basis function or spline function interpolation [7],
which establishes the relationship between strain and deformation mode coordinates explicitly.
Reference [8] use the modal method to reconstruct the displacement field of the beam structure
precisely. However, the reconstruction accuracy is strictly limited on the number of sensors, which are
at least higher than the mode orders extracted from structure. Thus, the method inevitably needs a
high fidelity physical model, which is hard to do outside the laboratory environment. Then, Ko et al.
develop a strategy, referred to as Ko’s displacement method [9], which is based on the Euler–Bernoulli
beam theory, and are extensively applicable to structural reconstruction such as beams, wing-boxes, and
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plates. The technique included the displacement superposition principle, which builds the quantitative
relation about strain and element degrees of freedom definitely, resulting in the true shape sensing of
slender structures. References [10,11] employ the numerical and experimental means to examine its
feasibility. Although the method has a sufficiently accurate reconstruction of a slender structure, it is
not suitable for the regeneration of three-dimensional structures. Hence, a well-suited shape-sensing
algorithm, in addition to satisfying high accuracy, fast calculation, and strong robustness, also needs
to consider the complexity of structural boundary conditions and geometric topology. Due to the
deficiencies of the modal and the KO method, they are not suited for broad use in the field of structural
health monitoring (SHM). Tessler and Spangler proposed an innovative methodology [12], named the
inverse finite element method (iFEM), embodying the aforementioned characteristics required for a
powerful SHM algorithm. The technology is based on the minimization of weighted-least-squares
functional, which generally is applicable to complex structures subjected to complicated boundary
conditions at any time [13]. The framework is sufficiently precise, powerful, and fast for applications
in an engineering structure loaded statically and dynamically. Furthermore, the strain–displacement
relationship was merely considered in the formulation, and materials of structure can be strictly
ignored [14]. Benefiting from the potentiality of iFEM, the complex structure can be equivalent
to simple models topologically, such as beam, plate, or shell. Moreover, based on the kinematic
assumption of the Timoshenko beam theory, an inverse frame finite element is developed by Cerracchio
and Gherlone [15]. References [16–19] have some analyses of three-dimensional frame structures under
static or damped harmonic excitations based on strains produced numerically and experimentally.
Based on the kinematic assumptions of the first-order shear deformation theory (FSDT), Tessler et al.
developed three-node inverse shell element shorted form iMIN3 [20], which profiles the complex
plate and shell structures accurately. Kefal et al. formulated a four-node quadrilateral inverse-shell
element [21], which takes the influence of hierarchical drilling rotation into account, avoiding the
occurrence of the singular value well. However, due to the heterogeneous and anisotropy of composite
and sandwich structures, iFEM based on FSDT may result in slightly insufficient estimates for shape
sense. Then, based on Zigzag displacement deformation theory, Cerracchio et al. and Kefal et al.
improved the iFEM, which is suitable for sensing complex structures [22,23].

As mentioned above, the iFEM has prominent advantages, such as robustness, efficiency,
and real-time response. However, the method needs numbers of inverse elements for shape sensing of
flexible structures, leading to increasing the quantities of installing sensor. Therefore, the method is
not directly suitable for a sophisticated antenna structure. This paper establishes a novel interpolation
method to regenerate the structural deformation field based on data from the multi-node inverse
finite element method. The technology optimally compromises the number of sensors and the inverse
element and simultaneously retains the reconstruction accuracy.

The outline of the paper can be summarized as follows. First, the deformation field theory for plate
is presented, and the multi-node iFEM formula is derived based on first-order shear deformation theory
(FSDT). Second, taking the five-node quadrilateral inverse finite element as numerical implementation
to result in the structure deformation. After that, the displacement field of the practical antenna
panel is generated by the proposed method by experimental and numerical analysis approaches,
respectively. According to some response dates from iFEM, the utilization of the innovative fitting
technology restructured the full deformation field of board very well. The results from numerical and
experimental analysis verify the correctness of the method proposed. Finally, the conclusions about
the superiorities of the refined restructure methodology are emphasized.

2. Inverse Finite Element Formulation

Consider a plate with thickness of 2t as the analytical model, and the structure can be described
by the general Cartesian coordinate system, as shown in Figure 1.
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Figure 1. Plate model notion.

According to the Mindlin plate theory, the three-directional displacements relevant to arbitrary
points can be expressed [13].

ux(x, y, z) = u(x, y) + zθy(x, y) (1)

uy(x, y, z) = ν(x, y) + zθx(x, y) (2)

uz(x, y, z) = w(x, y) (3)

where, ux, uy are the plane displacements and uz is the transverse displacement across the thickness
orientation; θx,θy are rotations around the x- and y-axes, respectively; and z is the distance from the
selected points to mid-plane of the structure.

The linear strain components are expressed by appropriate derivatives of the displacements.

E = {e1, e2, e3}T =
{
ux,x, vy,y, ux,y + vy,x

}T
B = {e4, e5, e6}T =

{
θx,y,θy,x,θx,x + θy,y

}T
G = {e7, e8}T =

{
wz,x + θy, wz,y + θx

}T (4)

where, E, B, G indicates membrane, bending curvatures, and transverse-shear strain measures, respectively.
According to the strain relation between any point and three main directions from material

mechanics, the strain at any point of structure can be expressed.

ε(xi, yi,θ) = εx cos2 θ+ εy sin2 θ− γxy sinθ cosθ (5)

Based on the functional theory, the Euclidean distance relationship between the measured strain
and the theoretical strain can be expressed.

φ(u) =
n∑

i=1
wi(‖ε(xi, yi,θi)−εe(xi, yi,θi)‖2 + ‖ε(xi, zi,θi)−εe(xi, zi,θi)‖2

+‖ε(yi, zi,θi)−εe(yi, zi,θi)‖2)
(6)

The εe is the measured strain from sensor, ε is the theoretical strains associated with location,
which is pasted angle along axis (x, y, z), respectively, and n denotes the numbers of sensors, wi is the
weighting constants controlling the completeness between the analytic strains and their experimentally
measured values.

Based on interpolation method, the deformation of points in the element can be expressed linearly
by the shape function of element and the deformation of nodes. The result of any points in element
can be expressed as follows:

{u, v, w} =
m∑

i=1

Niue
i , (i = 1, 2, . . .m) (7)
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where, Ni indicates the interpolation shape function of element, m is the numbers of element nodes,
and ue

i is the degree of freedom of element node expressed by nodal vector.

ue
i =
[

ui vi wi θxi θyi θzi
]T

, i = (1, 2, . . .m) (8)

Introducing Equations (4) and (5) and into Equation (6), and taking the minimum value of it about
node degrees of freedom, gives rise to the function of shape sensing simultaneously.

keue = f e (9)

where, ke is the element matrix related to only the location layout of strain sensors and the f e vector is a
function of the number of strain sensors in the element as well as the measured angle values. These can
be explicitly written, respectively, as

ke = wi

n∑
i=1

(Ee + z · Be)TmT
i (E + z · Be) + r

�
(Ge)TGedxdy (10)

f e = wi

n∑
i=1

(Ee + z · Be)TmT
i ·εe

i (11)

where, Ee, Be, Ge can be listed by Appendix A, mi is the angle cosine vector, and r is usually assigned a
minimum value [13].

When the element matrix equations are established, the global deformation field can be performed
explicitly according to the transformation relationship from the local to global coordinates.

KU = F (12)

As K includes the rigid body motion mode of the discretized structure, therefore, it is a singular
matrix. By combining problem-specific displacement boundary conditions, the resulting system of
equations can be reduced from Equation (12)

KaUa = Fa (13)

where, Ka is a 6m × 6m square matrix and invertible [13,24], Fa is a 6m × 1 matrix, and Ua is a
6m× 1 vector. The solution of Equation (12) is very efficient, because the matrix Ka remains unchanged
for a determined configuration of sensors in the process of constant deformation. Moreover, Fa needs
to be updated during any deformation cycle in real time. Finally, the unknown vector Ua reflects the
structural state as well at any time.

According to general space interpolation methods, all the methods satisfy the estimation formula [25]

u(x, y) =
m∑

i=1

wi(x, y)ui (14)

where u(x, y) is the response value at the interpolated point in the structure, wi indicates weighting
function associated to the i-th sample point corresponding to the value ui, and m represents the
numbers of sampling points.

However, the inverse elements divided are evidently bigger than that fem, and the full field
deformation obtained by Equation (12) has a distinct difference. The approximation approach is not
suited for larger inverse elements. Based on the idea of constructing shape function shown [26], one can
adapt a refined interpolation function that the nodes may be in the element rather than only in the
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boundary. The method employs the properties of shape function to improve the precision for a specific
problem. The shape function can be described in the discrete vector

Ni = [Ni(x1, y1), Ni(x2, y2), . . . . . . , Ni(xn, yn)] (15)

where Ni is i − th node shape function, (xn, yn) is the coordinate in the element, n indicates the
number of selected positions, and the arbitrarily point of the structure is expressed according to the
interpolation definition

u(x, y) = N1u1 + N2u2 + . . .+ Niui (16)

The interpolation methods satisfy the four properties on shape function, and the geometric
characteristics of the structure are described in some sense, overcoming the deficiency of little
physical significances.

3. Numerical and Experimental Examples

The deformation of the antenna reflector is the main factor that affects pointing accuracy In order
to examine the accuracy of iFEM for reconstructing the deformation of the antenna plate, an analysis
between numerical and experiment on the skin antenna plate was presented.

A rectangular plate has a length of 0.560 m, a height of 0.202 m, and a uniform thickness of 3.2 mm.
The plate has an elastic modulus of 1.0 GPa and a Poisson’s ratio of 0.3 and is meshed 675 quadrilateral
elements in analysis software; however, the structure was divided only two inverse quadrilateral
elements (shown Figure 2). In Figure 2, the numbers in red indicate the element nodes, and the square
letters in black denote the sampling points, respectively.

Figure 2. Inverse finite elements model of structure.

First, the deformation of sampling points can be obtained by iFEM. Second, based on these
results, the whole deformation field can be reconstructed by the interpolation method proposed above.
The deformations with two different boundary constraints are analyzed—namely, the left side of the
structure—and both ends are fixed respectively.

With the condition of complete constraints at line connected node 1 and 2, the concentrated force
of 10N is applied positive at nodes 5 and negative 10N at nodes 8 in the z direction concurrently.
The nodes’ deformations calculated by iFEM together with FEM are shown in Table 1.

Table 1. Results of nodes deformation.

Node
Z Directional Deformation (mm)

FEM iFEM Error

3 11.3 11.1 0.2
4 11.3 11.0 0.3
5 5.4 5.60 0.2
6 50.1 48.1 2.1
7 50.1 50.0 0.1
8 29.3 26.6 2.8
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Based on the values of nodes 3–8 by iFEM, one can obtain the sample points A–H by the
general interpolation method. Moreover, acting the nodes A–H together with 5 and 8 as sampling
points, one can regenerate the full-field deformation with the proposed interpolation framework.
The deformation of the whole structure from FEM and iFEM are presented in Figure 3.
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Figure 3. Deformation of the plate structure.

Figure 3 shows the deformed shapes of the plate obtained by different approaches shown from
three different colors lines. The x-axis indicates the points of structure-expressed finite numbers,
and y-axis is the deformation. According to the various interpolation means, iFEM(a) reflects the
deformation trend of the whole structure according to the Equation (13), and iFEM(b) does that by
Equation (15), respectively.

In order to quantitatively analyze the validity of the proposed method, the evaluation indexes
mean error of nodes (ME) and root mean square (RMS) are introduced.

ME =
1
m
∑m

i=1

∣∣∣(XFEM
i −YiFEM

i )
∣∣∣ (17)

RMS =

√∑n
i=1 (X

FEM
i −YiFEM

i )
2

n
(18)

where, XFEM
i indicates the value provided by the finite element method, YiFEM

i is the value from the
inverse finite element method, m and n are the number of nodes and sample points, respectively.

Considering the values from FEM as references, Table 1 lists the results from iFEM. The maximum
deformation of the node along the z direction is 50.2 mm, and the maximum percentage difference is
8. The reconstruction ME is 1.87 mm, and the RMS of the reconstruction accuracy is 2.57 mm from
iFEM(a). However, based on the proposed method, the RMS value of the deformation reconstruction
accuracy is 1.0 mm.

With case two, lines connected nodes 1 and 2, and at the same time, 6 and 7 are fixed completely,
so the concentrated force of 10N at node 5 and 10N at nodes 8 are applied in the positive z direction.
In comparison, the deformation values of nodes are listed in Table 2. Based on these dates, the profile
of structure can be reconstructed again by iFEM(b), as shown in Figure 4.
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Table 2. Results of the nodes deformation.

Node
Z Directional Deformation (mm)

Fem iFEM Error

3 2.27 2.01 0.26
4 2.49 2.11 0.38
5 1.31 1.10 0.15
8 1.83 1.35 0.48

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0.0

0.5

1.0

1.5

2.0

2.5

3.0

de
fo

rm
at

io
m

(m
m

)

nodes number

  FEM
  iFEM(a)
  iFEM(b)

Figure 4. Deformation of the plate structure.

Table 2 displays the results from two approaches. The maximum deflection of the nodes is 2.5
mm, and the maximum deviation is 0.1 mm. The reconstruction ME is 0.3 mm, and the RMS of
reconstruction accuracy is 0.3 mm. However, adopting the refined method, the RMS value of the
deformation reconstruction accuracy decreases 0.1 mm.

Figures 3 and 4 depict the total deformed shapes of the plate employing different interpolation
technologies iFEM(a) and iFEM(b) separately. For a view of profiles approaching FEM, the improved
approximating skill raises the reconstruction accuracy dramatically.

In this section, one part of the antenna plate is considered. For the purpose of demonstrating the
effectiveness put forward above, the panel has a length of 0.560 m, a height of 0.200 m, and a uniform
thickness of 3.2 mm. For the aim of according with the simulated condition, 11 holes were arranged on
the board, which was connected to fixed base by way of a bolt and screw. Meanwhile, the magnitude
of the load is controlled by adjusting the nut up and down. The fixed device is shown (Figure 5a).
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Figure 5. The measurement system; (a) fixed device; (b) Fiber Bragg Grating (FBG) demodulator;
(c) Northern Digital Incorporation (NDI); (d) marker; (e) Measurement process.

According to the location sensors configuration from the simulation model, the fiber grating
sensors are pasted at the corresponding positions of the experimental board one by one, and the markers
with functions of photosensitization are pasted on the surface of the plate (Figure 5d). The variation
of three-dimensional coordinates can be tracked by a 3D measurement system supplied by NDI
(Waterloo, Ontario, Canada) (Figure 5c), and the surface strain date of structure can be read by the
Fiber Bragg Grating (FBG) demodulator (Figure 5b).

Under the constraint conditions of the cantilever for the test article, the structure subjected to
concentrated force is applied in the positive z direction. The inverse element is produced simplistically
by these markers defined as element nodes at the edge. The markers number is the same as in Figure 2.
The markers’ initial and final position coordinates can be captured by NDI in real time, and the
difference of the two sets of coordinates is the deformation of markers. Based on the measured strains
and markers’ variation, the results from the iFEM analysis and the NDI measurements are shown as
Table 3, and the outline of the whole structure can be viewed in Figure 6.

Table 3. The results of markers deformation.

Marker
Z Directional Deformation (mm)

NDI iFEM Error

3 6.71 6.00 0.71
4 6.92 6.16 0.76
5 2.70 1.85 0.85
6 19.6 16.9 2.70
7 19.7 17.0 2.70
8 12.5 11.6 0.90
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Figure 6. The deformation of the plate structure.

Table 3 lists the results generated from NDI measurements and iFEM, regarding the former as the
benchmark. The maximum deformation of the structure in the Z direction is 19.7 mm. The reconstruction
ME is 1.6 mm, and the RMS of reconstruction accuracy is 1.5 mm. Furthermore, on the basis of the
proposed interpolation technology, the RMS value is 0.9 mm, and the reconstruction accuracy increased
to 0.6 mm.

For the case of fixing two edges of structure, the results of markers’ deformation are shown Table 4.
In addition, the displacement of the full field can be achieved, as shown in Figure 7.

Table 4. The results of the markers deformation.

Marker
Z Directional Deformation (mm)

NDI iFEM Error

3 5.22 4.98 0.24
4 4.86 4.10 0.76
5 1.58 1.06 0.52
6 1.43 1.00 0.43
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Figure 7. Deformation of plate structure.

The results from Table 4 state that the maximum deformation is 5.2 mm. The value of ME is 1.31
mm, and the RMS is 1.33 mm; otherwise, the RMS calculated by the proposed method is 0.80 mm.
Figures 6 and 7 depict the deflection curve of integrated panel in different ways, considering the
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NDI as an actual value, the curve smoothed by the improved interpolation method is preferable to
approximate the real profile.

4. Discussion

Through the analysis of the estimated factors, the values significantly decrease in different degrees
based on the proposed method. Meanwhile, the tendency of approaching the practicing deformation
also verifies the effectiveness proposed method. Furthermore, the methodology is suitable for practical
engineering applications.

5. Conclusions

A multi-node iFEM is presented for the shape sensing of a flexible structure with strain sensors
installed at discrete locations. The method is based on the minimization of a weighted-least-squares
functional that accounts for the complete set of strain measures consistent with Mindlin plate
theory. Otherwise, based on the results from iFEM, adapting the refined interpolation technique to
reconstruct the full field deformation again. The approach can have an accurate approximation for
big inverse finite elements. Moreover, the method has the advantages of simultaneously achieving
extrapolation and interpolation calculation for elements. Then, several case studies were performed
and demonstrated the computational efficiency and high accuracy with respect to different forms of
the loading structural responses.

The results demonstrated that sufficiently accurate reconstruction can be achieved for the problems
considered herein based on a small number of sensors.
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Appendix A

The matrix Ee, Be, Ge in Equations (9) and (10) can be defined as

Ee =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
Ni,x 0 0 0 0

0 Ni,y 0 0 0
Ni,y Ni,x 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

Be =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0 0 Ni,x
0 0 0 Ni,y 0
0 0 0 Ni,y Ni,x

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
GE =

[
0 0 Ni,x 0 0
0 0 Ni,y 0 0

]
(i = 1, 2, 3 . . .m)
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Abstract: In this paper, a generation method procedure based on a reflective metasurface is proposed
to generate multiple pseudo Bessel beams with accurately controllable propagation directions and high
efficiency. Firstly, by adjusting the miniaturized unit cell of the reflective metasurface to modulate the
electromagnetic waves using the proposed method, some off-axis pseudo Bessel beams with different
propagation directions are generated. Then, by achieving the large-angle deflection and comparing
the results with previous existing methods, the superiority of the proposed method is demonstrated.
Based on the generated single off-axis pseudo Bessel beam and the superposition principle of the
electromagnetic wave, a reflective metasurface with 47 × 47 elements is designed and fabricated at
10 GHz to generate dual pseudo Bessel beams. Full-wave simulation and experimental measurement
results validate that the dual pseudo Bessel beams were generated successfully. The propagation
directions of the dual pseudo Bessel beams can be controlled accurately by the reflective metasurface,
and the efficiency of the beams is 59.2% at a propagation distance of 400 mm. The energy of the beams
keeps concentrating along the propagation axes, which provides a new choice for wireless power
transfer and wireless communication with one source to multiple receiving targets.

Keywords: off-axis pseudo Bessel beam; multiple pseudo Bessel beams; reflective metasurface;
accurately controllable propagation direction; high efficiency

1. Introduction

Electromagnetic waves can realize the wireless transmission of energy and information, which
provide an irreplaceable role for the development of society. Meanwhile, the divergence characteristic of
an electromagnetic wave limits its application, and the Bessel beam [1] with non-diffracting characteristic
shows the potential to solve this problem. Therefore, devices that can generate high-performance
Bessel beams have been extensively studied, and a source with limited spatial size can only generate
a quasi-Bessel beam, which has the ideal Bessel beam’s characteristics over a finite non-diffracting
area [2–5]. As the energy in the non-diffraction area has the characteristics of uniform and high
efficiency, it is suitable for Bessel beams to be used in wireless power transfer (WPT) [6–8] and near-field
communication systems [9,10]. The high-order Bessel beams with the characteristics that vortex beams
have also show great potential in the field of high-speed wireless communication and high-resolution
imaging [11–13]. However, most devices can only generate on-axis Bessel beams, and there are few
studies on off-axis Bessel beams [14–21]. So, we studied some methods about steering Bessel beams
or focused beams [22–29], and it is easy to find that, although the Bessel beams have a wider range
of energy distribution, there are very few methods to steer them. One method is proposed to steer
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Bessel beams using computer holograms with the help of amplitude modulation [22]. Another novel
method can generate arbitrarily directed Bessel beams using an off-axis multi-focusing antenna [24],
and this method is also helpful to improve the design precision of the depth-of-field of the beam.
As the beam deflection requires only phase modulation, the lack of amplitude modulation will result
in a deflected beam that is not strictly a Bessel beam, and we can call it a pseudo Bessel beam. It is
not easy to maintain high efficiency and high directionality when the beam is deflected, and because
the performance of the single off-axis pseudo Bessel beam is not satisfactory, multiple pseudo Bessel
beams are more difficult to be achieved. This also leads to the fact that the devices generate Bessel
beams that are not multifunctional, which makes them unable to give full play to their advantages in
wireless transmission systems.

In this paper, we propose a method to generate a single off-axis pseudo Bessel beam and
multiple pseudo Bessel beams with accurate propagation directions and high efficiency. To modulate
electromagnetic waves effectively [30–32], we firstly use a reflective metasurface that has low loss to
generate the off-axis pseudo Bessel beam in any desired direction. As the reflective metasurface is
single-layer, it is also low profiled compared with non-planar or multi-layer devices [5,6]. The unit cell
of the metasurface has a periodicity of 8 mm at 10 GHz, and it also has the characteristics of a small size,
high efficiency, and insensitive to both polarization and incidence angle. As the method we proposed
satisfies the requirement of a transverse wave vector component of the Bessel beam, comparing with
existing methods, the generated off-axis pseudo Bessel beam using our method has an accurately
controllable propagation direction and high efficiency. Then, according to the proposed method and
electromagnetic field superposition principle, a metasurface with 47 × 47 unit cells is proposed to
generate multiple pseudo Bessel beams simultaneously for the first time. The metasurface is simulated
with a standard X-band horn in ANSYS HFSS and the results show that the proposed method can be
used to generate dual pseudo Bessel beams. The generated beams have a transmission efficiency of
59.2% at a transmission distance of 400 mm and maintain high efficiency in the non-diffracting area.
Finally, the metasurface is fabricated and measured, and the experimental measurement results show
that our designed metasurface can effectively generate multiple pseudo Bessel beams. The proposed
method and device have shown their effectiveness, which provide a new way for the application of
one-to-many WPT or wireless communication.

2. Design Method of the Off-Axis Pseudo Bessel Beam and Multiple Pseudo Bessel Beams

A metasurface has a controllable phase shift to realize the control of the electromagnetic wave
by adjusting the unit cells. As shown in Figure 1a, the metasurface on the xoy-plane can be used to
generate pseudo Bessel beams, propagating in the directions of uk or ul, which means any direction in
the coordinate system. It is important to calculate the compensation phase of each unit cell whose
coordinate is (xij, yij, 0), and the unit cell we proposed has the structure of two rings and one cross,
which will be explained in detail in the next section. The compensation phase that the unit cell provides
is controlled by the size of the unit cell, and the compensation phase distribution of the metasurface
is decided by the beams we prepare to generate. As the generation of a pseudo Bessel beam needs
the coherent superimposition of both inward conical waves and outward conical waves [13,33], it is
necessary to modulate these waves by the metasurface. As shown in Figure 1a, the energy radiated
from the feed horn to the metasurface can be modulated by the unit cells to form the inward conical
wave. The inward conical wave is shown as dashed lines in Figure 1a,b; it is worth pointing out that
all of the unit cells contribute for the inward conical wave so that they can form a conical surface.
After passing through the propagation axis, the inward conical wave becomes the outward conical
wave, and a pseudo Bessel beam will be formed in the overlapping area of the two. The wave vector
k of the inward conical wave can be divided into the transverse component kt and the longitudinal

component kl, i.e., k =
√

k2
t + k2

l = 2π/λ (λ is the wavelength in free space). It is easy to find that
if the transverse components of the inward and outward conical waves have the same magnitude
and opposite directions, a standing wave will be formed in the transverse direction. In other words,
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the angle α between the inward conical wave and the propagation axis (tanα = kt/kl) remains the same
in this condition, and this will prohibit the energy to leak out in the transverse direction. Meanwhile,
the longitudinal components of the inward and outward conical waves will have the same magnitude
and direction, so a traveling wave can be formed in the longitudinal direction. Therefore, in the
superimposed region, a pseudo Bessel beam can propagate along the propagation axis with all of the
electromagnetic energy.

φ

α

 

Figure 1. Schematic diagram of (a) pseudo Bessel beams generated by a reflective metasurface;
(b) the proposed method to generate the off-axis pseudo Bessel beam.

From the mentioned generation procedure of a pseudo Bessel beam, we can know that forming
a standing wave in the transverse direction is the key that all of the energy can propagate along the
desired direction. This also means the included angle α between the inward conical wave and the
propagation axis needs to remain the same, and as the focused beams do not meet this requirement,
they cannot remain uniform in energy distribution during a long distance [26–29]. Only in this way
can the “standing wave” condition be satisfied, and all of the energy can be propagated along the
propagation axis without leaking to other directions. Based on the above principle and discussion,
we can give a method for generating an off-axis pseudo Bessel beam using a metasurface.

As it is shown in Figure 1b, the first thing we need to do is to determine the propagation
direction of the pseudo Bessel beam; the unit vector of the pseudo Bessel beam can be expressed as
ûk = (sinθk cosϕk, sinθk sinϕk, cosθk), where θk and ϕk are the pitch angle and the azimuth angle
of the desired beam in the coordinate system, respectively. Then we need to determine the ratio
of the wave vector’s transverse component to the longitudinal component; that is, determine the
angle α. Based on these settings, the required compensation phase distribution on the metasurface
can be calculated according to the condition of the transverse component of the wave vector and
geometric optics. This method can satisfy the condition of forming a standing wave on the plane that
is perpendicular to the beam propagation direction, thereby ensuring that all energy radiates along the
propagation axis.

To get the compensation phase distribution of the reflective metasurface, which can generate the
energy-focused, off-axis pseudo Bessel beam, the phase of the E-field at each point on the metasurface
can be expressed as

Φ1(xij, yij) = −2π
λ

âk·
→

OA (1)
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where âk is the unit vector along to the inward conical wave of each point, as shown in Figure 1b,
and the vector corresponding to each point on the metasurface can be expressed as

→
OA =

√
xij2 + yij2(cosϕi j, sinϕi j, 0) (2)

where ϕi j = arctan(yij/xij). The vector corresponding to the intersection of the straight line in the
direction of any vector âk and the propagation axis is

→
OB =

sin(180◦ − β− α)
sinα

√
xij2 + yij2ûk (3)

where β is the included angle between the vectors
→

OA and
→

OB, and it can be obtained by the
vector operation

cos β = sinθk cosϕk cosϕi j + sinθk sinϕk sinϕi j (4)

Finally, the unit vector âk can be expressed as

âk =
(
→

OB− →
OA)∣∣∣∣∣ →OB− →
OA
∣∣∣∣∣

(5)

Taking Equation (5) into Equation (1), the phase Φ1(xij, yij) at each point of the metasurface can
be calculated for the off-axis pseudo Bessel beam, which is also the compensation phase of each unit
cell to transform the plane wave to the inward conical wave. However, the feed horn we actually use
can only radiate the spherical wave. Therefore, we also need to calculate the compensation phase
on the metasurface to convert the spherical wave radiated from the feed horn into the plane wave.
The required compensation phase is

Φ2(xij, yij) =
2π
λ
(
√

xij2 + yij2 + r f
2 − r f ) (6)

where r f is the distance from the feed horn to the metasurface. Then, the final compensation phase of
any off-axis pseudo Bessel beam generated by the feed horn and the metasurface is

Φk(xij, yij) = Φ1(xij, yij) + Φ2(xij, yij) (7)

In this way, we can get the compensation phase of each unit cell on the metasurface to generate the
k-th off-axis pseudo Bessel beam, and the compensation phase to generate multiple pseudo Bessel beams
can be gotten by using the electromagnetic field superposition principle. The phase compensation of
each unit cell whose coordinate is (xij, yij, 0) can be calculated by the following equation [34]:

Φtotal(xij, yij) = arg{
n∑

k=1

exp( jΦk(xij, yij))} (8)

where j is the imaginary unit, Φk is the compensation phase that needed to be adjusted on the k-th
beam, and n is the total number of the multiple pseudo Bessel beams.

3. Metasurface Simulation and Experimental Measurement Results

3.1. Metasurface Simulation and Results

As the method of calculating the compensation phase for generating a single off-axis pseudo
Bessel beam and multiple pseudo Bessel beams by a metasurface has been proposed, we can use the
suitable unit cell to compose the needed metasurfaces. A miniaturized subwavelength unit cell with a

149



Appl. Sci. 2020, 10, 7219

periodicity P = 8 mm (0.27λ) [13] is selected as the unit cell of the metasurface, as show in Figure 2.
The unit cell comprises two concentric circular rings, while the inner ring is connected to a cross, and is
also separated by four identical gaps with an angle of 20◦. The radiuses of the outer ring and the inner
ring are Ro and Ri, which has the relationship of Ri = 0.7×Ro, and the width of both the rings and the
cross is w = 0.3 mm. This unit cell is printed on a F4B (εr = 2.65) dielectric substrate with a thickness of
t = 3 mm, and the model of it is built in the simulation software ANSYS HFSS, with periodic boundary
conditions. The reflection phase and reflection coefficient characteristics of the unit cell versus the
length of Ro at the center frequency of 10 GHz are shown in Figure 2.

 
Figure 2. Geometry (top view) of the designed unit cell and the reflection phase and reflection coefficient
versus the length of Ro in an infinite periodic model with different incidence angles.

As shown in Figure 2, by varying Ro from 0.85 to 3.9 mm, the reflection phase variation range of
the unit cell can cover the whole 360◦, and it can be seen that the phase-shift changes are less than
17◦ when the incidence angle varies from 0◦ to 30◦. Meanwhile, the reflection coefficient keeps above
−0.2 dB when the incidence angle varies, so that this miniaturized unit cell has the characteristics
of both high efficiency and good angle stability; it is also polarization-insensitive because of its
symmetrical structure.

According to the method mentioned and the relationship between the unit cell size and its
reflection phase curves shown in Figure 2, the metasurfaces to generate off-axis pseudo Bessel beams
can be designed. All of the metasurfaces have a size of 390 mm × 390 mm, and the distance from
the feed horn to the metasurfaces is 300 mm. The azimuth angle of the beam is set to be ϕk = 45◦,
and the angle between the inward conical wave and the propagation axis is α = 10◦. In order to
show the universality of this method, we chose the pitch angles to be 15◦, 30◦, and 45◦, respectively.
The designed metasurfaces were simulated by ANSYS HFSS, and the models and simulated results of
the generated off-axis pseudo Bessel beams are shown in Figure 3.

The normalized E-field amplitude distributions in Figure 3 show that the off-axis pseudo Bessel
beams, which have the predetermined orientations, were generated successfully. As the energy is
concentrated along the propagation axis without leakage in other directions, the method we use shows
its effectiveness. To demonstrate the superiority of the proposed method, we can compare it with the
traditional method, which realizes the off-axis pseudo Bessel beam by adding the compensation phases
of the on-axis Bessel beam and the deflected beam. As the differences between these two methods will
become more obvious when the pitch angle becomes larger, we set the pitch angle to be 60◦, and the
other settings are just the same as in Figure 3. The normalized E-field amplitude distributions and
corresponding compensation phase distributions of the off-axis pseudo Bessel beams using the two
different methods are shown in Figure 4.
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Figure 3. The normalized E-field amplitude distributions of the off-axis pseudo Bessel beams with the
propagation directions of (a) θk = 15◦, ϕk = 45◦; (b) θk = 30◦, ϕk = 45◦; (c) θk = 45◦, ϕk = 45◦.

 
Figure 4. The normalized E-field amplitude distributions of the off-axis pseudo Bessel beams
and their corresponding compensation phase distributions when using (a) the proposed method;
(b) the traditional method.

It is easy to find that the compensation phase distributions of the two methods have the same
trend, but the difference is also obvious. The simulated results show that the pseudo Bessel beam using
the proposed method can keep the energy concentrating on the propagation axis in the non-diffraction
area, while the divergence of energy is obvious in the traditional method. So compared with previous
methods, the proposed method shows its superiority.

Based on the high-performance, off-axis pseudo Bessel beams we have generated, and the
superposition of different off-axis pseudo Bessel beams according to Equation (8), multiple pseudo
Bessel beams can also be generated simultaneously using the metasurface. We chose the dual pseudo
Bessel beams as an example, and the propagation directions were set to be θ1 = 30◦, ϕ1 = 0◦ and
θ2 = 30◦, ϕ2 = 180◦, respectively, while the angle α = 10◦ for both of the two beams. The unit cell
was still chosen to be the unit cell shown in Figure 2, and the metasurface has the whole dimension
of 390 mm × 390 mm × 3 mm, while the coordinate of the feed horn in the coordinate system was
still 0 mm, 0 mm, and 300 mm. Then, the required compensation phase distribution, the layout of
the metasurface, and the simulated normalized E-field amplitude distribution of the generated dual
pseudo Bessel beams on the xoz-plane are shown in Figure 5.
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Figure 5. (a) The compensation phase distribution of the designed metasurface; (b) the layout of the
metasurface; (c) the normalized E-field amplitude distribution of the dual pseudo Bessel beams on
the xoz-plane.

It can be seen from Figure 5c that the dual pseudo Bessel beams have been generated by the
metasurface simultaneously, and the propagation directions of them meet the predetermined settings.
The energy is also concentrated along the propagation axes, and to further prove this, we can observe
the normalized E-field amplitude distributions on two sets of observation planes that are, respectively,
perpendicular to the two propagation directions. These observation planes with a size of 0.3 m × 0.3 m
are placed at different distances from the metasurface, and the distances are 400 mm, 600 mm, 800 mm,
1000 mm, and 1200 mm, respectively.

As shown in Figure 6, it is obvious that the energy is concentrated on the center point of each
observation plane, which is also the intersection of the propagation axis and the observation plane.
In addition, the normalized E-field amplitudes of both the two beams decrease as the distances from the
metasurface increase, while the normalized E-field amplitude distributions that on the same distance
of the two beams are symmetrical. This phenomenon shows that the energy allocated to the two beams
is basically the same, which is in line with our design.

 
Figure 6. Simulated normalized E-field amplitude distributions on the different observation planes at
the distances of (a) 400 mm, (b) 600 mm, (c) 800 mm, (d) 1000 mm, and (e) 1200 mm away from the
metasurface when the azimuth angle of the pseudo Bessel beam is 0◦. The simulated normalized E-field
amplitude distributions on the different observation planes at the distances of (f) 400 mm, (g) 600 mm,
(h) 800 mm, (i) 1000 mm, and (j) 1200 mm away from the metasurface when the azimuth angle of the
pseudo Bessel beam is 180◦.

3.2. Metasurface Experimental Measurement and Results

The fabricated metasurface is fed by a broadband horn antenna that operates from 2 to 18 GHz
and is measured by using the near-filed planar-scanning techniques in the anechoic chamber, as shown
in Figure 7a. And the prototype of the fabricated reflective metasurface is shown in Figure 7b.
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Figure 7. (a) Experimental measurement scene of the dual pseudo Bessel beams in the anechoic
chamber; (b) the prototype of the fabricated reflective metasurface.

A standard waveguide probe is used to detect the normalized E-field amplitude distributions
corresponding to that shown in Figure 6. To detect the off-axis beams, the metasurface should have an
inclined angle of ±30◦ to the z-axis, and the scanning plane has a size of 0.3 m × 0.3 m with a sampling
grid of 5 mm. The normalized E-field amplitude distributions on the different observation planes are,
respectively, perpendicular to the two propagation directions and have a distance from the metasurface
of 400 mm, 600 mm, 800 mm, 1000 mm, and 1200 mm, measured as shown in Figure 8. The comparison
between Figures 6 and 8 shows that the experimental measurement results of the dual pseudo Bessel
beams are in good agreement with the simulated one.

 
Figure 8. Experimental measurement normalized E-field amplitude distributions on the different
observation planes at a distance of (a) 400 mm, (b) 600 mm, (c) 800 mm, (d) 1000 mm, and (e) 1200 mm
away from the metasurface when the azimuth angle of the pseudo Bessel beam is 0◦. The experimental
measurement normalized E-field amplitude distributions on the different observation planes at a
distance of (f) 400 mm, (g) 600 mm, (h) 800 mm, (i) 1000 mm, and (j) 1200 mm away from the metasurface
when the azimuth angle of the pseudo Bessel beam is 180◦.

In order to show the phenomenon of dual pseudo Bessel beams, we observe the normalized
E-field amplitude distributions of the dual-beams on a 1.2 m × 0.6 m observation plane, which is
perpendicular to the probe. The distance between the probe and the observation plane is 0.6 m, and the
experimental measurement normalized E-field amplitude distribution on the observation plane is
shown in Figure 9.
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Figure 9. Experimental measurement normalized E-field amplitude distribution of the dual pseudo
Bessel beams on the observation plane with a size of 1.2 m × 0.6 m and a distance to the probe of 0.6 m.

From the experimental measurement result shown in Figure 9, it is sure that the energy concentrates
on the points where the pseudo Bessel beams pass through, and the amplitudes of the two beams
are basically equivalent. So, we can draw the conclusion that the dual pseudo Bessel beams were
generated by the metasurface, and almost all of the energy is propagating along the desired directions.

4. Discussion

The dual pseudo Bessel beams were generated using the designed metasurface with the proposed
method. From the simulated normalized E-field amplitude distribution, we can see two pseudo Bessel
beams propagate along the directions of θ1 = 30◦, ϕ1 = 0◦ and θ2 = 30◦, ϕ2 = 180◦ simultaneously,
and the energy is divided into two almost equal parts along the desired directions. The energy along
the propagation axes is nearly remaining stable, while the simulated and experimental measurement
normalized E-field amplitudes at the different distances have the tendency of decreasing gradually,
which means the energy is attenuating when propagating. We can calculate the transmission efficiency
of the dual pseudo Bessel beams generated by the metasurface at different transmission distances to
further research the energy distribution of the dual pseudo Bessel beams. As shown in Figure 10,
the transmission efficiency (η) of the metasurface can be defined as the ratio of the pseudo Bessel beam
power (P1) to the total power (P0) radiated by the metasurface, i.e., η = P1/P0, and the values of both P0

and P1 are the flux integral of the Poynting vector.

 

Figure 10. Schematic diagram of the efficiency calculation method.

As the beams we generate are the dual pseudo Bessel beams, it is necessary to add the power
of the two beams obtained at the same transmission distance. Here we use five different reference
planes to calculate the power of the dual beams at different transmission distances. The distances from
the metasurface are the same as that of the E-field observation planes mentioned, so the transmission

154



Appl. Sci. 2020, 10, 7219

distances are 400 mm, 600 mm, 800 mm, 1000 mm, and 1200 mm, respectively. The result shows that on
the reference plane has a distance of 400 mm, and the total calculated power value of the two beams is
0.474. As the power value P0 on the metasurface can be obtained as 0.8 by integration, so the efficiency
of the dual pseudo Bessel beams at 400 mm is about 59.2%. The efficiency at the latter distances was
also calculated by the same method as being 36.8%, 32.6%, 27%, and 25%, respectively. It can be seen
that the efficiency changes with the change in transmission distance, and it maintains a relatively
high value considering that the reference planes are far away from the metasurface; that is, a high
efficiency can be obtained at different transmission distances in accurately controllable propagating
directions when using the proposed method to generate pseudo Bessel beams. As the energy can be
allocated in multiple directions, devices at multiple different locations can be charged simultaneously.
Furthermore, because the generated pseudo Bessel beams have uniform energy distributions within a
certain range, the location requirements for the devices are also reduced.

5. Conclusions

In this paper, multiple pseudo Bessel beams can be effectively generated based on the method of
generating an off-axis pseudo Bessel beam and the principle of superposition, and the beams have the
advantages of both accurately controllable propagating directions and high efficiency. The metasurface
for generating dual pseudo Bessel beams was designed, fabricated, and measured, and the simulated
and experimentally measured normalized E-field distributions demonstrate that nearly all the radiated
energy from the metasurface propagates along the designed directions. The full wave simulation
results show that the dual beams have a high efficiency of 59.2% at a transmission distance of 400 mm
from the metasurface, and the efficiency keeps relatively high in the non-diffracting area. The proposed
method and device for generating multiple pseudo Bessel beams can be applied to multi-user WPT
systems, wireless communication systems, and multi-objects radio frequency identification (RFID)
systems with a large operating distance.
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