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1. Introduction

Due to exceptionally high data rates attainable with modern
wireless communication systems and the app-based use
paradigm, wireless connectivity through multiple and even
diverse air interfaces has become a common requirement
in the RF architecture of mobile communication devices.
Modern wireless devices frequently incorporate five or more
antennas to enable cellular voice, video and data, Wi-Fi, and
GPS connectivity, across multiple bands. Multiple antenna
systems are frequently designed to implement diversity or
spatial multiplexing schemes, as in the case of WCDMA
and LTE, to increase resiliency and capacity of wireless
links, and to operatemultiple voice/data links simultaneously.
Carrier aggregation is demanding that multiple cellular
bands are to be served simultaneously. Concurrently, ultra-
wideband (UWB) systems used in short-range communica-
tions, remote sensing, and through-the-wall radar imaging
have introduced a new paradigm in the antenna design
where the mitigation of pulse distortion is of the essence,
thus requiring a shift in antenna design approach and the
introduction of novel compact radiating systems. More-
over, vehicular communication systems, in order to provide
safety warnings and traffic information, employ dedicated
short-range communication devices that are intended to
be used in vehicle-to-vehicle and vehicle-to-infrastructure
communications, thereby enabling the use of cloud-based
applications. Following these trends of the market, the level

of complexity in the design and implementation of antenna
systems and relevant radio-frequency (RF) front-ends in
wireless terminals has grown dramatically, requiring highly
innovative solutions.

This special issue is intended to reflect current research
trends and novel approaches in the analysis and synthesis
of antenna systems and associated RF front-ends for next
generations of mobile communication devices, applicable to
various device forms such as smartphones, tablets, laptops,
and wearable computers, as well as for UWB communi-
cation systems and radars, including the ones adopted in
the automotive industry. Particular emphasis has been put
in the analysis and design of broadband, multiband, and
reconfigurable antennas for wireless and UWB applications,
aswell as in the identification of specialmaterials and antenna
integration techniques with the host platforms. Special effort
has been devoted to the characterization of the radio channel
and to the improvement of the quality of service. The special
issue consists of 13 contributions that can be divided into the
following 6 topics.

2. Contributions to Broad- and
Multibanding Techniques

In “A Compact Novel Three-Port Integrated Wide and
Narrow Band Antennas System for Cognitive Radio Applica-
tions,” by N. A. Kumar and A. S. Gandhi, the authors present
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the design and realization of a three-port radiating structure,
integrating wide- and narrow-band antennas for cognitive
radio applications. The radiating system consists of an UWB
antenna for spectrum sensing, as well as two narrow-band
antennas for wireless communication integrated on the same
substrate. In particular, the first narrow-band antenna covers
the frequency band between 8.78GHz and 9.23GHz, while
the second one covers the frequency band between 7.33GHz
and 7.7GHz and the frequency band between 9.23GHz and
9.82GHz, respectively.

In “A Novel Dual-Band Circularly Polarized Rectangular
Slot Antenna,” by B. Li et al., the authors present a dual-
band circularly polarized antenna consisting of a rectangular
metal frame, acting as a ground, and an S-shaped monopole
working as a radiator.The circular polarization is obtained by
means of a suitable design of the S-shaped monopole and of
the externalmetallic frame.The antenna covers the frequency
bands 2.39–2.81 GHz and 5.42–5.92GHz and, therefore, can
be conveniently applied inWLAN andWiMAX applications.

In “On-Body Characterization of Planar Differential
Antennas for Multiple, Wide, and Narrow Bands” by L.
Vallozzi at al., the authors present the results of on-body
experimental tests of a set of four planar differential antennas
with optimized layout of the radiating arms. It is observed
that the performance of the considered antennas is acceptable
when they are placed at a distance of 15mm from the chest
area of a human body. Therefore, they can be employed
successfully in short-range off-body communications, as
well as for the monitoring of vital signs, or body area
network applications. Finally, it is observed that the proposed
antennas can cover several frequency bands of interests, such
as the lower portion of the UWB range from 3 to 5GHz,
the 868MHz and 2.45GHz ISM bands, and the 1.2 GHz
band (lower L-band) for Global Positioning and Navigation
Satellite System (GNSS), as well as the Ultrahigh Frequency
(UHF) band at 915MHz for Radio-Frequency Identification
(RFID).

3. Contributions to Antennas for
Wideband and UWB Applications

In “Wideband andUWBAntennas forWireless Applications:
A Comprehensive Review,” by R. Cicchetti et al., the authors
present a comprehensive review concerning the geometry, the
manufacturing technologies, the materials, and the numeri-
cal techniques, adopted for the analysis and design of wide-
band and UWB antennas for wireless applications. Planar,
printed, dielectric, and wearable antennas, achievable on
laminate (rigid and flexible) and textile dielectric substrates,
are considered. The performances of small, low-profile, and
dielectric resonator antennas are illustrated paying particular
attention to the application areas concerning portable devices
(mobile phones, tablets, laptops, wearable computers, etc.)
and radio base stations.This information provides a guidance
to the selection of the different antenna types depending on
required bandwidth, gain, field polarization, time-domain
response, dimensions, and materials, as well as on the
constraints related to the host platform.

In “Dielectric Resonator Antennas: Basic Concepts,
Design Guidelines, and Recent Developments at Millimeter-
Wave Frequencies,” by S. Keyrouz and D. Caratelli, the
authors present an up-to-date literature overview of the
most effective design approaches for controlling circuital
characteristics and radiation properties of dielectric res-
onator antennas (DRAs). The main advantages of DRAs are
discussed in detail, with special emphasis put on the most
advanced techniques for antenna feeding, size reduction,
and gain enhancement. In this way, guidance is given to
RF front-end designers in the selection of different DRA
topologies useful for achieving desired performance in terms
of bandwidth, radiation pattern, polarization, and ease of
integration with the host platform. In particular, advances in
the application of DRA technology at mm-wave frequencies
have been presented, and the most recent implementation of
on-chip and off-chip DRAs has been reviewed. It has been
shown that silicon-basedDRAs realizedwith standardCMOS
process are characterized by good efficiency and gain, thus
proving the good potential of DRAs for upcoming 5G com-
munications, as well as high-resolution radar applications.

4. Contributions to Smart Antennas

In “Smart Cylindrical Dome Antenna Based on Active
Frequency Selective Surface,” by T. Ding et al., the authors
present a highly agile, electronically steerable active smart
dome antenna. The radiating structure is composed of an
active dipole antenna surrounded by 16 strips with active
frequency selective surfaces forming a dome. The response
of the frequency selective surfaces is continuously tuned by
varying the bias voltages of suitable varactors. In this way,
some strips integrated in the dome can be biased in order to
become reflective, while other strips are tuned so as to focus
the electromagnetic energy at the boresight, thus enabling the
coverage of the complete angular range.

In “Band-Notched UWB Antenna with Switchable and
Tunable Performance,” by W. Wu et al., the authors present
a novel UWB antenna with switchable and tunable notch
bands. The antenna consists of a circular UWB monopole
printed on a trapezoidal ground plane. The radiating struc-
ture is integrated with two filters whose frequency behavior
is electronically controlled by PIN and varactor diodes. The
PIN diodes are used to control the switch between the lower
(centered at about 4.5 GHz) and upper (centered at about
6GHz) notch frequency bands, while the varactors are used
to tune the filters in the individual bands.

5. Contributions to Antennas for
Mobile Phones

In “A Small Planar Antenna for 4G Mobile Phone Appli-
cation” by H. Jian-rong et al., the authors present the
analysis and design of a small planar multiband antenna
operating in the 4G frequency bands. The antenna consists
of two horizontal-U rings, a shorting line, and a ground
plane printed on a commercial FR4 substrate. The antenna
satisfies the requirement of 6 dB return loss across the
LTE700/LTE2300/LTE2500 and WiMAX 3500 bands.
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In “AWideband Antenna with Circular and Rectangular
Shaped Slots for Mobile Phone Applications,” byW.-H. Zong
et al., the authors present a wideband slot antenna for mobile
phone applications. The antenna is composed of two slots.
The main slot, whose shape is a combination of a rectangle
and a circle, presents small size, while an additional slot
having rectangular shape is employed to excite a resonance
at higher frequencies. The two slots are fed with a bent
shape structure to obtain wideband impedance matching
characteristics. The measurements performed on an antenna
prototype confirm that the proposed antenna solution covers
the LTE700/2300/2500, GSM850/900/1800/1900, and UMTS
bands with nearly omnidirectional radiation patterns.

6. Contributions to Substrates, Special
Materials, and Fabrication Techniques

In “Wideband, Low-Profile, Dual-Polarized Slot Antenna
with an AMC Surface for Wireless Communications,” by W.
Hu et al., the authors present a wideband dual-polarized slot
antenna loaded with an artificial magnetic conductor (AMC)
for WLAN/WiMAX and LTE applications. The antenna
structure consists of two pairs of arrow-shaped slots realized
along the diagonals of a square patch. Two orthogonal
stepped microstrip feedlines are used to excite horizontal
and vertical field polarization, independently, while an AMC
surface composed of 7 × 7 unit cells is employed to achieve
unidirectional radiation patterns.

In “A Multiband Proximity-Coupled-Fed Flexible Mi-
crostrip Antenna forWireless Systems,” by G. A. Casula et al.,
the authors present a multiband printed microstrip antenna
for wireless communications. The antenna, which consists of
proximity-coupled annular rings printed on a flexible sub-
strate, can cover both the WLAN frequencies (both S-band
at 2.45GHz and C-band at 5.2 GHz) and WiMAX frequency
at 3.5 GHz. The considered antenna can be also employed
for vehicle-to-vehicle (V2V) and Vehicle-to-Roadside (V2R)
communications, relying on Wireless Access in Vehicular
Environments (WAVE)/Dedicated Short-Range Communi-
cation (DSRC) based on Intelligent Transportation System
(ITS).

7. Contributions to Channel Modeling and
System Design

In “Impact on Antijamming Performance of Channel Mis-
match in GNSS Antenna Arrays Receivers” by Z. Lu et al.,
the authors analyze the impact on antijamming performance
of channel mismatch in GNSS antenna arrays receivers. The
characteristics of channel mismatch and impact of mismatch
level are studied through theoretical analysis and simulation
experiments. To determine the antijamming performance of
an antenna array the concept of channel mismatch impact
factor is introduced.

In “Design and Performance Analysis of MISO-ORM-
DCSK System over Rayleigh Fading Channels,” by G. Zhang
et al., the authors present a novel chaotic communication

system, named Orthogonality-Based Reference Modulated-
Differential Chaos Shift Keying (ORMDCSK), to enhance the
performance of RM-DCSK. It is demonstrated that by using
an orthogonal chaotic generator the intrasignal interference
components existing in RM-DCSK are eliminated. More-
over, it is shown that the proposed system shows excellent
agreement between theoretical expressions and Monte Carlo
simulations, while exhibiting a significant BER improvement.
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A comprehensive review concerning the geometry, the manufacturing technologies, the materials, and the numerical techniques,
adopted for the analysis and design of wideband and ultrawideband (UWB) antennas for wireless applications, is presented. Planar,
printed, dielectric, and wearable antennas, achievable on laminate (rigid and flexible), and textile dielectric substrates are taken
into account. The performances of small, low-profile, and dielectric resonator antennas are illustrated paying particular attention
to the application areas concerning portable devices (mobile phones, tablets, glasses, laptops, wearable computers, etc.) and radio
base stations. This information provides a guidance to the selection of the different antenna geometries in terms of bandwidth,
gain, field polarization, time-domain response, dimensions, and materials useful for their realization and integration in modern
communication systems.

1. Introduction

The antenna design for high-speed multimedia connectivity
represents a challenging activity for designers of fixed and
mobile wireless communication systems. In fact, the rapid
growth of mobile systems toward the fifth-generation (5G
systems) requires multiband, wideband, and UWB antennas
suitable to cover mobile and wireless services and to reduce
the system complexity, the overall device dimensions, and
costs. Many efforts are underway to identify new antenna
geometries suitable to satisfy the challenging requirements
of the modern wireless communication systems [1–4]. This
is particularly relevant in UWB applications operating in
the extended frequency bands listed in Table 1, where the
communication standards adopted by the major countries in
the world are reported [5].

Planar, printed (2D profile), and 3D antennas have been
developed with the aim of meeting the integration require-
ments and transportability of handheld devices (mobile
phones, laptops, tablets, etc.) as well as those of radio base
stations and vehicles (cars, airplanes, ships, etc.). In addition,
antenna conformability may be a useful requirement to

reduce the size and improve the look of mobile devices,
while it results in an essential requirement for on-body
type communication systems. This is particularly meaning-
ful in wireless body area networks (WBANs) where high
performances, as well as antenna flexibility under bending
conditions, are important issues.

In general, 2D and 3Dantenna technologies developed for
wideband, multiband, and UWB applications can be divided
into the following groups: microstrip antennas, monopole
antennas over metal plates, printed monopole/dipole anten-
nas, wide-slot antennas, metamaterial antennas, and dielec-
tric resonator antennas (DRAs).These antennas may in some
cases meet the demanding requirements of the existing com-
munication systems, while they can be the starting point from
which to develop new radiating systems suitable for the future
communication requirements. To this end, in this paper a
comprehensive review of the scientific literature of the last
decade concerning these aspects is taken into account with
the aim to provide researchers and designers with a valuable
support tool to the antenna design. Particular emphasis is
given to geometries, radiation mechanisms, broadbanding
methods, materials, and prediction numerical tools adopted

Hindawi Publishing Corporation
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Table 1: UWB standards.

Country Frequency bands Regulated by

America, Canada
3.1–10.6GHz
unlicensed band
without restrictions

Federal
Communication
Commission (FCC)

Europe

3.1–4.8GHz with
Detect And Avoid
(DAA) restrictions;
6–8.5GHz band with
no restrictions

Electronic
Communications
Committee (ECC)

Japan

3.4–4.8GHz with
DAA restrictions;
7.25–10.25GHz
unlicensed band

Ministry of Internal
Affairs &
Communications
(MICs)

Korea

3.1–4.8GHz with
DAA restrictions;
7.2–10.2 GHz band
with no restrictions

Electronics and
Telecommunications
Research Institute
(ETRI)

Singapore

6–9GHz band with
no restrictions;
3.4–4.2GHz band
with DAA restrictions

Infocomm
Development
Authority (IDA)

to the analysis and design of these important classes of
antennas.

The paper is organized in 12 sections. In Section 2 the
features of somewidebandmicrostrip antennas are presented.
In Section 3, the characteristics of monopole antennas over
metal plates are discussed. In Sections 4, 5, and 6, the
performances of planar printed monopole, wide-slot, and
dipole antennas for wideband and UWB applications are
illustrated. In Section 7, directional UWB antennas are
presented, in Section 8 metamaterial antennas are discussed,
and in Section 9 antennas and materials useful to realize
wearable antennas are considered, while in Section 10 the
most recent advances of DRA antennas are illustrated. The
main techniques adopted to realize UWB antennas with
notched bands are highlighted in Section 11. Finally, in
Section 12 some remarks concerning the state of the art,
the future trends, and the main limitations of the different
antenna manufacturing technologies being considered are
outlined.

2. Wideband Planar Microstrip Antennas

Microstrip patch antennas (MPAs) were first introduced in
the 1950s [6] but they found success only in the 1970s, driven
by the fast growth of integration technology with active
devices which allows realizing very compact structures. How-
ever, although these antennas exhibit low-profile, small size,
limited manufacturing costs, and easy circuital integration,
they typically present low fractional bandwidths (FBW= 7%)
not compatible with the modern wireless communication
systems. To overcome this drawback, a significant research
activity has been performed in the last twenty years to identify
new geometries suitable to satisfy those requirements. This
required the identification of the physical mechanisms gov-
erning the radiative processes taking place in said antennas.

Figure 1: Amonopolar patch antenna with a circular patch, circular
ground plane, and two coupled metal rings [7]. The dot point
indicates the coaxial probe pin. Dark gray monopole and light gray
dielectric substrate.

In this section, some examples of the most recent antennas
belonging to this important class are reported.

As a first structure, a wideband patch antenna having a
radiation pattern similar to that of amonopole and consisting
of two metal rings coupled to a circular patch radiator,
presented in [7] is illustrated. The antenna is printed on a
circular grounded dielectric substrate (DiClad 527), with rel-
ative permittivity 𝜀

𝑟
= 2.5, thickness of 1.5mm, and diameter

120mm, while a coaxial probe, located at the center of the
circular patch, is used to excite the antenna (see Figure 1).The
antenna has been analyzed using the full-wave FEM-based
HFSS [8]. The antenna return loss is principally affected by
the distances between the rings, between the first ring and
the central radiating element, and by the radius of circular
metal strip. The monopole-like radiation characteristics of
the pattern are due to the central position of the excitation
probe as well as to the symmetric field configurations excited
in each slot through which the emission of electromagnetic
energy occurs. The measured impedance bandwidth covers
the 5.45–7.16GHz frequency band (FBW= 27.1%)making the
antenna useful to be employed for wireless communication
standards (WLAN, WiMAX). The realized measured peak
gain ranges between 1.9 dBi and 6.3 dBi, while the cross-
polarization levels are of about 15 dB and 20 dB in the𝐻-plane
and 𝐸-plane, respectively.

A different design solution for a broadside coverage,
consisting of a compact perturbed E-shaped patch antenna
printed on a grounded dielectric substrate RT/duroid 5880
of dimensions 42mm × 42mm × 3.15mm (about 0.82𝜆

0
×

0.82𝜆
0
× 0.0612𝜆

0
, where 𝜆

0
is the free-space wavelength at

the antenna central frequency 𝑓 = 5.38GHz) and dielectric
permittivity 𝜀

𝑟
= 2.2, has been presented in [9]. Two zig-

zag slots and two rectangular notches have been inserted in
the patch for achieving a wider impedance bandwidth with
higher return loss levels. To excite the antenna, a 50Ω probe
is inserted between the first teeth of the zig-zag slots (see
Figure 2). The zig-zag slots extend the current paths on the
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Figure 2: A compact perturbed E-shaped patch antenna [9]. Corner
notches and zig-zag slots realized on the metallic patch are adopted
to obtain a wideband behavior, while a 50Ω probe is inserted
between the first teeth of the zig-zag slots to excite the antenna. Dark
gray monopole and light gray dielectric substrate.

metal patch making the antenna less longer along the teeth
direction reducing in this way the antenna dimensions. In
addition, they excite two low Q resonant modes, resulting in
an impedance antenna bandwidth ranging between 4.96GHz
and 6.69GHz (FBW = 30%), thus ensuring the coverage of
theHiperlan/2, IEEE 802.11a, andHiSWaNa frequency bands.
A homemade numerical prediction tool based on a locally
conformal finite-difference time-domain (FDTD) scheme,
together with the surface equivalence theorem employing
the free-space dyadic Green’s functions, has been adopted to
compute the field distributions near and outside the FDTD
computational domain [10]. At lower frequency the radiation
patterns are similar to that of a simple rectangular patch
antenna, while at higher frequencies they show a tilt of
about 16.2∘ from the boresight direction in the 𝐸-plane. This
behavior can be explained with the presence of a surface
current density traveling along the zig-zag region. Front-to-
back ratios are higher than 21 dB due to the adopted full
ground solution, while the realized gains are between 4 and
7 dBi. An equivalent circuit useful to simplify the design of
the RF front end and an analysis of the radiationmechanisms
responsible for the antenna behavior are reported in [11].

To improve the impedance bandwidth a U-shaped
antenna with a defect ground plane, adopted to reduce the
reactive energy stored within the antenna cavity and in the
neighboring region of the metal patch, has been proposed
in [12]. Said antenna, useful for wideband wireless com-
munications, is printed on a glass polytetrafluoroethylene
(PTFE) dielectric substrate of permittivity 𝜀

𝑟
= 2.4, loss

tangent 0.00022, and thickness of about 1.6mm. A coaxial
probe, placed in the antenna symmetry plane, is adopted
to excite the antenna (see Figure 3). The effects of circular
and square ground planes have been investigated. It is
observed that antennas equipped with circular ground planes
exhibit wider impedance bandwidth with respect to those
equipped with a square ground plane having comparable

dimensions. In particular, the antenna having a diameter of
36mm offers the best radiative performance and covers the
frequency range from 4.5GHz to 11.4 GHz (FBW = 86.79%).
Parametric optimizations have been performed using the
full-wave commercial software Ansoft based on the Method
of Moments. The measured gain ranges between 2.2 dBi and
4.1 dBi over the entire frequency band.

Other examples of wideband planar microstrip antennas
can be found in [13–16].

3. Monopole Antennas over Metal Plates
(3D Profile)

In 1976, Dubost and Zisler [17] introduced for the first time
wideband monopole antennas arranged orthogonally on a
metal ground plane. Even though their vertical size can
prevent their integration into handset devices, different kinds
of planar monopole antennas have been developed in the
last twenty years, due to their several practical advantages.
In particular, the metal plate can be usefully employed
to increase the antenna gain and the front-to-back ratio,
thus allowing obtaining a high electrical insulation with the
RF circuitry of the communication system and preserving
the antenna characteristics regardless of the installation
site features [18]. Of particular practical interest are the
monopoles or the folded antennas as they can be employed
in base stations, avionics or automotive systems, and so
forth. Said applications, which generally do not need compact
communication systems, require instead low vertical-profile
radiators when they are intended to be installed on high-
speed mobile vehicles. A wide class of said antennas having
the above-mentioned features have been proposed in the
literature in order to obtain high radiative performance (see
Figure 4). For the sake of brevity in this section an overview of
themost significant results published in literature is provided.

Empirical formulas, to identify the frequency band cov-
ered by monopole antennas vertically placed on ground
planes, useful during the preliminary design stage, are pro-
posed in [19–22]. These formulas are derived assuming that
the electromagnetic field, first to be radiated by themonopole,
substantially propagates in the spatial region located between
the lower edge of the monopole and the ground plane; that is,
it experiences a propagation similar to that which occurs in a
simple or tapered transmission line.

Adopting the lower profile of the monopole similar to
that of a tapered transmission line, a planar inverted cone
antenna (PICA) for broadbandwireless applications has been
proposed in [23]. Two different design solutions, intended for
UWB applications related to imaging and communication,
are considered (see Figure 5). In particular, the first design
solution operates in the frequency range between 1 and
9GHz, while the second one, provided with holes, covers
between 1 and more than 10GHz with a FBW = 163%. Both
antennas are characterized by an adequate level of cross-
polarization and frequency stability of the radiation diagrams
(best performances are exhibited by the solution provided
with holes) up to about 7GHz. The antenna gain varies
between 4 and 8 dBi in the frequency range between 1 and
10GHz. The monopole, of length of about 76.2mm (𝜆

0
/4,
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(a) (b)

Figure 3: U-shaped patch antenna with a U-slot embedded in a circular/square ground plane [12]. Top view (a) and bottom view (b). The
black dot point indicates the pin of the coaxial probe. Dark gray monopole and light gray dielectric substrate.

where 𝜆
0
is wavelength at the lower working frequency), is

printed on a substrate of relative dielectric permittivity 2.33
and thickness 0.79mm, while the metal plate has dimensions
of 610mm × 610mm (2𝜆

0
× 2𝜆
0
). The structure, fed by a

coaxial probe, is spaced from the ground plane of 0.64mm to
increase the operating band. The antenna was analyzed and
designed using a homemade software based on the full-wave
FDTD numerical technique.

A similar design solution, but having a wider bandwidth,
has been proposed in [24].This solution adopts a leaf-shaped
monopole having three circular holes, mounted vertically on
a grounded dielectric slab of dimensions 80mm × 80mm,
with dielectric constant 𝜀

𝑟
= 3.5 and thickness of 1.5mm

(see Figure 6). The holed monopole, of height 76.2mm and
thickness 1mm, together with an air gap of 0.64mm, is
employed to improve the antenna bandwidth that extends
from 1.3GHz up to 29.7GHz (FBW = 183%). The antenna
gain ranges between 3.6 and 4.7 dBi in the frequency band
between 3 and 9GHz.The applications for which the antenna
is proposed are of commercial and military nature. The
antenna was analyzed by means of the full-wave FIT-based
CST Microwave Studio [25]. The measurement results are in
good agreement with the numerical simulations.

Simple monopoles, with bevels and with vertical foldings
of the radiating surfaces, for broadband and UWB applica-
tions, have been analyzed in [20]. Both structures, vertically
mounted on a ground plane of dimensions 260mm×260mm,
have a height of 45mmand an air gap of 1mm,while the bevel
angle is of 16∘ for the monopole and 20∘ for the accordion
version. In particular, it is shown how both the monopole
tapering and the bending are able to expand significantly the
antenna operating band (see Figure 7). In fact, the adoption
of the twomentioned techniques not onlywidens the antenna
bandwidth but makes the radiation patterns more stable in
frequency. The performances of the antennas were analyzed
by means of the full-wave FIT-based CST Microwave Studio
[25]. The results of the measurements performed on the
antenna prototypes are found to be in good agreement with
the numerical computations.

A modified bevel technique is adopted in [26], where
two monopole antennas suitable to cover the AMPS (824–
894MHz), the GSM900 (890–960MHz), and the DCS (1710–
1880MHz) frequency bands were presented. The antennas
are proposed for multiband mobile communication systems
such as receivers for vehicle applications. A homemade full-
wave method of moment (MoM), based on the Rao-Wilton-
Glisson (CRWG) basis functions, has been employed to solve
the electric field integral equation (EFIE) from which the
antenna surface current distributions have been derived. The
radiating element, of dimensions of 50mm × 87mm and
thickness of 0.5mm, with bevel cuts on its two lower corners,
is connected to a 50Ω SMA connector pin. The first radiant
structure, composed of a rectangular monopole having a
bevel angle of 22.3∘, a suitable width of the feeding strip, and
a gap distance of 3mm from the ground plane, is depicted in
Figure 8(a). The top edge of the radiating element is rounded
to improve the high-frequency performance of themonopole.
The geometrical parameters affecting the antenna bandwidth
are the height of the monopole, which controls the lower
frequency, and the bevel angle which controls the antenna
upper frequency. In this way, an antenna whose gain varies
from 4 to 7 dBi is obtained.

The second monopole antenna, having a staircase profile
of its contour (see Figure 8(b)), presents a larger tapering
region close to the feeding strip.Themonopole of dimensions
68mm × 69.5mm, presenting an air gap of 1.8mm, is placed
vertically on a ground plane of size 500mm × 500mm. The
radiation diagrams show a frequency behavior similar to
those of the first monopole antenna even if the presence of
a staircase profile introduces some ripples in the radiation
diagrams, while the gain increases monotonically from about
2.5 up to 6.3 dBi in the frequency range of 800–1880MHz.
Note that the total height of the second antenna is only of
0.19𝜆

𝐿
, which is much lower than the height of the first

antenna 0.24𝜆
𝐿
(𝜆
𝐿
is the wavelength at the lower edge of the

AMPS frequency band).
A combined technique to realize a wideband antenna,

consisting of a rectangular monopole with a bevel and
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Figure 4: Examples of broadband and UWB monopole antennas over a metal plate. Dark gray monopole, medium gray ground plane, and
light gray dielectric substrate.

a shorting post, has been proposed in [27]. The antenna
exhibits a frequency band with a VSWR ≤ 3 ranging from
800MHz to more than 10.5 GHz. Said antenna (see Figure 9)
can meet the requirements of the GSM, PCS, IMT-2000,
and DECT of the 2.4GHz and 5.8GHz ISM bands, U-NII,
as well as those of the most recent UWB communication
systems.The frequency behavior of the parameter VSWRwas
simulated by means of a homemade software based on the
MoM technique, using a finite-gap voltage-feed source and
a wire-grid mesh with piecewise sinusoidal basis functions.
The experimental results performed on an antenna prototype
show that the simultaneous adoption of the short circuit strip

and of the bevel (whose angle should not exceed 40∘) realized
in the lower edge profile of the monopole is able to increase
significantly the antenna bandwidth.Themonopole has a size
of 60mm × 60mm × 0.2mm, with a feed gap of 1.2mm and
a shorting post of 2mm, while the ground plane has a size of
approximately 200mm × 200mm.

An excitation system with three branches named trident-
shaped feeding line, proposed to obtain an enhancement of
the antenna bandwidth and a better polarization purity of
the radiated field, has been presented in [28]. The antenna
consists of a squared monopole (size 40mm × 40mm ×
0.2mm) placed vertically with respect to a ground plane
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(a) (b)

Figure 5: The PICA broadband antenna [23]. The design solutions (a) without holes and (b) with holes in the monopole are shown in the
figure. Dark gray monopole and medium gray ground plane.

Figure 6: The leaf-shaped antenna [24]. The holes in the monopole
are used to modify the surface currents distribution giving rise to
a more favorable reactive energy configuration near the monopole.
Dark gray monopole and medium gray ground plane.

of dimensions 150mm × 150mm. The improvement of the
antenna characteristics is obtained thanks to a better spatial
distribution of the vertical component of the surface current
togetherwith a drastic reduction of the transverse component
excited on the monopole (see Figure 10). The experimental
measurements confirm that the monopole exhibits a nar-
rowband behavior when it is excited by a single feed point,
while its behavior becomes broadband,with a frequency band
ranging between 1.4 and about 11.5 GHz, when the monopole
is fed in three equal-spaced points. The antenna is proposed
for the applications concerning the new broadband wireless
metropolitan area network system using the IEEE 802.16a (2–
11 GHz) standard [29]. The antenna gain varies from about
4 to 7 dBi, in the frequency range between about 1.3 and
6GHz, while maintaining fairly constant in the frequency
range between 6GHz and 10GHz. The simulated results are
obtained using the full-wave FEM-based HFSS [8].

A technique useful to improve the impedance bandwidth
of a rectangularmonopole antenna, consisting in the use of an
additional rectangular metallization, placed orthogonal with
respect to themonopole axis, so as to obtain a resulting cross-
shaped geometry, having the aim of obtaining an antenna
suitable to cover the UWB band (3.1–10.6GHz), has been
proposed in [30]. The monopole of dimensions 24mm ×
18mm is placed vertically on a circular metal plate (see
Figure 11) whose diameter is of about 150mm (corresponding
to about 3.2𝜆

0
, where 𝜆

0
is the free-space wavelength relative

to the central working frequency). The antenna gain ranges
between about 3.1 and 5.8 dBi. The cross-polarization levels
are similar to those of a rectangular monopole. The radiation
phenomena occur near the lower edge of the monopole. The
full-wave FIT-based CST Microwave Studio [25] and MoM-
based WIPL-D [31] are used for the numerical simulations.

Finally, an example of a wideband antennas array is
reported. The array is formed by four horizontal pinwheel-
shaped folded monopole planar antennas (PMAs) assembled
with additional four vertical PMAs to improve the directivity
and the performance of the circular polarization [32]. Since
the overall antenna height is of 19mm it can be easily
integrated into low-profile devices. Moreover, supporting the
circular polarization it may be useful to realize radio base sta-
tions for indoor applications. The antenna has an impedance
bandwidth ranging between 1.05 and 2.55GHz (FBW = 87%)
in which the axial ratio AR < 3 dB. The antenna is realized
on an RF-35 substrate with a dielectric constant of 3.5 and
thickness of 0.5mm, having a ground plane of 150mm ×
150mm. The PMAs are excited by means of strip fed with
bevels, used to increase the antenna bandwidth, connected
to a planar balun formed by a broadband Wilkinson power
divider and by a commercial hybrid coupler. The length of
the folded part of the monopole, as well as its distance from
the ground plane, determines the in-band entrance, while the
width of each radiating element controls the array bandwidth.
An excitation with increasing phase step of 90∘ between
adjacent monopoles ensures the excitation of the circular
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(a) (b)

Figure 7: Hexagonal monopole antenna (a) and folded monopole antenna (b) for broadband and UWB applications [20]. The accordion
version is adopted to reduce the transverse size of the monopole. Dark gray monopole and medium gray ground plane.

(a) (b)

Figure 8: Monopole antenna (a) with bevels and (b) with staircase contours [26]. The bevels or the staircase contours are used to facilitate
the energy emission in the monopole region near the ground plane. Dark gray monopole and medium gray ground plane.

Figure 9: A rectangular monopole with a shorting post. Dark gray
monopole and medium gray ground plane [27].

polarization along the boresight direction. The resulting
antenna gain is of about 8.24 dBi. Two frequency notches are

introduced to avoid the energy emission at the frequencies
of 2.03 and 2.39GHz. This result is achieved through the
adoption of a U-shaped resonant strip (𝑓 = 2.03GHz) and
an inverted W-shaped resonant slot (𝑓 = 2.39GHz). The
electromagnetic analysis was performed using the full-wave
FIT-based CST Microwave Studio [25].

4. Printed Monopole Antennas (2D Profile)

Modern portable devices, working with high data rates,
employ broadband antennas characterized by small sizes and
low profiles. In fact, whereas monopoles antennas, having
a tridimensional shape, are more suitable to be used in
radio base stations and mobile radio systems (cars, trains,
airplanes, ships, etc.), the printed monopole antennas not
only reduce the vertical bulk of the portable device, but
also enable an easy integration with the RF circuitry. Notice
that typical smart phones, tablets, and laptops exhibit size
of about 130mm × 50mm × 6mm, 240mm × 140mm ×



8 International Journal of Antennas and Propagation

Figure 10: A planar metal plate monopole antenna employing a
trident-shaped feeding network [28]. The multipoint excitation is
used to increase the amplitude of vertical component of the surface
current excited in the monopole. Dark gray monopole and medium
gray ground plane.

Figure 11: A cross-shaped monopole antenna [30]. The additional
metal plate, placed orthogonal with respect to the main rectan-
gular metallization, is employed to reduce the field discontinuity
caused by the transition between the coaxial probe and the radiant
monopole, resulting in a wideband antenna behavior. Dark gray
monopole, medium gray ground plane, and light gray dielectric
substrate.

8mm, and 260mm × 200mm × 21mm, respectively. The
need to satisfy these important requirements has given rise
to a strong research activity that led to the development
of a large class of antennas. In this context, of particular
interest are the wideband [33–38], the multiband [39–48],
and the UWB printed monopole antennas, simple [49–57]
and with notched bands to avoid interference with other
radio communication systems [58–68] or those suitable for
supporting the circular polarization [33, 69–71].

A large class of geometries (rectangular, circular, ellipti-
cal, triangular, hexagonal, annular, etc.) has been proposed in
order to improve the impedance matching of said antennas
with the feeding line, generally consisting of amicrostrip line,
simple or tapered [40–42, 51–57, 62, 69, 72, 73], or based
on a coplanar waveguide (CPW) having a single or multiple
transition [34, 35, 39, 60, 71, 74]. Of particular interest are also
the techniques based on the use of notches placed near the
transition region between the ground plane and the radiating
monopole [33, 36, 72], on the use of trapezoidal [35, 72, 74] or
tapered ground planes [49, 58, 59, 63, 68, 75], having zig-zag
shaping [76, 77], or with defects in the ground plane (DGS)
[34, 37, 39, 62, 78, 79]. Additional techniques are those based
on the use of bevels [37, 80] or of a particular shape of the
upper region of the monopole [81]. For the sake of brevity
in the following an overview of the most significant papers
concerning the aforementioned design aspects is provided.

Figure 12:The printedNewton’s egg curvedmonopole antenna [51].
The regular contour expressed by Newton’s egg curve promotes the
energy emission in the region close to the ground plane avoiding
energy reflections toward the feeding line. Dark gray upper metal
face, medium gray bottom metal face, and light gray dielectric
substrate.

4.1. UWBAntennas. TheUWB antennas are characterized by
extremely high operating bands. In these bands the antennas
have to ensure a low signal distortion as well as an adequate
stability of the group delay, of the antenna gain, and of the
angular behavior of the radiation patterns [82]. To this end,
in this section, UWB antennas and suitable design solutions
useful to improve the antenna bandwidth are presented.

A suitable low-profile geometry useful to radiate UWB
signals is Newton’s egg curvedmonopole antenna [51]. A pro-
totype of said antenna (see Figure 12), of dimensions 40mm×
40mm, is printed on double-sided FR-4 substrate with rela-
tive permittivity 𝜀

𝑟
= 4.4, loss tangent 0.018, and thicknessℎ =

1.6mm. A parametric formula, based on Newton’s egg curve,
is proposed for the design of the monopole profile, while
an empirical formula is introduced to determine the lower
cut-off frequency of the impedance bandwidth. The antenna
analysis and design have been performed using the full-wave
FEM-based HFSS [8].The experimental measurements show
that the antenna has a FBW of 116.55% (2.9–11.0 GHz) and
exhibits a stable gain of about 2.2–2.9 dBi. The proposed
antenna exhibits almost omnidirectional radiation patterns
with low cross-polarization in all directions and adequate
group delay over the entire UWB bandwidth (3.1–10.6GHz).

Three different UWB antenna geometries (see Figures 13
and 14) useful to transmit short pulse signals, and character-
ized by reduced overall dimensions, have been proposed in
[52]. These antennas, having impedance bandwidth ranging
from 3 up to 11 GHz, are realized using a Rogers 4350B
substrate having a dielectric permittivity of 3.48 and thickness
0.8mm. A thin substrate is used to limit the excitation of
surface waves. In particular, the first antenna, of dimensions
30mm × 30mm, consists of an elliptic monopole excited by
a tapered microstrip line and equipped with a trapezoidal
ground plane. The second radiating structure, of dimensions
15mm × 30mm, is obtained by removing the left half part
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Figure 13: Configuration of the full-size UWB antenna [52]. Dark
gray upper metal face, medium gray bottom metal face, and light
gray dielectric substrate.

of the monopole, while the last geometry, of dimensions
12mm × 17mm, is derived by removing from said antenna,
part of the upper and right side of themonopole and the lower
part of the ground plane. Despite the considerable reduction
of the antenna size observable in Figure 14(b), the antenna
response to pulse signals having the waveform of the fifth-
derivative of theGaussian pulse is excellent. Further informa-
tion useful to reduce the size and increase the performance of
symmetric UWB antennas can be found in [3].

4.2.MonopoleAntennas for Circular Polarization. The printed
monopole antennas typically work in linear polarization.
This kind of field polarization although useful in many
applications cannot be very effective when the communica-
tion systems have to operate in indoor environments where
multipath and scattering processes can reduce the quality
of the radio link [83]. To this end, several kinds of printed
monopole antennas suitable to support a circular polarization
have been recently proposed in the literature [33, 36, 38, 69–
71, 84, 85]. In particular, in the papers discussed below the
main features of some of them are reported.

A very simple monopole antenna, obtained by extending
the feeding microstrip line beyond the ground plane in the
upper left part region of which two notches were made
thus leading to an asymmetry in the metal screen (see
Figure 15), has been proposed in [33]. The electromagnetic
characteristics of the antenna have been derived using the
full-wave FEM-based HFSS [8]. The measured impedance
bandwidth is of about 5.96GHz from 4.06 to 10.02GHz,
while the measured AR bandwidth is of about 2.64GHz from
5.91 to 8.55GHz. The antenna, of dimensions of 16mm ×
22mm × 1mm, is realized on a FR4 substrate with a
dielectric permittivity of 4.6 and loss tangent of 0.02. The
circular polarization is induced by the asymmetrical ground
plane, which is responsible for the excitation of both the
horizontal and vertical component of the surface current

with a phase shift of about 90∘, while a notch placed under
the monopole is used to increase the antenna impedance
bandwidth. The radiation patterns are mainly left handed
circularly polarized (LHCP) in the lower half-space and right
handed circularly polarized (RHCP) in the upper half-space,
while the cross-polarization can keep more than 15 dB lower
than the copolarization in each plane. The antenna gain is
between 1 and 2.8 dBi.

Similar radiation mechanisms are employed in the
antenna proposed in [36] where a rectangular monopole, fed
asymmetrically by means of a microstrip line and equipped
with a ground plane integrating a metal stub and a slit,
is adopted to obtain a circularly polarized electromagnetic
field (see Figure 16). According to the measurement results,
the antenna covers the frequency range between 2.32 and
8.88GHz with an impedance bandwidth of 6.56GHz. AR
values of less than 3 dB are observed in the frequency range
between 3.2 and 4.4GHz (AR bandwidth of 1.2 GHz). The
antenna, of dimensions of 45mm × 40mm × 1.6mm, is
printed on a FR4 substrate with a relative permittivity 𝜀

𝑟
=

4.4, loss tangent 0.024, and thickness 1.6mm. The full-wave
FEM-based HFSS [8] was adopted to analyze the antenna.

The slit is adopted to increase the frequency band where
the radiated field is circularly polarized, while the stub is used
to restore the antenna impedance bandwidth perturbed by
the presence of the slit. The antenna gain ranges between 1
and 2 dBi, while the efficiency is of about 78%.

Amore complex design solution, consisting of aC-shaped
monopole, coupled to an open metallic loop printed on the
opposite face of a FR4 dielectric substrate with a relative
permittivity of 4.4, a loss tangent of 0.02, and dimensions
of 25mm × 25mm × 1mm, has been proposed in [38]. A
rectangular stub, integrated into the upper edge of the ground
plane, and coupled to the open metallic loop, is used to
improve the impedance and the axial ratio (AR) bandwidth
(see Figure 17). The gap in the loop significantly influences
the bandwidth of the AR but not that of the impedance.
The antenna, analyzed using the full-wave FEM-based HFSS
[8], has an impedance bandwidth ranging between 4.26 and
10.92GHz (FBW = 87.7%) and an AR bandwidth ranging
between 4.28 and 8.42GHz (AR FBW = 65.2%). A solution
equipped with a metal reflector, placed at a distance of
about 16mm from the antenna ground plane, is suggested to
make unidirectional the radiation pattern and to increase the
antenna gain of about 3 dB without affecting significantly the
operating band of the antenna.

A different radiation mechanism is excited in the dual-
band circularly polarized antenna in [85] consisting of a
rectangular metal frame, acting as a ground, and an S-
shaped monopole working as a radiator. The antenna having
dimensions 37mm × 37mm × 1mm has been fabricated on
a FR4 substrate with dielectric permittivity of 4.4 and loss
tangent 0.02 (see Figure 18).The proposed antenna is capable
of operating in the 2.39–2.81 GHz and 5.42–5.92GHz bands,
thus suitable for the WLAN and WiMAX applications. The
full-wave FEM-based HFSS [8] has been adopted to deter-
mine the antenna characteristics. The circular polarization
is obtained by means of a suitable design of the S-shaped
monopole and of the external metallic frame. This frame
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(a) (b)

Figure 14: Configuration of the half-size (a) and of the compact UWB antenna (b) [52]. Dark gray upper metal face, medium gray bottom
metal face, and light gray dielectric substrate.

(a) (b)

Figure 15: A planar monopole antenna with wideband circular polarization [33]. Dark gray upper metal face, medium gray bottom metal
face, and light gray dielectric substrate. Top view (a) and bottom view (b).

determines the excitation of edge currents whose radiated
field, along with that sustained by the monopole, is suitable
to support a circular polarization in the band of interest.
The radiation efficiency is approximately 80%, while the gain
ranges between 3.2 and 4 dBi.

Further papers concerning printed monopole antennas
suitable to support the circular polarization can be found in
[69–71].

4.3. Design Solutions to Improve the Antenna Bandwidth. This
section provides an overview of the most commonly used
techniques to increase the operating band of the printed
monopole antennas. In particular, trapeziform and rounded
ground planes, with notches near the feeding lines or with
a zig-zag shaping of the upper edge, have proven to be
particularly effective in increasing the operating band of said
antennas.

A compact CPW-fed monopole antenna composed of
an elliptical monopole and a coplanar trapeziform ground
plane has been proposed in [35]. The antenna depicted in
Figure 19(e) achieves a ratio impedance bandwidth of 21.6 : 1
and exhibits a nearly omnidirectional radiation pattern with
a gain ranging between about 0.4 and 4 dBi. The radiating
structure is a suitably modified version of the planar dis-
cone antenna. In particular, it is composed of an elliptical
monopole fed by a tapered coplanar waveguide (CPW) and
of a ground plane having the shape of a trapezoid to improve
the energy emission. The antenna is realized on a dielectric
substrate of thickness 1.524mm having a relative dielectric
permittivity 3.48. The antenna size is approximately 0.19𝜆

0
×

0.16𝜆
0
at the lower working frequency. The antenna char-

acteristics have been evaluated by using the full-wave FIT-
based CST Microwave Studio [25]. The antenna presents a
simulated impedance band ranging from 0.40 up to 9.51 GHz



International Journal of Antennas and Propagation 11

Figure 16: A microstrip-fed broadband circularly polarized
monopole antenna with a stub integrated in the ground plane [36].
Dark gray upper metal face, medium gray bottom metal face, and
light gray dielectric substrate.

Figure 17: A C-shaped circularly polarized monopole antenna [38].
Dark gray upper metal face, medium gray bottom metal face, and
light gray dielectric substrate.

and a measured operating band ranging from about 0.41 up
to 8.86GHz.

Best performances are obtained using an excitation tech-
nique making use of a trident-shaped tapered CPW to excite
an elliptic monopole having a trapeziform ground plane
[74] (see Figure 19(f)). The measured impedance bandwidth
ranges from 1.0 to 24.1 GHz useful for satellite navigation
applications, wireless LANs, and ultrawideband systems.

The antenna can support many existing wireless services,
including GPS (1.57–1.58GHz), GSM1800 (1.71–1.88GHz),
PCS1900 (1.93–1.99GHz), WLAN (2.5 or 5-6GHz), and
multiband GNNS and UWB (3.1–10.6GHz). As for the metal
plate monopole antenna (3D profile), the adoption of a fork
feeding line improves the excitation of the vertical component
of the current density with respect to the horizontal one

Figure 18: Adual-band circularly polarized rectangular slot antenna
with an S-shaped monopole [85]. The excitation of edge currents
together with those excited on the monopole is suitable to support
a circular polarization. Dark gray upper metal face and light gray
dielectric substrate.

on the monopole, making the antenna suitable to operate
in a more extended frequency band. The antenna, printed
on a dielectric substrate of thickness 1.524mm and relative
dielectric permittivity of 3.48, has been characterized using
the full-wave FIT-based CST Microwave Studio [25]. The
radiation patterns show that in the 𝐻-plane the antenna has
nearly omnidirectional radiation pattern at lower frequencies
(from 1GHz to 5GHz), while the 𝐸-plane radiation pattern
shows a typical figure-of-eight at the frequency of 1 GHz,
which is similar to a conventional dipole or to that of a
biconical antenna. Further geometries of printed antennas
based on trapeziform ground are shown in Figure 19.

An example of an antenna consisting of a dome-topped,
bowl-shaped patch with a tapered truncated ground plane
is shown in [72]. A notch is introduced below the feeding
line near the patch for widening the antenna impedance
bandwidth (see Figure 20). In this way the antenna is capable
of operating in the frequency band 2.65–13GHz for UWB
applications (FBW = 132%). The antenna, printed on a FR4
substrate having 𝜀

𝑟
= 4.4, has dimensions of about 18mm ×

20mm × 1.6mm (0.47𝜆
0
× 0.53𝜆

0
× 0.04𝜆

0
, where 𝜆

0
is

the free-space wavelength at the central working frequency).
From an analysis of the return loss, performed using the
full-wave FEM-based HFSS [8], it appears that the antenna
bandwidth typically depends on the width and depth of the
notch realized in the ground plane and on the radius of
the bottom part of the monopole. In particular, the upper
frequency is greatly affected by the notch depth, while an
optimum value of the gap between the radiator and ground
plane promotes an increase in the electromagnetic coupling
and therefore awidening of the operating band. Furthermore,
the analysis of the current distribution excited on the metal
surfaces reveals that the top of the radiator is little affected
by the surface currents and therefore it has limited impact
on the bandwidth. On the contrary, a higher current level
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(a) (b) (c)

(d) (e) (f)

Figure 19: Printed antennas with trapeziform ground planes [74]. Different geometries of the monopole and of the excitation systems are
shown in the figure.

Figure 20: Miniaturized UWB printed monopole antenna with
a dome-topped, bowl-shaped patch and truncated ground plane
provided with a notch [72]. Dark gray upper metal face, medium
gray bottom metal face, and light gray dielectric substrate.

is observed around the notch in the ground plane near
the feeding line when the operating frequencies are lower,
while in the lower patch region when the antenna working
frequency increases.

Since antennas equipped with rounded ground plane
have characteristics similar to those making use of trapez-
iform ground planes, for the sake of brevity they will not
be taken into consideration. The reader interested in this

subject can find information about this class of antennas in
[49, 58, 59].

An example of a rectangular monopole antenna, for
wireless personal area network (WPAN), wireless body area
network (WBAN), indoor localization, biomedical imaging,
andUWBapplications,making use of a zig-zag shaping of the
upper edge of the ground plane (see Figure 21), is reported in
[76]. The patch of the proposed antenna, having dimensions
of 14.5mm × 14.75mm, is printed on the top side of a
FR4 substrate of size of 30mm × 22mm, thickness 1.6mm,
and relative dielectric permittivity of 4.6. The antenna band
ranges from 3.8 up to 15.90GHz (FBW = 135%), while the
maximum gain reaches 5.9 dBi. The increase of the operative
band, introduced by the zig-zag profile of the upper edge
of the ground plane, is due to the distributed modulation
of the distance between the ground plane and the lower
part of the monopole. Such modulation allows performing a
more effective capacitive coupling between the ground plane
and the monopole in a more extended frequency band, thus
increasing the bandwidth of the original design by about
45% with respect to the solution without zig-zag contour. In
addition, the sawtooth shaping allows reducing the overall
size of the antenna and the levels of cross-polarization due
to those currents excited in the ground plane by the presence
of the asymmetric monopole [86].

Islam and Azim have shown [86] that the effect of the
sawtooth shaping becomesmore effective at high frequencies.
The full-wave MoM-based IE3D [87] has been employed to
analyze and design the antenna. With an average gain of
4.04 dBi, the antenna achieves a maximum gain of 5.9 dBi at
9.4GHz, while the gain variation is less than 2 dBi.



International Journal of Antennas and Propagation 13

Figure 21: A monopole antenna making use of a zig-zag shaping
of the upper edge of the ground plane [76]. The adopted zig-zag
profile allows performing a more effective electromagnetic coupling
between the feeding line and the monopole in a more extended
frequency band. Dark gray upper metal face, medium gray bottom
metal face, and light gray dielectric substrate.

A further radiating structure making use of a sawtooth
ground plane, but with resonant elements placed under
the rectangular monopole at the upper edge of the ground
plane (where the magnetic field exhibits its maximum level)
(see Figure 22) used to achieve three notched bands in the
frequency ranges 3.26–3.71 GHz, 5.15–5.37GHz, and 5.78–
5.95GHz, is presented in [77]. The antenna, which covers
the frequency band ranging from 2 up to 11 GHz, has been
proposed for UWB applications. A FR4 substrate, having 𝜀

𝑟
=

4.6, tan 𝛿 = 0.02, and thickness 1.6mm,has been employed to
realize the antenna. The overall dimensions of the monopole
antenna are of about 30mm×22mm corresponding to about
0.65𝜆

0
× 0.48𝜆

0
, where 𝜆

0
is the free-space wavelength at the

center frequency of the UWB band. In particular, an analysis
of the current distributions excited on the metal filters [88]
highlights an inductive behavior of the metal strips, whose
entity depends on the length and width of the strips, while
the distances between the filter arms or their gap regions
determine a capacitive effect. The resonance frequency of
the filter can be tuned by varying these two geometrical
parameters. The full-wave MoM-based IE3D [87] has been
employed to analyze and design the antenna. In conclusion,
by measurements and simulations [77] it appears that the
strips parameters and their positions with respect to the
sawtooth edge influence the width and the center frequency
of the notched bands.

4.4. PrintedMonopoles with DGS. The removal ofmetal parts
in the radiator and/or in the ground plane, in the neighbor-
hood of which the reactive energy is mainly stored, can be
used to increase the antenna impedance bandwidth.This pro-
cedure, known in the literature as defected ground structure
(DGS), has led to the development of different geometries of
slots and notches. The concept of DGS is basically inspired
by photonic/electromagnetic bandgap structures (EBG/PBG)

and metamaterials. In fact, EBG and PBG have the ability
to inhibit the wave propagation in specific frequency ranges.
On the other hand, metamaterials, whose dimensions of the
intrusions should be lesser than a quarter wavelength, may
not easily be engineered [78]. Given the lower structural
complexity and the greater constructive simplicity, the DGS
structures have found a greater spread in the design and
realization of broadband antennas.

DGS technology is usually inserted beneath the
microstrip feeding line since it usually acts as a capacitor
and/or an inductance that compensates the original input
impedance, thus widening the bandwidth. In fact, the
presence of a defect in the ground plane modifies the surface
current distributions with a remarkable impact on the
antenna radiative performances [37]. Different efforts for
improving the bandwidth [37], enhancing the gain [34],
and reducing the size of printed monopole antennas [39]
using DGSs are discussed in literature. In particular, they
have been often employed in multiband and band-notched
UWB systems to reduce the impact of electromagnetic
interferences with other wireless systems [62, 79] as well as
to suppress the higher order harmonics taking place in the
active RF circuitry [89].

A large class of DGS structures (see Figure 23) together
with some design formulas useful to identifying the working
frequencies of said filtering structures is illustrated in [78].
These structures can also be employed in the feeding systems
of printed antennas.

A trapezoidal monopole antenna, fed by a microstrip line
printed on a dielectric substrate, and with two U-shaped slits,
integrated in the ground plane (see Figure 24) to increase
the antenna impedance bandwidth, has been presented in
[37]. Using the mentioned DGS structure an antenna having
a frequency band ranging between the 790 and 2060MHz
(FBW = 90.4%), which is higher of about 112.4% with
respect to that without the DGS structure, is obtained.
The antenna was analyzed and designed using the full-
wave MoM-based IE3D [87]. The antenna, of dimensions of
60.4mm×103.8mm,was realized on aRO4003 substratewith
a dielectric constant of 3.38 and thickness of 1.524mm. A stub
is placed near the transition between the microstrip line and
the monopole to improve the impedance matching. Using
two U-shaped DGS structures having different lengths, but
identical width, two distinct bandgaps at 2.5 and 5GHz are
obtained. Finally, the measurements results of the radiation
patterns show a behavior similar to that of a conventional
monopole antenna.

A further example of a broadband monopole antenna,
fed by CPW and with cross-shaped DGS structures, to cover
the bands 2.44–2.58GHz and 3.5–8.85GHz useful forWLAN
applications (2.4/5.2/5.8 GHz), WiMAX (2.5/3.5/5.5 GHz),
and point-to-point high-speed wireless applications (5.925–
8.5GHz), was proposed in [34]. The antenna is printed on
a FR4 substrate, of dimensions 30mm × 28.8mm, with
dielectric permittivity 𝜀

𝑟
= 4.4, loss tangent of 0.02, and

thickness 1.58mm (see Figure 25). The antenna was analyzed
using the full-wave FEM-based HFSS [8].Themeasured gain
varies between 4 and 10.8 dBi.
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(a) (b)

Figure 22: Monopole antenna printed on a sawtooth ground plane [77]. Resonant filters used to limit the electromagnetic emission in the
frequency bands 3.26–3.71 GHz, 5.15–5.37GHz, and 5.78–5.95GHz are shown in figure. Top view (a) and bottom view (b). Dark gray upper
metal face, medium gray bottom metal face, and light gray dielectric substrate.

(a) (b) (c) (d) (e) (f) (g) (h)

(i) (j) (k) (l) (m) (n)

(o) (p) (q) (r) (s) (t)

Figure 23: Some of the most common DGS structures employed in the applications [78]. (a) Dumbbell-shaped, (b) circular head dumbbell,
(c) arrow head dumbbell, (d) U-shaped, (e) H-shaped, (f) squared heads connected with U-slots, (g) squared slots connected with narrow
slot at edge, (h) cross-shaped, (i) interdigital, (j) fractal, (k) open loop dumbbell, (l) L-shaped, (m) meander lines, (n) U-head dumbbell, (o)
double equilateral U, (p) V-shaped, (q) split-ring resonators, (r) concentric ring shaped, (s) half-circle, and (t) spiral-shaped.
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(a) (b)

Figure 24: A microstrip monopole antenna with a defected ground structure [37]. The presence of the U-shaped DGS structure and of the
stub is evident in the figure. Dark gray upper metal face, medium gray bottommetal face, and light gray dielectric substrate. Top view (a) and
bottom view (b).

Figure 25: A CPW-fed monopole patch antenna with cross-shaped
DGS [34]. The presence of the DGS structures is evident in the
figure. Dark gray uppermetal face and light gray dielectric substrate.

5. Printed Slot Antennas

Recently, printed slot antennas have been introduced because
they are very attractive for wideband and UWB applications,
especially the so-called printed wide-slot monopole antennas
(see Figure 26(a)), which usually consist of a monopole (see
Figure 26(b)) and a slot realized in a metal frame acting
as ground plane (see Figure 26(c)). In fact, printed slot
antennas typically exhibit wide impedance bandwidths and
low near-field coupling which make them very suitable for
the reduction of the EMC/EMI problems with the nearby
devices and objects [90]. However, wideband performances
and compact low-profile antennas are generally conflicting
requirements that lead to a trade-off between the bandwidth
and the antenna size. For this reason, many efforts have
been done in literature for reducing the dimensions of slot
antennas keeping the same wideband performances [90–92].
To this purpose, several slots geometries, such as square,

rectangular, triangular, circular, and elliptical together with
suitable excitation techniques making use of cross, fork,
triangle, square, and arcmonopoles, have been employed and
investigated. In particular, a microstrip-fed antenna with a
rectangular tuning stub and a tapered slot has been proposed
in [91] (see Figure 26(a)).

The structure has a dimensions of about 22mm×24mm×
1.6mm (0.52𝜆

0
× 0.57𝜆

0
× 0.04𝜆

0
, where 𝜆

0
is the free-space

wavelength at the central frequency) and it is realized on a
FR4 Roger substrate having dielectric constant of about 4.6
and loss tangent 0.02. The obtained operational bandwidth,
which ranges between 3 and 11.2 GHz (FBW = 115.5%) cover-
ing the UWB applications, has been optimized by choosing
adequate monopole and slot geometries. In particular, the
rectangularmonopole shows a better couplingwith respect to
rounded monopoles, while the tapered slot exhibits a larger
impedance bandwidth than circular, elliptical, and square
slots, as the current paths around the tapered slot edges are
longer. Moreover, the gap between the monopole and the
metal frame, illustrated in Figure 26(a), has been opportunely
set in order to increase the coupling between the microstrip
feeding line and the radiating slot. These characteristics
have been carried out using the full-wave MoM-based IE3D
[87]. Realized gain ranges between 5.4 and 9.8 dBi, while
the radiation patterns at lower frequencies show low cross-
polarization (−20 dB) levels. However, when the frequencies
increase the polarization purity reduces. Finally, the antenna
group delay variations are below 1.3 ns, which can be retained
acceptable in UWB communications systems.

A more compact printed wide-slot antenna has been
proposed in [90]. In fact, the structure having dimensions of
16mm × 16mm (0.41𝜆

0
× 0.41𝜆

0
, where 𝜆

0
is the free-space

wavelength at the central frequency) is suitable to cover the
4.5–10.9GHz frequency band (FBW = 83%) for breast cancer
detection and medical imaging. The antenna, formed by a p-
shaped slot excited by a rectangularmonopole, is printed on a
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(a)

(b)

(c)

Figure 26: Example of a printed wide-slot monopole antenna (a) [91]. Monopole shapes (b) and frame geometries (c) adopted to realize
printed wide-slot monopole antennas. Dark gray upper metal face, medium gray bottom metal face, and light gray dielectric substrate.

Rogers substrate of thickness 1.27mm (0.03𝜆
0
) and dielectric

permittivity of 10.2. A 50Ωmicrostrip feeding line connected
to a SMA connector is used for the excitation of the antenna
(see Figure 27).

The structure has been analyzed and designed with the
full-wave FIT-based CST Microwave Studio [25]. Radiation
patterns are typically donut-shaped and omnidirectional,
resembling those of a dipole antenna. The antenna responses
to UWB signals reveal a low distortion of the radiated field
with values of the fidelity factor ranging within acceptable
limits (>0.5).

As the bandwidth of printed wide-slot antennas is mainly
affected by slots and monopoles geometries, a deep investi-
gation of binomial structures has been provided in [93]. In
particular, six kinds of antennas have been simulated and
measured for different orders of the binomial function (𝑁 =
1, 2, 3, 6, 12, and infinite). In particular, when 𝑁 = 1 the
slot and the monopole have a triangular shape, while they

Figure 27: A compact UWB p-shaped wide-slot antenna for cancer
detection [90]. Dark gray upper metal face, medium gray bottom
metal face, and light gray dielectric substrate.
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N = 1 N = 2 N = 3

N = 6 N = 12 N → ∞

Figure 28: The CPW-fed printed binomial wide-slot antennas [93]. Dark gray upper metal face and light gray dielectric substrate.

assume a rectangular shape when 𝑁 tends to infinite. Some
examples of CPW-fed printed wide-slot antenna geometries
for different values of the binomial order 𝑁 are depicted in
Figure 28.

The proposed antennas are fabricated on a 35mm
× 40mm dielectric Arlon TC600 substrate of thickness
0.787mm and relative permittivity 𝜀

𝑟
= 6.15. The antenna

features have been determined by means of the full-wave
FEM-basedHFSS [8]. Simulated fractional bandwidths range
between 10.8% (triangular case) and 108.4% (rectangular
case) as the antenna binomial order increases, while the
measured values range between 9.3% and 99.7%. In general,
radiation patterns in the 𝐸-plane show cross-polarization
levels that are lower than −30 dB due to the symmetry of
the structures. On the other hand, in 𝐻-plane antennas are
asymmetric and thus cross-polarized components are higher.
However, when 𝑁 increases the structures exhibit a reduced
cross-polarized field level in the 𝐻-plane. Realized antenna
gains vary between 3.3 and 5.5 dBi.

6. Printed Dipole Antennas

Although monopoles antennas present several advantages
they do not radiate along their axes, making an array of
monopoles not suitable to radiate in that direction. This can
be disadvantageous if a radiating system, having a high-gain
and compact dimensions, has to be integrated into a low-
profile host platform. To overcome these drawbacks printed

Figure 29: A printed double-sided rounded bow-tie antenna
(DSRBA) [94]. Dark gray upper metal face, medium gray bottom
metal face, and light gray dielectric substrate.

dipole antennas, having a proper geometry and equipped
with a suitable metal screen, can be advantageously used. To
this end, in this section a brief description of the main design
solutions proposed in the literature is provided.

Two printed double-sided rounded bow-tie antennas
(DSRBAs) for UWB applications (see Figure 29) have been
proposed in [94]. The first antenna is printed on a dielectric
substrate ROGER RO3600 of dimensions 36mm × 36mm ×
1.27mm, dielectric permittivity 𝜀

𝑟
= 6, and loss tangent

0.002. The second one is printed on a liquid crystal polymer
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(a) (b)

Figure 30: Geometry of the circular (a) and drop-shaped (b) antipodal dipole antenna employing an unbalanced feeding line [95]. Dark gray
upper metal face, medium gray bottom metal face, and light gray dielectric substrate.

(LCP) of dimensions 32.4mm × 32.4mm × 1.14mm, 𝜀
𝑟
=

3.1, and tan 𝛿 = 0.002, whose properties are suitable for
conformal applications. Even though for both antennas the
radiation characteristics are similar, it is shown that the
geometry presenting rounded arms exhibits better perfor-
mances in terms of bandwidth and cross-polarization levels
with respect to the design solution based on flat-ended arms
(rounded arms limit the level of the electric charges generally
excited on sharpmetallic edges, thereby reducing the reactive
energy storage). In fact, a 59% of additional bandwidth
and a −10 dB lower cross-polarization level are achieved.
The antenna gain ranges between 0.7 and 5.5 dBi, while the
relative group delay is stable and acceptable within the UWB
frequency spectrum.Themain characteristics of the antennas
have been derived using a homemade software based on a
finite-element boundary integral formulation that employs
tangential vector finite elements (TVFEs) and tetrahedral
meshing and the full-wave FEM-based HFSS [8] typically
used for high frequencies applications.

Two printed dipole antennas with antipodal circular and
drop-shaped radiators have been proposed in [95] (see Fig-
ure 30).These antennas, which exhibit a lower level of surface
waves and an excellent response to short pulse signals, are
particularly useful forwideband,WLAN,WiMAX, andUWB
applications. These antennas can be employed in portable
devices (mobile PC, printers, scanners, DVD players, and
digital projectors), in radio base stations, and in the next-
generation textile fabrics for wearable applications, as they
are printed on a CuClad217 thin flexible substrate that is
more conformal and less prone to surface degradation. Such
dielectric substrate has dimensions of about 51mm×45mm×
0.38mm, dielectric permittivity 𝜀

𝑟
= 2.17, and tan 𝛿 =

0.0009. The antenna is excited by a suitable tapered transmis-
sion line to achieve an adequate 50Ω impedance matching
within the UWB band. The two structures, which have been
analyzed by means of a homemade locally conformal finite-
difference time-domain (FDTD) numerical technique [96],
are characterized by half-wavelength dipole-like radiation
patterns up to 5.25GHz. Furthermore, the particular contour

of the drop-shaped antenna is suitable to guide the electro-
magnetic energy along the backside contour of the antenna
arms toward the boresight direction resulting in a higher
radiation level, as well as in a reduced energy emission in
the backward direction, where electronic circuitry is typically
located. This feature is also enhanced by the rear shaped
planar reflector.The relative group delay ranges between −0.1
and 0.25 ns resulting in being excellent for UWB radar and
wireless applications [82, 97]. Finally, the antipodal charac-
teristic of drop-shaped antenna allows obtaining compact
antenna arrays for frequency or time-domain applications.
These important features related to the particular radiative
properties of said antenna make it particularly useful to be
integrated not only in mobile devices, but also in high-gain
RF base stations.

A different planar dipole antenna geometry has been
introduced in [98]. The antenna, of overall dimensions
40mm×65.3mm×0.8mm, exhibits an operative bandwidth
ranging between 2.8 and 10.9GHz (FBW = 118%) suitable
for UWB applications. The dipole consists of two semi-
elliptical-ended arms connected by a shorting bridge, which
reduces the arms’ length, increases the gain, enhances the
response’s quality, and improves the impedance bandwidth.
The antenna is excited with a wideband balun composed
of a Chebyshev three-section transformer connected to a
50Ω microstrip line. The feeding line and the impedance
transformer are printed on a grounded dielectric slab having
dielectric permittivity 𝜀

𝑟
= 3.38, while the dipole is printed

in a region of the dielectric slab without ground plane to
increase the antenna operating band (see Figure 31).

Numerical simulations have been performed by means of
the full-waveMoM-based IE3D [87]. Although the antenna is
relatively small, its peak gains are comparable with those of a
bulkier dipole antenna and their values range between 2.6 and
5 dBi with the balun and between 2.5 and 6.5 dBi without the
balun. It is observed that the three impedance steps realized
in the balun are the major cause for spurious radiation
and high cross-polarization levels. On the other hand, the
shorting bridge avoids the current to be concentrated around
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Figure 31: A UWB dipole antenna with semi-elliptical-ended arms
and shorting bridge [98]. Dark gray upper metal face, medium gray
bottom metal face, and light gray dielectric substrate.

the tapered V-shaped edges of the arms thus increasing the
maximum gain of the antenna whose radiating process in
this way mainly occurs along the shorting bridge. Finally,
the transient antenna response to a sine modulated Gaussian
monopulse shows that the antenna, provided with a shorting
bridge, experiences a more stable linear phase response and a
less spread of the received waveform with respect to the case
without shorting bridge. Anyway, theUWB responses of both
antennas are affected by small ringings.

A design solution useful to improve the radiation char-
acteristics of an angle-dipole antenna for 5G mobile wireless
communications, within the frequency band 26.7GHz and
30.6GHz (FBW = 13.6%), has been proposed in [99]. The
printed dipole is realized on a dielectric substrate RT/Duroid
5880 having thickness of approximately 0.254mm, dielectric
relative permittivity 𝜀

𝑟
= 2.2, and tan 𝛿 = 0.0009. On

each side of the substrate two 45∘ angled-radiators, fed by a
parallel-plate transmission line (see Figure 32), are printed.
Anyway said dipole does not present high levels of front-
to-back ratio, the gain is less than 3 dB, and the radiation
pattern is asymmetric in the H-plane. For this reason, the
antenna is equipped with a resonant cavity of dimensions
5.2mm×5.2mm×3.5mm (0.5𝜆

0
×0.5𝜆

0
×0.34𝜆

0
, where 𝜆

0

is the free-space wavelength at𝑓 = 28GHz) within which the
radiator is located. In this way, the bandwidth is increased by
5.4%, the gain is increased by about 4.5 dB reachingmeasured
values ranging between 6.6 and 8 dBi, and the levels of front-
to-back ratio are equal to approximately 18.5 dB, while the
beamwidth is approximately equal to 72∘ for the 𝐸-plane and
69∘ for the𝐻-plane in such a way that the desired symmetry
of the radiation pattern is restored. The resulting structure
has been used to realize a linear array of eight elements
excited via a T-junction power divider in order to provide
a tapered excitation. In this way, a maximum scan beam
of about 40∘, with side lobe levels (SLLs) of approximately
−15 dB, is obtained.The full-wave FIT-based CSTMicrowave
Studio [25] has been employed to analyze the antenna.

7. Directional UWB Antennas

Omnidirectional antennas useful for mobile applications
are not suitable to support high-gain point-to-point wire-
less communications, as well as to realize spatial diversity

schemes useful to reduce multipath fading effects, or high
resolution UWB radar for objects detection and imaging
applications. To this end, directional UWB antennas making
use of suitable reflective structures have been recently pro-
posed in literature [53–57, 73]. In this section some examples
of this important class of antennas are illustrated.

A low-profile directional self-grounded bow-tie antenna
for UWB applications has been presented in [73]. The
antenna, which covers a frequency range of 2–15GHz with
about −10 dB reflection coefficient, stable radiation patterns,
and good time-domain impulse response, can be usefully
employed for sensor networks, UWB short-range communi-
cation systems, UWB radar for high resolution imaging sys-
tems, and super sensitiveUWB radio astronomy.The antenna
of dimensions 54mm × 58mm × 24mm, whose geometry
is shown in Figure 33, assumes the so-called seagull-over-
sea configuration. The metallic arms are connected together,
forming the metal reflector of the antenna, while a suitable
balun, connected at the feeding point and housed behind
the reflector, is employed to match a 50Ωmicrostrip feeding
line to a 150Ω twin-line transmission line attached at the
bow-tie arms. A careful full-wave analysis, performed using
the FIT technique [25], has highlighted a directional antenna
behavior with a directivity of about 5–8 dBi and a maximum
group delay of about 1 ns, when the opening angle of the
antenna arms is 60∘. These radiation characteristics, induced
by the full ground design solution, are strongly demanded in
many applications, such as, UWB radar and tracking systems,
UWB indoor geolocation systems, and UWB sensing and
microwave tomography.

A UWB antenna with unidirectional radiation pattern,
useful for broadband radar applications or for point-to-point
wireless communications, consisting in a horizontal bow-
tie electric dipole, a center-fed loop antenna acting as a
magnetic dipole, and a rectangular cavity, was proposed in
[53]. The bow-tie electric dipole, printed on the top side
of a dielectric substrate having relative permittivity 2.2 and
thickness 0.508mm, is connected through six vias to two
rectangular patches printed on the dielectric backside (see
Figure 34). These patches are joined to the feeding line
by means of a vertical balun consisting in a microstrip-to-
stripline transition having the purpose to match the 50Ω
microstrip line to that of a 90Ω balanced stripline. This
transition, mounted vertically on the center of the ground
plane, is printed on a dielectric substrate with 𝜀

𝑟
= 2.2

and thickness 0.787mm. A series of high-impedance stub
is introduced at the bottom of the balun to improve the
impedance matching. Finally, two metal cylinders placed
near the feed region connect the horizontal radiating struc-
ture to the ground plane, thereby allowing the realization
of a center-fed loop antenna, which works as a magnetic
dipole.The overall size of the structure including the reflector
is 60mm × 50mm × 12.4mm. The full-wave FEM-based
HFSS [7] was adopted to analyze and design the antenna.
The impedance bandwidth ranges between 3.08 and 10.6GHz
(FBW of about 110%), while the realized antenna gain varies
between 6.8 and 10.6 dBi.The radiation patterns show a good
directional behavior characterized by a front-to-back ratio
above 20 dB below 7GHz, which drops to about 13 dB at
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(a) (b)

Figure 32: A cavity-backed angled-dipole antenna [99]. Front view (a) and tridimensional view (b). The flanged cavity is observable in the
figure. Dark gray upper metal face, medium gray bottom metal face, and light gray dielectric substrate.

Feeding point

Figure 33: A low-profile directional self-grounded bow-tie antenna
[73].

higher frequencies. The cross-polarization levels are below
−20 dB in thewhole frequency band.The antenna response to
UWB signals (coincident with 5th-derivative of the Gaussian
pulse) shows a limited signal distortion and a ringing tail
caused by the resonant processes taking place in the radiator
and in cavity acting as reflector.

A UWB low-profile antenna for low UWB frequencies
applications (1–3GHz) presenting directional characteristics
and high front-to-back ratio is presented in [54]. These
characteristics can be useful in ground-penetrating radar,
microwave detection and imaging, and radio base stations.
The antenna is realized using a slab of GIL GML 1032 sub-
strate with relative dielectric permittivity 3.2 and thickness
1.52mm on the opposite faces of which the arms of a bow-
tie-shaped flare are printed.

Two circular segments having a suitable radius are incor-
porated in each bow-tie arm to increase the effective edge
length of the flare. In particular, in the upper face of the
slab a 50Ω microstrip line, whose ground is composed of
the bow-tie-shaped arm printed on the opposite face (see
Figure 35), is adopted to excite the antenna. Both arms
have two slits separated by a small gap. The terminations
of the two arms are welded to two vertical metal plates
welded in turn on a grounded dielectric slab having the same
characteristics as the one used to realize the upper part of the
antenna. The overall size of the proposed antenna is of about

Bow-Tie

Metal cavity

Figure 34: Geometry of the magnetoelectric dipole for unidirec-
tional UWB communications [53]. The vias used to connect the
antenna to the balun are indicated in the figure.

70mm × 60mm × 15mm corresponding to about 𝜆eff/3 ×
𝜆eff/4 × 0.07𝜆eff , where 𝜆eff is the effective wavelength at the
lower operative frequency. The antenna exhibits directional
patterns with a fractional bandwidth of about 77% (from
about 1.27 up to 2.57GHz), average gain of about 5 dBi, up
to 15 dB front-to-back ratio and −20 dB of cross-polarization
levels in both the 𝐸- and 𝐻-plane. Moreover, thanks to the
shorting walls placed perpendicular to the edges of the top
and bottom layers, most of the side radiation is blocked. The
antenna analysis and design have been performed using the
full-wave FEM-based HFSS [8]. A good agreement between
numerical results and measurements is observed.

A suitable choice of the antennas should be made when
they are integrated in communication systems working in
environments where the multipath fading can result in a
significant reduction of the communication system perfor-
mance. In such environments, antenna diversity techniques
should be employed, since they can improve transmission
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(a) (b)

(c)

Figure 35: Geometry of a compact directional three-dimensional folded antenna for UWB applications [54]. Top view (a), bottom view (b),
and tridimensional view (c).

(a) (b)

Figure 36: Geometry of the cross-configured directional UWB antenna [55]. The two structures (a) and (b) used to achieve a cross-
configuration antenna are shown in figure. The radiation process takes place in the region between the monopole and rounded ground
plane.

quality by mitigating the multipath fading effects [18]. To
this end, a UWB antenna which can be used as a directional
antenna for mobile systems, or to realize multidirectional
antenna systems, having high interelement isolation, for radio
base stations, has been presented in [55]. The antenna is
printed on a FR4 substrate of size 28mm × 44mm (size
28mm × 88mm for the four-element cross-configuration)
having thickness 1.4mm, 𝜀

𝑟
= 4.4, and tan 𝛿 = 0.025. The

antenna characteristics have been carried out using the full-
wave FIT-based CST Microwave Studio [25].

The radiator consists of a circular monopole, excited by
a CPW line shifted with respect to the symmetry plane of
themonopole, surrounded by a suitably shaped ground plane
acting as reflector (see Figure 36). The reflector profile and
its asymmetry with respect to the feeding line give rise in an

antenna radiation beam oriented in the orthogonal direction
(right/left) of the feeding line. In fact, the profiles of the
monopole and the ground plane realize a sort of pseudo-
Vivaldi antenna in the region where the ground plane is
rounded. These features can be used to achieve a cross-
configuration composed of four monopoles. This configura-
tion (see Figure 36) allows covering the four spatial quadrants
maintaining a high interelement isolation (>20 dB) between
the inputs of the four antennas allowing in this way achieving
the required multidirectional pattern diversity character-
istics. The experimental measurements performed on an
antenna prototype have shown that the antenna gain varies
between 4.3 and 7.5 dBi in the frequency range 1.3–10GHz.
Therefore, in addition to UWB applications it can also be
adopted for Bluetooth/Wi-Fi and WiMAX applications.
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Figure 37: Geometry of a dual polarized wideband directional coupled sectorial loop antenna [56]. Top view (a) and tridimensional view
(b).

Dual polarized wideband directional coupled sectorial
loop antennas for radar and mobile base-station applications
are presented in [56]. Two slightly different design solutions
based on a dual polarized radiating element are proposed.
For radar applications, the radiating element is used to excite
the two degenerate modes (TE

10
,TE
01
) of a cavity with

square cross-section. The cavity of dimensions 160mm ×
160mm × 60mm is employed to improve the directivity
useful for radar applications, such as those employed in
through-wall imaging systems, since at least two antennas
are typically used (one as transmitter and one as receiver).
As for such applications higher VSWR can be tolerated,
the antenna was designed so as to achieve the maximum
bandwidth (approximately one octave) with a VSWR of 2.5.
The proposed antenna structure, printed on a RO4003C
substrate with relative permittivity 3.55, loss tangent 0.0021,
and thickness 1.524mm, is shown in Figure 37. It consists
of a dual polarized exciting element backed by a square
cross-section cavity. The polarizing element consists of two
orthogonal coupled sectorial loops antennas (OCSLAs). Each
sectorial loop is composed of two opposite triangular patches
and a rectangular ring around the outside. Two tapered
microstrip lines arranged orthogonally and connected to two
vertical coaxial cables placed inside the cavity are used to
excite the antenna so as to support horizontally/vertically or
circularly polarized radiated fields. Gains of about 10 dB, with
similar beamwidth in the𝐻- and 𝐸-plane, and high front-to-
back ratios are achieved.

A different design solution, useful for the mobile base-
station applications (1710–2170MHz),making use of the same
radiating element placed over a ground plane, is instead
adopted to obtain an antenna (size 71mm×71mm×35mm)
with a wider beam, a higher operating bandwidth, and a
better SWR (less than 1.5). This design solution employs a
printed balun to excite the antenna. Without cavity a maxi-
mum gain of about 8 dBi along the boresight is obtained.The

analysis and design of both antennas have been performed
using the full-wave FEM-based HFSS [8].

8. Metamaterial Antennas

Metamaterials are artificial structures composed of periodic
or nonperiodic subwavelength macrocells, whose their effec-
tive medium properties can be controlled by designing the
macrounits so as to realize special materials that do not exist
in nature. Several structures, such as, the split-ring resonators
(SRRs), the complementary SRRs (CSRRs), the transmission
line- (TL-) based structures, and the artificial magnetic con-
ductors (AMCs), have been introduced in literature with the
aim of improving the performance of microwave circuits and
antennas. In this section, some examples of this important
class of antennas are provided with the aim to enable the
reader to have a broader view of the technologies that can
be used to realize wireless communication systems of new
generation.

Two multiband antennas making use of metamaterials
have been developed with the aim of covering the WiMAX
2.5/3.5/5.5GHz and the WLAN 5.2/5.8GHz bands [100].
Both the antennas are printed on a dielectric substrate
with relative permittivity of 2.65 and thickness of 1mm.
The overall dimensions of the radiating structures are of
35mm × 35mm × 1mm. The full-wave FEM-based HFSS
[8] was adopted to analyze and design the antennas. The
first antenna consists of a rectangular monopole loaded by
means of an electric-LC (ELC) structure placed under the
monopole. This structure transforms the monopole from a
dual-band in a three-band antenna providing coverage in
the bands 2.5/3.5/5.5GHz, therebymeeting the requirements
for the WLAN and WiMAX applications. Two slits arranged
near the feeding line are used to improve the impedance
matching. In addition to the ELC structure placed under
the monopole, the second antenna integrates an electronic
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(a) (b)

Figure 38: Geometry of a small metamaterial antenna with ELC structure [100]. Front view (a) and back view (b). Dark gray upper metal
face and light gray dielectric substrate.

(a) (b)

Figure 39: A UWB antenna employing metamaterials to realize a notched band useful to reduce interference with WLAN communication
systems [101]. (a) CSRR integrated in the monopole; (b) CSRRs near the CPW. The CSRRs are located near the regions where the magnetic
field exhibits its higher values. Dark gray upper metal face and light gray dielectric substrate.

band gap (EBG) structure in the upper part of the ground
plane (see Figure 38) to get a good impedance matching
in frequency range 2.49–2.53GHz and a UWB behavior in
the frequency range 2.95–6.07GHz. It is observed that both
antennas have stable omnidirectional radiation pattern in𝐻-
plane and an 8-shaped radiation pattern in the 𝐸-plane.

A transparent antenna useful for short-rangeUWB appli-
cations making use of metamaterials was presented in [101].
This antenna, which can be easily attached on glass panels
and windows of homes and buildings, is realized using a
transparent conductive material known as silver-coated thin
films (AgHT-4).This film, consisting of a thin layer of AgHT-
8 (height 0.053mm) placed on a PET polymer substrate
of relative permittivity 3.23, height 0.12mm, and surface
resistivity 4Ω/m2, has been employed to realize a UWB
antenna of about 30mm × 30mm (see Figure 39). To avoid

interferencewithWLANcommunication systemsworking in
the same environment a bandstop filter tuned at 5.8 GHz, and
making use of complementary split-ring resonators (CSRRs),
has been integrated in the antenna. Split-ring resonators have
been adopted as they are one of the artificial metamaterial
structures that exhibit negative permittivity/permeability
properties. In any case, three CSRRs structures, two in
the ground plane near the CWP and one in the circular
monopole, where the magnetic field exhibits its higher values
(see Figure 39), are necessary to obtain a notched band of only
−4 dB at 5.8GHz. Such poor performance occurs due to the
high losses presented by the AgHT-4, which are responsible
for a significant reduction of the resonant process taking place
in the CSRRs. As expected the losses reduce the antenna
gain that, within the UWB band, varies between −11 dBi
and −5 dBi. These results are similar with those observed
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Figure 40: A metamaterial UWB antenna [102]. The four cells
composed of two capacitance-loaded strips (CLSs), a split-ring, and
a gapless ring, forming the metamaterial loading of the upper edge
of the triangular patch, are evident in the figure. Dark gray upper
metal face, medium gray bottommetal face, and light gray dielectric
substrate.

in the transparent antennas. The analysis and design of the
antenna have been performed using the full-wave FIT-based
CST Microwave Studio [25].

A compact antenna based on metamaterial structures
for UWB applications having a different geometry was
presented in [102]. The antenna, whose overall dimensions
are 27.16mm × 18.97mm, has been printed on both sides
of a FR4 dielectric substrate of permittivity 4.6, loss tangent
of 0.02, and thickness 1.6mm. The antenna consists of four
unit cells, which exhibit negative equivalent permeability and
permittivity, attached to the upper edge of a triangular patch.
Three rectangular slots are realized in the ground plane near
the taperedmicrostrip feeding line (see Figure 40) to improve
the impedance matching.

Themetamaterial unit cell is composed of two capacitance-
loaded strips (CLSs), a split-ring and a gapless ring. The four
unit cells form a sort of periodic structure useful to provide
an impedance bandwidth ranging from 3.07 up to 19.91 GHz
with excellent radiation characteristics, high-gain, efficiency,
and adequate capability of pulse handling. The measured
gain exhibits its maximum level of 8.57 dBi at 13.5 GHz,
a minimum level of 2.71 dBi at 18.6GHz, and an average
level of 5.62 dBi over the working frequency bands (3.07–
19.91 GHz). A quite stable omnidirectional radiation pattern
in𝐻-plane and an 8-shaped radiation pattern in the 𝐸-plane
are observed. The gain variations and the ringing observed
in the antenna response to pulse signals reveal the presence
of resonant phenomena taking place in the structure forming
the metamaterial as well as in the antenna geometry. The
analysis and design of the antenna have been performed
using the full-wave FIT-based CST Microwave Studio [25].

Additional information concerning the same subject can
be found in [103–108].

9. Wearable Antennas

A growing interest in less bulky low-cost communication
systems, which can be easily hidden into garments, helmets,
glasses, or shoes, textile, and flexible wearable antennas is
spreading among the scientific community. Indeed, wearable
devices, exhibiting smaller profiles and lesser stiffness than
the printed technological counterpart, can easily allow the
civil defense, the police forces, the firefighters as well as the
sportsmen, and so forth to focus directly on their specific
activities. Moreover, the wearability of the communication
system may be important also to support the remote control
of biological parameters of not hospitalized patients or of
athletes during sports activities. To this purpose, WBANs
(Wireless Body Area Networks) for on-body, off-body, and
in-body communications sceneries were regulated by the
IEEE 801.15 standard [109].

Because of their relevance, in this section after an
overview of the main dielectric and conductive textile mate-
rials useful to the realization of wearable antennas, some of
the most recent progresses concerning this important class of
antennas will be discussed.

9.1. Dielectric and Conductive Textile Materials for Wearable
Antennas. In general, wearable antennas consist of metallic
components (radiating patch and ground plane) printed on
a dielectric substrate, whose geometries fall into the antenna
classes analyzed in the previous sections. Therefore, for the
sake of brevity the characteristics of the commonly employed
materials for the realization of textile and flexible antennas
are reported and analyzed in this subsection. In particular,
some of their fundamental parameters such as conductivity,
permittivity, and loss tangent are indicated for providing
useful information during the design and realization phases
of said antennas.

9.1.1. Dielectrics for Wearable Antennas. The dielectric mate-
rials used to realize wearable antennas are mostly affected
by different factors such as frequency, temperature, surface
roughness, and moisture content [110]. In particular, the level
of the moisture absorbed by the fabrics is described by the
Moisture Regain (MR), which is defined as follows:

MR =
𝑚cond − 𝑚dry

𝑚dry
, (1)

where𝑚cond is the weight of the material at equilibrium after
conditioning in a climate chamber and 𝑚dry is the mass of
the material in dry state [110]. Some of the most common
dielectric materials and their characteristics are reported in
Table 2, while additional information of the mostly employed
commercial fabrics is shortly described below.

Fleece is a common textile composed of synthetic woven
polyester felted on both sides. As all the nonwoven synthetic
materials that are classified as hydrophobic, fleece is a water-
repellentmaterial [110]. However, it is not waterproof. Its low-
loss tangent makes it very suitable for high-gain and high-
efficiency applications [125]. Fleece fabric is normally used for
sportswear and leisurewear.
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Table 2: Nonconductive fabrics characteristics.

Nonconductive fabric 𝜀
𝑟

tan 𝛿 Ref.
Cordura� 1.90 0.0098 [111, 112]
Cotton 1.60 0.0400 [110–113]
100% polyester 1.90 0.0045 [111, 112]
Quartzel� Fabric 1.95 0.0004 [111, 112]
Cordura/Lycra� 1.50 0.0093 [111, 112]
Jeans cotton 1.67 — [114]
Polycot 1.56 — [114]
Polyester 1.44 — [114]
Foam (polyurethane) 1.24 0.0213 [110]
Rubber protective foam 1.495 0.016 [110, 115]
Polyethylenteraphthalate (PET) 1.173 0.0027 [110]
Pile 1.12 0.009 [116]
Denim 1.6–1.65 0.05 [117]
Polydimethylsiloxane (PDMS) From 3 to 20 <0.02 [118, 119]
Velcro� 1.34 0.006 [120]
Leather 2.72 0.02 [121]
Silk 1.75 0.012 [122]
Felt 1.215–1.225 0.016 [117]
Fleece 1.17 0.0035 [122, 123]
Flannel (0.3–20GHz) 1.7 0.0250 [124]

Denim fabric is a typical textile substrate with firm sur-
face, which is robust against compression operations. Besides,
denim features durability, inelasticity (useful for keeping
constant the dielectric permittivity under bending conditions
[122]), cost-effectiveness, and low thickness (about 0.7mm)
[126]. However, when under wet conditions or after fully
immersion in water, a degradation of UWB signals can be
observed [127].

Felt is often used for textile antennas as it is flexible,
soft, and comfortable. Antennas employing felt substrates
exhibit lower return loss values with respect to those using
fleece, foam, and conventional FR-4 substrates. In addition,
monopole antennas realized with the fleece substrate show
the wider fractional impedance bandwidth [128].

Cotton is an easy-care textile, strong, durable, and more
cost-effective than other substrates such as denim, felt, and
jeans [129]. However, cotton is more suitable than other rigid
substrates when bending and crumpling conditions occur.

9.1.2. Conductive Textiles. To integrate metallic parts in a
textile flexible patch antenna, some conductive fabrics, whose
characteristics are reported in Table 3, have been analyzed
for different kind of applications and under several environ-
mental conditions. Among them, four kinds of conductive
materials can be identified:

(i) Flectron�
(ii) Shieldex Nora�
(iii) Shieldit Super�
(iv) Shieldit Zelt�

Table 3: Conductive textiles characteristics.

Conductive
material

Surface
resistance
(Ω/square)

Equivalent
conductivity

(S/m)
Thickness (mm)

Flectron [130] 0.07 0.79 × 105 0.18
Shieldit Super [131] 0.05 1.18 × 105 0.17
Shieldex Nora [132] 0.03 3.33 × 105 0.1
Zelt [133] 0.01 16.7 × 105 0.06
Copper foil [131] 0.0005 571 × 105 0.035
Pure copper taffeta
fabric [131] 0.05 2.50 × 105 0.08

Flectron Nickel/Copper Polyester Nonwoven is a unique fab-
ric, manufactured using a patented, proprietary technology.
The base layer is copper, while the outer layer, made of nickel,
is robust against corrosion. This technology combines the
properties of these metals with the lightweight, permeability
breathability, and flexibility of a nonwoven textile. Nickel/
Copper Polyester Nonwoven textile offers excellent surface
conductivity (<0.07Ω/square), shielding effectiveness, sol-
dering robustness, and corrosion resistance for a variety
of applications (architectural shielding, gaskets, shielding
materials, and ribbon) [134]. Some other kinds of Flectron
textiles with different characteristics can be found in [135].

Nylon fabric, Shieldex Nora from Shieldex Trading, Inc.,
is a woven high conductivity metal (surface resistivity of
0.03Ω/square) which is suitable for RF circuits and antennas
operating in the ISM (Industrial ScientificMedical) band. It is
a nylon fabric, platedwith threemetallized layers (Ni/Cu/Ag),
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which ensure protection against corrosion and abrasion, as
well as extreme flexibility [132].

Shieldit Super is a kind ofmaterial produced by Less EMF
Inc., useful for pouches, wall covering, gaskets, grounding,
and liners. It is a high quality flame retardant fabric for
radiofrequency and microwave shielding. It is plated with
nickel and copper (for achieving excellent shielding and
robustness against corrosion), and it is coated on one side
with a nonconductive hot melt adhesive (which is activated
at 130∘C) so that it can be ironed on cotton, wood, glass, and
paper or rolled into a tube and heat seal. It exhibits typical
thickness of about 0.17mm with surface resistivity below
0.05Ω/square. It can be resistant to maximum temperatures
of 200∘C and it can be easily washed [124, 136].

Shieldit Zelt is a high conductivity nylon fabric (the
surface resistivity is lower than 1Ω/square) coated with
copper and tin. It is an excellent material for shielding and
it can be easily cut and sewn offering excellent corrosion
resistance. It can be used for curtains, bedding, garments,
wire sheathing, enclosures, and so forth [133, 137]. Some
vendors that sell conductive fabrics are Less EMF Inc., Swift
Textile Metallizing, LLC, Marktek Inc., Shieldex, and Metal
Textiles Corporation [138].

9.1.3. Embroidered Textiles. The so-called e-textiles are usu-
ally made of conductive yarns embroidered in warp and
weftdirections, typically plated on a polymer-based substrate.
In some cases, conventional and conductive threads are
used together to reduce the cost of the textile antenna,
which usually is very expansive. Nevertheless, the e-textile
antenna typically achieves lower gain values with respect
to a conventional antenna made of an all-metallic radiator
as it has been highlighted in [139]. In fact, the weft in the
ground plane can induce a local anisotropic behavior or
abrupt changes in the current paths. Therefore, soldering
and conductive epoxy have been used to enable orthogonal
current paths so as to achieve acceptable gain performances
[139].

9.1.4. Conductive Inks. Textile and wearable antennas some-
times need to bewashed and cleaned. To this purpose, in [140]
the authors investigated the differences between conductive
inks and electrotextiles behaviors during several wet-dry-
wet cycles. In particular, the proposed printed antennas
realized by means of conductive inks have been covered
with a thermoplastic polyurethane coating with the aim
to protect the structures from water and corrosion. After
performing several washing cycles, it was observed that the
combination of an external coating and a conductive ink
for the antenna realization provides a more stable antenna
behavior maintaining a high radiation efficiency, less fluc-
tuations of the reflection coefficient, and a more restrained
resonant frequency shift. In [140], the conductive ink was
printed on the antenna substrate by means of a screen-
printing technique, using a semiautomatic Johannes Zimmer
Klagenfurt-typeMiniMDF482machine. In [141], conductive
inks employed in flexible, lightweight, thin textile antennas
were investigated for life-vest andmaritime emergency appli-
cations. The conductive materials have been characterized

Figure 41: A triple band e-textile antenna [143]. The black dots
indicate the feeding points. Dark gray upper conductive polymer
fibers (e-fibers) and light gray dielectric textile substrate.

under several environmental conditions such as salt fog, salt
water, humidity, and corrosion. A special attention has been
given to silver-based inks. From the investigations carried
out by the authors [141] it was observed that antennas keep
stable behaviors and high efficiencies only if coated with at
least two-sided laminates and two printed layers, especially in
presence of salt fog. Dielectric substrate onwhich the antenna
has been printed is a lightweight and low-loss foam featuring
low moisture-absorption rate.

In Table 4 some conductive inks forwearable antennas are
reported.

9.2. All-Textile Wearable Antennas. In [143], an e-fiber was
used as a conductive patch of dimensions 60mm × 100mm
opportunely sewed to a polymer-based substrate (PDMS:
𝜀
𝑟
≃ 3, tan 𝛿 < 0.001) to realize a triple band e-textile

antenna (see Figure 41) covering the GSM, PCS, and WLAN
(2.4GHz). The loaded loop and the narrow slots realized on
the two patches are critical for achieving a good impedance
matching at all three frequency bands. As the 332-strand e-
fibers textile has a high conductivity and resistivity of only
0.8Ω/m, the e-textile antenna shows performances similar to
its all-metallic counterpart, exhibiting 2 dBi of realized gain.
In particular, higher radiative performances are observed
when the antenna is located on the front or on the back of the
human body. Finally, it should be noticed that the antenna
maintains its performance even after repeated flexing and
washing/drying cycles.

An all-textile antenna with full ground plane (ATA-
FGP) useful for UWB and WBAN communications has
been presented in [144]. The antenna, whose geometry is
depicted in Figure 42, employs a full ground plane to achieve
high radiative performances and excellent electromagnetic
isolation with the users. The analysis and design of the
antenna have been performed using the full-wave FIT-
based CST Microwave Studio [25]. The antenna is realized
using Shieldit Super as conductor and felt as dielectric
substrate. The Shieldit Super from Less EMF Inc. (Latham,



International Journal of Antennas and Propagation 27

Table 4: Conductive inks characteristics.

Conductive ink Resistivity (𝜇Ω-cm) Sintering temperature (∘C) Viscosity (mPa⋅s) Fabrication technique
NPS-J (silver) 3 210–220 11 Inkjet printing
[141]
Cabot CCI-300 4–80 100–350 11–15 Inkjet printing
(silver nanoparticles) [141]
NovaCentrix ICI-003

4.3 PulseForge� 1–6.5 piezo-inkjet printing(copper inkjet)
[141]
NovaCentrix JS-015 2.4 Thermal/PulseForge� 1–5 piezo-inkjet printing
(silver nanoparticles) [141]
InkTec IJ-010

4.2 130–150 9–15 Inkjet printing(soluble silver cluster & complex)
[141]
NanoMas NTS05

2.4 70–150 1–10 —(nanosilver ink)
[141]
Polymer thick film (PTF) ink 80 120 20000–30000 Screen printing
[142]

2nd patch

1st patch

3rd patch

Parasitic patch

Figure 42: Geometry of the UWB all-textile antenna with full
ground plane for off-bodyWBAN communications [144].The three
patches and the parasitic one forming the wearable antenna are
indicated in the figure. The black dot point indicates the pin of the
coaxial probe. Dark gray upper conductive textile and light gray
dielectric textile substrate.

NY, USA) is a 0.17 mm thick flexible conductive textile
having a conductivity of about 1.18 × 105 S/m, while the
felt is a thermally isolating material with thickness 3mm,
a relative permittivity of 1.45, and a loss tangent of 0.044.

The antenna is formed by three main radiators connected in
parallel by means of a short transmission line. An additional
parasitic radiator, excited through a capacitive coupling,
surrounds the main radiators. The operating frequencies
of the main radiators are designed to be closely spaced,
enabling a combined wideband resonance for the ATA-FGP.
The capacitive coupling between the active patches and the
surrounding parasitic radiator contributes to increase the
antenna bandwidth. Using said assembly an operating band
between 3 and 10GHz is obtained. The ATA-FGP exhibits
a wide beam in the boresight direction, while the presence
of the full ground drastically reduces the energy emission
toward the user body. Antenna gain ranges between 5.1 and
6.3 dBi when the antenna is on the chest and between 3.2 and
6.9 dBi when it is on the back of a human body.

A different all-textile antenna, composed of Shieldit for
the conductive part and of felt for the dielectric part, was
proposed in [145] for WBAN and wearable computing.
The structure consists of two patches and a ground plane
implemented on two layers of 2 mm thick substrate. A full
ground plane on the lower layer shields the user against
on-body radiation and improves the quality of the radi-
ated/received UWB signal. However, because full ground
planes typically limit the impedance bandwidth of printed
monopole antennas, a parasitic circular metal patch between
the radiating octagonal patch and the full ground plane was
employed to enhance the antenna bandwidth. In particular,
the circular patch, connected by a thin strip to the ground, is
inserted between two layers of dielectric material to prevent
direct contact with the octagonal patch and the ground plane,
realizing in this way a stacked configuration (see Figure 43).
A step is introduced in the ground plane near the 50Ω CPW
feeding line to enhance the antenna impedance bandwidth.

The conductive parts of the antenna formed by Shieldit,
a conductive textile from Less EMF Inc., have thickness of
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Felt substrate

Felt substrate

Figure 43: Geometry of an all-textile UWB antenna with low back radiation for WBAN applications [145]. Dark gray conductive textile and
light gray dielectric textile substrate.

0.17mm and an estimated conductivity of 1.18 × 105 S/m,
while the felt substrate layers have a relative permittivity of
1.45 and a loss tangent of 0.044. The overall dimensions of
the antenna are 80mm × 61mm × 4.51mm, corresponding
to about 0.85𝜆

0
× 0.65𝜆

0
× 0.05𝜆

0
at the lowest operating fre-

quency of 3.18 GHz.The antenna covers the UWB bandwidth
ranging between 3.18GHz and 11 GHz, achieving amaximum
gain of about 7.2 dBi at 9GHz with unidirectional radiation
patterns. Measurements performed with the antenna placed
on the arms and chest of a human being have highlighted
excellent radiative performances with simulated SAR values
lower than 2 W/kg averaged over 10 g of tissue when excited
by signal of 0.5W (rms). Fidelity factors and pulse distortions
have been found comparable with those of other textile
antennas proposed in literature. The analysis and design of
the antenna have been performed using the full-wave FIT-
based CST Microwave Studio [25].

A dual-band wearable textile antenna based on a sub-
strate integrated waveguide technology (SIW) featuring an
integrated flexible solar harvesting system, consisting of a
flexible solar cell, a power management system, and energy
storage, has been presented in [146].The antenna, working in
the 2.4–2.4835GHz industrial, scientific, and medical band
and the 2.5–2.69GHz 4G LTE band 7, can be used to monitor
rescue workers during interventions and patients in hospitals
and home-care. The proposed antenna consists of two layers
of conductive material consisting of copper polyester Taffeta,
with a surface resistivity 0.18Ω/m2, separated by a layer of
expanded rubber protective foam with 𝜀

𝑟
= 1.49, loss tangent

0.016, and thickness 3.94mm. The backed cavity is realized
by using a row of equally spaced flat flange copper tube
eyelets along each side of the rectangular cavity. The cavity
is split into two halves (see Figure 44) by a nonresonant
rectangular slot. The dimensions of the slot and both parts of
the cavity were carefully chosen so as to excite simultaneously
two hybrid modes responsible for the antenna bandwidth.
Finally, a thin and flexible solar cell is placed on the upper

part of the first cavity (see Figure 44), while on the rear
side of the antenna is housed the power management system
(PMS) so as to prevent antenna radiation into the electronic
circuitry. The experimental measurements performed on an
antenna prototype have shown that the antenna exhibits a
gain ranging between 4.7 and 5.1 dB, a wide bandwidth, and
a high front-to-back ratio. Moreover, its high robustness
against bending, the low influence of the human body, and
the flexible structuremake the proposed antenna particularly
suitable for wearable applications. The analysis and design of
the antenna have been performed using the full-wave FIT-
based CST Microwave Studio [25].

Other examples of wearable antennas, not reported for
the sake of brevity, can be found in [113, 115, 147–149], while
examples involving SIW antennas can be found in [150–154].

10. Dielectric Resonator Antennas

High permittivity dielectric resonators (DRs) have been
employed in the past to develop low losses microwave
circuits [155], filters [156], and oscillators [157]. Although
DRs were mainly conceived for said applications, in the
early 1980s–1990s Long and others [158] proposed for the
first time the use of dielectric resonators as high-efficiency
radiating structures. In particular, they employed a magnetic
walls model to analyze cylindrical resonators, having a
dielectric constant lower than that typically used to excite
high 𝑄 resonant processes [158]. Later, they analyzed the
electromagnetic behavior of rectangular and hemispherical
dielectric resonators [159, 160]. In particular, whereas for the
rectangular resonator the same model used to analyze the
cylindrical resonator was employed, for the hemispherical
resonator a rigorous full-wave solution was adopted to iden-
tify the resonance frequencies of its resonant modes [160].
The geometries of the above-mentioned DRAs are depicted
in Figure 45.

Later, in the 1990s Leung et al. [161] have deepened the
research activities on the DRAs proposing some excitation
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Solar cell

Copper eyelets

(a)

Electronic power management system

Copper eyelets
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Figure 44: Geometry of the SIW cavity-backed slot wearable textile antenna with the integrated energy harvesting hardware [146]. Dark gray
conductive textile and light gray dielectric textile substrate. The conductors employed to connect the solar cell and PMS are indicated in the
figure. Top view (a) and bottom view (b).

(a) (b) (c)

Figure 45: Rectangular (a), cylindrical (b), and hemispherical (c) DRA on a metallic ground plane.

techniques aimed at the integration of the antennas with the
RF circuitry. In addition, they addressed the problem of the
full-wavemodeling using theMoM [162] and the FDTD [163]
techniques aimed at assessing the quality factor, the input
impedance, and antenna radiation patterns.

MoM techniques were also employed by Junker et al.
to analyze structures having rotational symmetry (BOR) in
order to reduce the computational burden necessary to the
computation of the reflection coefficients [164] and of the
radiation diagrams [165]. These authors also used a dyadic
Green’s function approach to assess the frequency behavior
of the input impedance and of the quality factor of hemi-
spherical resonators, and they extended the MoM analysis to
the assessment of the electromagnetic coupling of bodies of
revolution (BOR) with non-BOR feeding structures [166]. In
addition, they expanded theMoMtechnique to determine the
power delivered to cylindrical resonant structures excited by
a narrow slot in a rectangular waveguide [167].

Finally, Mongia et al. have deepened the study of the
characteristics of some geometries (dielectric ring resonator
antenna [168], triangular resonator [169]), providing approx-
imate formulas for the calculation of the resonance frequency

and the quality factor, as well as a standardization of the
nomenclature of the modes excited in dielectric resonators
and antennas [170].

The results obtained until the 2000s have allowed iden-
tifying several geometries, excitation techniques, and some
heuristic formulas [170] useful to the assessment of the work-
ing frequencies of the resonators most commonly employed
in practical applications [1, 158–160].

However, these structures were characterized by limited
fractional bandwidths not compatible with the evolution
of the modern wireless communication systems. For this
reason, the research activities carried out in the last decades
of the 2000s have been focused on the ways for widening
the band, for increasing the gain, and for improving the
quality of the linear or circular polarization, as well as for the
miniaturization and integration of the radiating structures
into portable devices. For the sake of brevity, in the following
an overview of the most significant papers concerning the
aforementioned design aspects is provided, while in Tables 5
and 6 the excitation techniques and typical high performance
dielectric materials together with their suppliers are listed,
respectively.
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Table 5: Techniques for DRAs excitation.

Feeding
technique Characteristics Reference

Waveguide

High coupling with
high permittivities
DRAs achieved
through a slot in the
waveguide wall.

[171–173]

Aperture
coupled

Used to excite a DRA
using a microstrip
line (a reduced
surface waves level is
excited).

[174–178]

Microstrip
line

Used to excite high
permittivity DRAs.
For low permittivity
DRAs, tall microstrip
lines (TMLs) with a
dielectric support are
used to enhance the
coupling [115, 179].

[179–181]

Electric
probe

Used to excite a DRA
using a coaxial cable. [182–187]

Strip-fed

Used to excite a DRA
when broadband
antenna behavior
needs to be achieved.

[188–190]

10.1. Broadband DRA. Since broadband communication sys-
tems allow offering a variety of wireless services in a single
mobile device [21, 182], aswell as higher data rate [191], several
studies useful to provide guidelines to design wideband
dielectric resonator antennas have been proposed in the
scientific literature [192, 193]. In fact, the antenna geometry,
the suitable choice of the dielectricmaterials, as well as that of
the appropriate feeding techniques, can lead to the excitation
of specific resonant modes characterized by low values of
the antenna 𝑄-factor. In particular, a new class of super
shaped DRAs (see Figure 46), making use of low dielectric
permittivity plastic materials [polyvinyl chloride (PVC) with
𝜀
𝑟
= 2.8] was proposed in [183] with the aim to obtain a

high operating bandwidth (exceeding 70%), an antenna gain
ranging from 5 up to 10 dBi, and an excellent linear/circular
polarization purity.The antennas belonging to thementioned
class may be advantageously used to operate in indoor
environments, as well as on access points of satellite terminal
receivers. The geometrical dimensions of the considered
DRAs are of 100mm × 27mm (about a wavelength within
the material forming the DRA at the frequency of 7.5 GHz).
The antenna analysis and design were carried out by means
of the full-wave FIT-based CST Microwave Studio [25].

A different design solution has been proposed in [194].
This solutionmakes use of three cylindrical resonators having
different dimensions and dielectric permittivities, stacked
along the symmetry axis (boresight direction). The resulting
antenna (see Figure 47), characterized by a broadband behav-
ior (FBW = 26%) which extends from 5.4 to 7.5GHz, for the

Figure 46: Geometry of the plastic-based super shaped dielectric
resonator antenna [183].

Reflector

Microstrip line

3

2

1

Figure 47: Geometry of the wideband high-gain stacked cylindrical
dielectric resonator antenna [194]. The microstrip line adopted to
excite the antenna is also indicated in the figure.

simulated, and from 5.4 to 7GHz, for the measured, exhibits
a high-gain ranging from about 9 up to 11 dBi.

The band widening is obtained by merging the funda-
mental resonant frequencies of the threeDRswhose dielectric
materials are the Rogers RT/Duroid 6010 with 𝜀

𝑟1
= 10.2,

the Rogers RT/Duroid 6006 with 𝜀
𝑟2
= 6.15, and Rogers

RT/Duroid 5880 with 𝜀
𝑟3
= 2.2. To increase the antenna

gain the stacked DRs are surrounded by a cylindrical metal
reflector. The antenna, whose ground plane dimensions are
120mm× 120mm (about 2.3𝜆

0
× 2.3𝜆

0
) and whose height is

equal to about 0.65𝜆
0
(where 𝜆

0
is the free-space wavelength

at the central frequency of 6.5 GHz), is excited by amicrostrip
line coupled to the DRs assembly by means of a slot in the
ground plane. The analysis and design have been performed
using the full-wave FEM-based HFSS [8] and FIT-based
CST Microwave Studio [25]. The radiation diagrams show
a good angular behavior with a very limited level of cross-
polarization along the boresight direction (−40 dB). The
proposed solution presents a front-to-back ratio of about
22 dB at 6GHz.

As discussed above, the adoption of low permittivity
dielectric materials can be useful to extend the antenna
bandwidth. To this end, in [1] some dielectric products
having low dielectric permittivity are reported. In addition,
in the same paper some geometrical shapes and some feeding
systems useful for the excitation of circular polarization [195]
(see Figure 48), as well as for the excitation of the higher
order modes useful to increase the antenna gain or to confer
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Table 6: Dielectric materials for DRAs realization.

Company Material Permittivity Applications

Emerson &
Cuming

ECCOSTOCK HiK500F
(low-loss)

3–30 ± 3%
(±10% for dielectric

constant >16)
Outdoor applications, cavity tuning probes, patch

antennas, dielectric lens antennas, and
dielectric support piecesECCOSTOCK HiK 3–15 ± 3%

Trans-Tech�

D-100 Titania 100.0 ± 5% at 6.0GHz

High-frequency DRs, patch antenna, matching
structures for circulators and isolators, and

miscellaneous support structures

D-15 Mg-Ti (ceramic) 15.0 ± 0.5 at 9.4GHz
D-16 Mg-Ti (ceramic) 16.0 ± 0.5 at 9.4GHz
D-38 Ba-Ti (ceramic) 37.0 ± 5% at 6.0GHz

D-4 cordierite
(hard ceramic) 4.5 ± 0.2% at 9.4GHz

D-50 Ba-Ti 50.0 ± 5% 6.0GHz
DS-6 forsterite

(ceramic) 6.3 ± 0.3% at 9.4GHz

Magnesium aluminum titanate
(easy to machine ceramic)

9–9.5 ± 0.3% at 9.4GHz
10–14 ± 0.5% at 9.4GHz

Magnesium calcium titanate
(easy to machine ceramic)

18–140
(between ±3% and ±10%)

Temperature stable ceramic
dielectrics

21.5–73
(between ±0.5% and ±1%)

Cellular base-station filters and combiners,
broadcast satellite receivers, and

WiMAX filters

Magnetics Group

From K-4 to K-250
(ceramic) 4.3–250 ± 5%

Patch antennas for automotive and GPS, dielectric rod
antennas, ceramic supports, sleeves for ferrites,

waveguide filters, phase shifters and tuning elements,
and sputtering targets

From DR-30 to DR-80 29.5–46.5 ± 1% Base stations, filters and combiners, broadcast satellite
receivers, wireless, and cable TV80 ± 2%

Murata
Manufacturing Co.

U series 36–40 ± 0.5% 1.5–12.5 GHz

(i) Satellite antenna
(ii) Burglar alarms

(iii) Multichannel microwave
communications systems

(iv) Radar systems
(v) Speed guns

(vi) Mobile phone
(vii) CATV converters

M series 37–40 ± 1% 1.5–12.5 GHz
V series 33–36 ± 0.5% 2.9–13.2 GHz
R series 29–31 ± 0.8% 4.6–24.2GHz
B series 27–29 ± 0.5% 4.8–25.9GHz

E series 24-25 ± 0.4%
8.4GHz–25GHz
(also above 25GHz

applications)

F series 23-24 ± 0.5%
10GHz–25GHz (also

above 25GHz
applications)

Z series 6.4 ± 0.6% Support of dielectric
resonators

Token Company

TE21 19–22 C/X/Ku/K/Ka band (i) LNB
(ii) Radar detectors

(iii) DRAs
(iv) Cable TV

(v) Anticollision sensors
(vi) Filters, duplexer, and

combiners
(vii) Cellular base filters,
duplexer, and combiners

TE30 29-30 S/C/X/Ku band

TE36 35–37 L/S/C/X band

TE45 44–46 UHF/L/S/C/X band
TE80 79–81 UHF/L/S/C band
TE90 89–91 UHF/L/S band

Kyocera Microwave dielectric ceramics 9.7–141
(between ±0.5% and ±3%) Dielectric resonator, satellite broadcast, and base station
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(a) (b)

Figure 48: DRA working in circular polarization.The slits on the DR excite the circular polarization, while the metal strips (drawn in black)
are used to increase the operating bandwidth of the axial ratio triggering a circular polarization that goes to overlap to that radiated by the
DR [195]. Tridimensional view (a) and front view (b).

Metal plate

Spacer Monopole

(a) (b)

Figure 49: A dielectric resonator antenna excited by an electric probe having a trapezoidal shape [197]. Tridimensional view (a) and lateral
view (b). The DR region with the notch is that where the strip-fed system used to excite the DRA is placed.

to the DR a dual or a multiband behavior, are discussed.
This information can be beneficial whenever it is necessary
to compact the communication system conferring to the DR
a filtering [196] and radiant behavior [1].

In addition to geometry and to dielectric materials, the
antenna excitation system may have a significant impact on
the bandwidth of the radiating structure. In particular, an
antenna composed of a dielectric spacer,made of foamhaving
a dielectric constant close to one, on which a DR is placed,
having a dielectric constant 𝜀

𝑟
= 9.8 (adopted dielectric

material TMM10i), and with a metal plate placed on the top
surface of the DR, has been proposed in [197]. The DR is
excited by means of a trapezoidal monopole patch, attached
to the side surface of the resonator on which a suitable notch
is realized, connected to an SMA connector. The air-region,
forming the spacer, behaves as a magnetic wall on which is
mounted the dielectric resonator loaded with a top metal
surface. The electromagnetic analysis was performed using
the full-wave FEM-based HFSS [8]. The prototype antenna
has a frequency band ranging between 2.9 and 6.7GHz

(FBW = 75%) with a gain varying between 4.8 and 6.5 dBi.
This result was achieved realizing a bevel on the exciting
monopole, which allows an effective impedance matching
with the coaxial line (see Figure 49). The dimensions of the
ground plane are about 50mm×50mmwhile the total height
of the DRA is of about 15mm. The structure has dimensions
of about 0.48𝜆

0
×0.48𝜆

0
×0.14𝜆

0
, where 𝜆

0
is the wavelength

at the lower frequency.

10.2. High-Gain DRAs. Typical dielectric resonator antennas
exhibit gains of about 4-5 dBi (suitable for indoor coverage)
which may be not suitable for some applications such as
those concerning wireless base stations and satellite com-
munications. In particular, radio base stations operating in
outdoor environments may require gains that vary in the
range of about 3 to 30 dBi depending on the type of radio
links and coverage requirements [198], while for satellite
applications such gainsmay oscillate between 12 dBi (or lower
for small satellite applications) and 50 dBi (for high-gain
satellite applications) [199]. Also the working frequency can
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be important because in the frequency range of 60GHz the
atmospheric absorption of electromagnetic waves is particu-
larly significant and consequently said frequency is adopted
only for short-range wireless communications making use of
high-gain antennas [174].

One of the main expedients used for increasing the
antenna gains in a limited frequency band consists in the
excitation of higher order modes [174, 184, 200–202]. In
fact, when these modes are excited, the antenna appears
electrically bigger and thus the realized gains are higher.
Furthermore, because the realization of an array is not
required, the complexity and size of the antenna are more
limited. In addition, the mutual coupling between the array
elements is finally avoided [200]. In particular, a high-gain
rectangular dielectric resonator antenna, backed by a ground
plane with a suitable slit excited by a microstrip line, has
been proposed in [202]. The gain increase is achieved by
exciting the resonator on the higher order modes. In this
way a higher gain of about 5 dB compared to that obtained
by a conventional excitation of the fundamental resonant
mode is obtained. Three different DRAs, of relative dielectric
permittivity 10 and tan 𝛿 = 0.02, having increasing heights,
are used to excite modal configurations of higher order,
highlighting how the increase of the modal order as well as
that of the resonator’s height results in an increase of the
antenna gain. The ground plane of the DRA is approximately
100mm × 150mm (3.3𝜆

0
× 5𝜆
0
, where 𝜆

0
is the free-

space wavelength). A homemade full-wave FDTD numerical
technique was adopted to analyze the antennas. Gains of
about 10 dBi and FBW = 7.5% are obtained in the resonator
having a height of about 30mm (𝜆

0
).

In addition to the use of techniques aimed at the excita-
tion of suitable higher ordermodes, the use ofmetal reflectors
and of appropriate design solutions allows a considerable
increase of the antenna gain [185, 187, 194]. In particular, the
simultaneous use of stacked DRAs and of a cylindrical metal
reflector placed in proximity of the DRAs (see Figure 47)
allows achieving a gain of about 11 dBi with a FWB = 26%
and a front-to-back ratio of about 17–30 dB [194].

Higher radiative performances, on a higher operat-
ing bandwidth (exceeding 65% fractional bandwidth), are
reached using a suitably shapedmetal reflector and equipping
the DRA with a top-mount spherical cap-lens (see Figure 50)
useful to focus the RF energy in the boresight direction
[185]. The materials chosen to realize the DR (𝜀

𝑟
= 3)

and the dielectric lens (𝜀
𝑟
= 4) belong to the ECCOS-

TOCK� HiK 500F family, featuring a loss tangent less than
0.002 in the frequency range 1–10GHz. The antenna has
a diameter of about 114mm (equal to about 2.6𝜆

0
at the

central working frequency) and a height of about 48mm (𝜆
0
).

This design solution allows achieving a high-gain (exceeding
15 dBi), excellent linear/circular polarization purity, and a
high front-to-back ratio (better than 20 dB). Said character-
istics make the antenna suitable to be successfully employed
in indoor/outdoor wireless communication systems as well
as for satellite terminal receivers, for instance, to effect a
transponder function between WiFi and satellites in the so-
called 8/7GHz X band. In addition, it can also be advan-
tageously used in UWB wireless applications working with

Lens

Reflector

DR

Figure 50: Geometry of the high-gain mushroom-shaped dielectric
resonator antenna in the vertical symmetry plane of the antenna
[185]. The DR, the lens, the reflector, and two of the four coaxial
probes useful to excite the circular polarization are reported in the
figure.

pulse signals. The antenna, making use of low permittivity
dielectrics, can be realized with lightweight commercial-
grade materials and thus may be suitable for space/airborne
applications at a reasonable manufacturing cost and com-
plexity. The full-wave FIT-based CST Microwave Studio [25]
has been employed to design and characterize the antenna,
while the singularity expansion method has been adopted to
express the antenna response to arbitrary excitation wave-
forms.

10.3. Compact DRA. Tridimensional radiating structures
may not be suitable to be integrated in portable devices
where antennas of small size and low-profile are preferable.
For this reason new geometries and excitation techniques
for achieving more compact dielectric resonator antennas
were proposed in [196, 203]. In particular, a DRA formed
by a rectangular DR, having a dielectric permittivity 9.2
(commercial product TMM10), spaced from the ground
plane by means of a dielectric insert of permittivity 𝜀

𝑟
= 2.2

(commercial product Rogers RT/Duroid 5880), and excited
by a probe placed inside the DRA on the side wall of which a
metal surface is placed (see Figure 51), was presented in [203].
The antenna, of size 40mm × 40mm × 15.2mm (0.41𝜆

0
×

0.41𝜆
0
×0.16𝜆

0
, where 𝜆

0
is the free-space wavelength at 𝑓 =

3.1GHz), analyzed by means of the full-wave commercial
software tools FIT-based CST Microwave Studio [25] and
FEM-basedHFSS [8], is suitable to cover theUWBband (3.1–
10.6GHz) with an antenna gain ranging between 4 and the
6.8 dBi.

A more compact and thin DRA (see Figure 52), of size
12mm × 30mm × 6mm (0.124𝜆

0
× 0.31𝜆

0
× 0.062𝜆

0
,

where 𝜆
0
is the free-space wavelength at 3.1 GHz), suitable for

handheld devices, has been recently proposed in [196]. The
antenna, having UWB characteristics, ensures low emissions
in theWiMAX andWLAN frequency bands, so reducing the
electromagnetic interferences (EMIs) with such systems.

The radiating structure, composed of two identical rect-
angular DRA of permittivity 𝜀

𝑟
= 10 and tan 𝛿 = 0.002, is

excited by a microstrip feeding line, realized on a RO3003
having 𝜀

𝑟
= 3 and thickness 0.75mm, equipped with

three teeth. The filters employed for the rejection of the
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Figure 51: A compact rectangular dielectric resonator antenna with a low permittivity insert placed between the ground plane and the DR
[203]. Tridimensional view (a), front view (b), and lateral view (c).

DRs

Figure 52: Tridimensional view of a compact UWBDRAwith dual-
band-rejection characteristics for WiMAX/WLAN bands [196].

WiMAX and WLAN bands are composed of a T-shaped
microstrip resonator and by a rectangular slit integrated in
the ground plane. The low dielectric permittivity adopted for
the realization of the DRA allows obtaining a wide operating
band (equal to approximately 122%) with limited geometric
dimensions. The antenna characteristics were carried out by
means of the full-wave FIT-basedCSTMicrowave Studio [25]
and with the FEM-based HFSS [8].

11. UWB Antennas with
Band-Notched Characteristics

Techniques useful to limit the interference between UWB
and other communication systems operating in the same
environment (WLAN, WiMAX, etc.) are presented in this
section. These techniques employ suitable filter systems
directly integrated in the radiator, in the groundplane, or near
the feeding line, to reduce the complexity of the electronic
circuitry and the cost of the whole UWB communication
system. Specifically they consist of suitable resonators that
are strongly coupled (at the resonance frequencies) with the
electromagnetic field excited in their neighborhood, thereby
causing a destructive field emission. Given their interest in
practical applications, the main filtering techniques adopted
in the antenna design are discussed in this section.

Spade-shaped antenna for UWB applications with triple
notched bands at 3.3–3.9, 5.2–5.35, and 5.8–6.0GHz, realized
to avoid interference with communication systems sharing
the same operative environment, has been proposed in
[62]. The triple notched frequency bands are achieved by
employing a hook-shaped defected ground structure (DGS)
in each side of the ground plane, embedding anΩ-shaped

slot on the radiating patch and adding a semi-octagon-shaped
resonant ring on the backside of the antenna (see Figure 53).
The analysis and design have been performed using the full-
wave FEM-based HFSS [8]. The antenna is realized on a
substrate of dimensions 36mm × 34mm × 1mm having a
dielectric relative permittivity of 2.65. The average value of
the gain is about 6 dBi, while the group delay is quite constant
with the exception of the bands inwhich the antenna does not
radiate.

A UWB planar slot antenna with dual-band-notched
characteristics, useful to reduce interference with WiMAX
and WLAN systems working in the same environment, has
been presented in [64]. The basic antenna, realized on a
FR4 dielectric substrate (dimensions 22mm × 24mm) with
relative permittivity of 4.6, thickness 1.6mm, and loss tangent
0.02, consists of a house-shaped slot excited by means of
a rectangular monopole connected to a 50Ω microstrip
transmission line (see Figure 54).

To filter out the WiMAX band, an angle-shaped parasitic
slit is asymmetrically etched out along with the rectangular
monopole, while two symmetrical parasitic slits are placed
inside the tapered slot to create another notched band for
the WLAN frequency band. In particular, the parasitic slits
introduce additional paths to the surface currents whose
directions at the slits’ resonant frequencies are opposite to
those excited in the metal frame forming the slot antenna,
thus reducing the energy emission. The antenna radiation
pattern is omnidirectional in the 𝐻-plane, while in the 𝐸-
plane two nulls similar to those of typical monopole antennas
are present. The antenna exhibits a gain ranging between 2
and 5 dBi and a fairly stable group delay in the whole UWB
band except at the notched frequency bands. The full-wave
MoM-based IE3D [87] has been employed to analyze and
design the antenna.

A flexible UWB antenna for wearable applications, with
a notched band useful to prevent interference with WLAN
communication systems, was presented in [65].The antenna,
excited by means of a CPW, is realized on an ultra-thin liquid
crystal polymer (LCP) substrate with relative permittivity of
2.9 and thickness of 0.05mm on which a copper layer of only
0.018mm is placed to realize the radiating element. Thanks
to the resistance of the LCP substrate to bending (up to
about 60∘), to high temperatures, and to humidity, it can be
employed by firefighters, sailors, and lifeguards. The antenna
(size 26mm×16mm×0.068mm), whose geometry is shown
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(a) (b)

Figure 53: Geometry of a planar UWB monopole antenna with triple band-notched characteristics [62]. Top view (a) and bottom view (b).
The resonant filters are shown in the figure. Dark gray upper metal face, medium gray bottom metal face, and light gray dielectric substrate.

(a) (b)

Figure 54: Geometry of the dual-band-notched UWB slot antenna [64]. (a) Front view. (b) Back view. The slits adopted to realize band-
notched characteristics are indicated. Dark gray upper metal face, medium gray bottom metal face, and light gray dielectric substrate.

in Figure 55, has two tapered slots defined by arc of ellipses to
get a better impedance bandwidth.

The frequency notch is obtained by using an H-shaped
slot with equal arms and a small gap between them (see
Figure 55). The H-shaped slot is placed near the feeding
point so as to reflect the RF energy toward the feeding line
when the slot resonates (at about 5.35GHz). The structure
has been analyzed and designed using the full-wave FIT-
based CST Microwave Studio [25]. The radiation patterns
are nearly omnidirectional over the entire frequency range
in the 𝐻-plane, while in the 𝐸-plane they are similar to
that of a dipole up to about 3GHz, while some fluctuations
appear at higher frequencies where the antenna becomes
more directive. The antenna has a gain of about 2-3 dBi and
exhibits good time-domain characteristics, with measured
fidelity factors ranging from 0.86 to 0.91.

A compact low-profile antenna (see Figure 56), suitable to
cover the UWB band (from 2.98 up to 10.76GHz), consisting

of a rectangular monopole, below which a triarms resonator,
suitable to realize two notched bands around the frequencies
of 3.5 (WiMAX) and 5.5GHz (WLAN), is placed, has been
presented in [66]. The rectangular monopole, of size of
14.5mm × 14.75mm, is printed on a FR4 substrate having a
permittivity of 4.4 and loss tangent 0.02. The overall antenna
size is of 29mm × 20.5mm.The two notched bands are real-
ized bymeans of a triarm filter that, around the frequencies of
3.5 and 5.5GHz, is excited by strong currents having opposite
directions with respect to those excited on the ground plane.
At the same time the strong electromagnetic coupling with
the rectangular monopole produces a substantial reduction
of the current amplitude excited on the metal patch with a
consequent reduction of the antenna emission process.

The antenna, which exhibits omnidirectional radiation
characteristics in the horizontal plane and monopole-type
characteristics in vertical plane, presents a gain ranging from
about 1.5 up to 5.9 dBi and a group delay less than 2 ns
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Figure 55: Geometry of the flexible band-notched UWB antenna
[65]. The H-shaped slot adopted to realize the band-notched
characteristics is indicated. Dark gray metal face and light gray
dielectric substrate.

Monopole

Triarm filter

Figure 56: Geometry of a compact low-profile UWB antenna
equipped with a triarms resonator [66]. Dark gray upper metal face,
medium gray bottom metal face, and light gray dielectric substrate.

throughout the operating band, except in the notched bands,
making the antenna suitable to support UWB pulse signals.

An example of a UWB rectangular dielectric resonator
antenna (DRA) with bandstop performance has been pre-
sented in [67]. The antenna, whose geometry is shown in
Figure 57, consists of a rectangular resonator of height 19mm,
made of Rogers 6010 with a dielectric permittivity of 10.2 and
a loss tangent of 0.003, placed on a metallic ground of size of
90mm×90mm. An air gap is placed under the DR to extend
the antenna impedance bandwidth, while a metallic patch is
used to excite the DR. To realize the 5.1–6GHz notched band,
two short-circuited metal strips are symmetrically attached
on the opposite face of the DR, while a slit is realized on the
metallic patch used to excite the DR. When both structures
resonate, a marked impedance mismatch occurs between the
feeding line and the antenna causing a frequency notch. The

Exciting monopole

Shorting strip

DR

Figure 57: Geometry of a UWB rectangular DRA with a bandstop
[67]. Dark gray metal and medium gray DR.

radiation patterns are symmetrical in the𝐻-plane, while they
are less symmetrical in the𝐸-plane due to the excitation of the
higher ordermodes. Finally, the antenna gain ranges between
6 and 9 dBi in the UWB frequency band. The structure has
been analyzed and designed using the full-wave FIT-based
CST Microwave Studio [25].

Two different design solutions were introduced in [63]
with the aim of enhancing the broadside gain of a printed
monopole antenna equipped with an elliptical metallic radi-
ator and with a notch inserted on the top edge of a corner-
rounded ground plane. Specifically, in the first prototype, an
arc-shaped slot was inserted in the patch, near the microstrip
line, for broadside gain enhancement in the 𝐸-plane at the
higher frequencies of the UWB band. The second antenna
(see Figure 58) has the same geometry of the first antenna
but with an additional single-wing filter for a further gain
enhancement. Both antennas have impedance bandwidth
ranging from 3 up to 11 GHz. The antenna, realized on a
Rogers 4350B dielectric substrate of thickness 1.524mm,
dielectric permittivity 𝜀

𝑟
= 3.48, and tan 𝛿 = 0.0038, has

dimensions of 25mm × 37mm. The full-wave FEM-based
HFSS [8] has been adopted to perform the analysis and design
of the mentioned antennas. The measured antenna gain
ranges between 0 and 3 dBi, for the first antenna, and between
1 and 4 dBi, for the second antenna.Higher cross-polarization
levels are observed in the second radiating structure due
to horizontal currents excited on the multimode resonant
filter (see Figure 58). Given the particular characteristics
exhibited by these antennas, they can be used for high-
accuracy positioning systems, portable devices, and cognitive
radios.

A compact reconfigurable (bandstop/bandpass) and
frequency-tunable radiating structure based on S-shaped
split-ring resonators (S-SRRs) whose geometry is shown in
Figure 59 has been proposed in [68]. This design solution
can be usefully employed so as to avoid interference when
other communication systems are installed in the same
environment. The antenna, consisting in a standard UWB
elliptical monopole excited by a 50Ω CPW, was realized
on a Rogers Duroid 5880 dielectric material with relative
permittivity 2.2, thickness 0.257mm, and loss tangent 0.0009.
A suitable filter, consisting of a Skyworks [204] SMV1405
varactor (capacitance range extending from 0.63 to 2.67 pF)
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Figure 58: PrintedmonopoleUWB antennawith an arc-shaped slot
inserted in the patch and with a single-wing filter element employed
to enhance the broadside antenna gain [63]. The multimode reso-
nant filter is responsible for higher levels of cross-polarized field.
Dark gray upper metal face, medium gray bottom metal face, and
light gray dielectric substrate.

Bias Bias

Bias Bias

Air bridge

Figure 59: Geometry of the reconfigurable and tunable S-shaped
split-ring resonators (S-SRRs) antenna for UWB applications [68].
An air bridge is adopted to suppress the slot line mode, which can
be excited by the asymmetric structures forming the filter. Dark gray
upper metal face, medium gray bottom split-ring resonator and air
bridge, and light gray dielectric substrate.

placed at the center of an S-SRR, is integrated on the CPW
line (where themagnetic field exhibits its maximum value) so
as to realize a tunable bandstop frequency. Furthermore, the
addition of two MACOM’s [205] MADP-042305-130600 pin
diodes arranged between the line and the ground plane acting
as a pair of shunt inductors allows switching the behavior
of the filter from bandstop to a bandpass characteristic.
This makes it possible to realize a UWB antenna suitable to
limit the electromagnetic interference with the WiMAX or
WLAN systems. Experimental measurements performed on
an antenna prototype confirm the numerical results carried
out using the commercial full-wave FEM-based HFSS [8]. In

addition, they also highlight the low impact that the filter
integrated on the CPW has on the antenna radiation patterns
with respect to those design solutions making use of filters
directly integrated in the radiating element.

Additional information concerning antennas having
characteristics similar to those presented in this section can
be found in [4, 58–61, 80, 81, 206–212].

12. Conclusions

A comprehensive review concerning broadband, multiband,
and UWB antennas for mobile and wireless communication
systems has been carried out. Geometries, materials, design
solutions, and numerical tools adopted for the analysis and
design have been investigated. Several classes of antennas
useful for the above-mentioned applications have been iden-
tified. The electromagnetic performances, the dimensions,
and the materials, as well as the design solutions useful
to improve the antenna bandwidth of monopole (2D and
3D profile), printed dipole, metamaterial, wearable, and
dielectric resonator antennas, have been taken into account.

Starting from the investigation carried out in this review
paper, the following general considerations concerning the
presented antennas can be highlighted.

(1) Monopole antennas placed over a ground plane emit
energy in the spatial region located between the
bottom edge of the monopole and the ground plane;
therefore special attention should be paid to the
shape of the monopole in this region. The emission
process produces substantially radiation patternswith
antenna beams oriented in the horizontal plane.
Multipoint excitations (see, e.g., the trident-shaped
feeding networks) tend to improve the operating
band, the polarization purity, and the signal integrity
of the radiated field useful in UWB applications. The
ground plane makes it possible to limit interference
with the sensitive electronic circuitry typically housed
in the antenna back region. They are of simple
realization and avoiding the use of dielectricmaterials
does not exhibit the adverse effects caused by surface
waves. The inherent 3D geometry limits their use to
applications concerning base stations, automotive or
avionics systems for high-speed vehicles.

(2) Printed monopoles exhibit a low-profile that allows
their use in both fixed (base stations, automotive
systems, etc.) and mobile terminals (smartphones,
tablets, glasses, laptops, wearable computers, etc.),
as well as a simple integration with the RF circuits.
The use of dielectric materials implies the presence
of surface waves; therefore the use of thin dielec-
tric materials having low dielectric permittivities
is strongly recommended. For these applications it
might be useful to limit the interference with WLAN
andWiMAX systems that may be present in the same
environment. To this end, several filtering systems
(simple or tunable) integrated on the monopole, on
the ground plane or on the feeding line, can be
adopted. In both cases it should be noticed that said
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filters are responsible for an alteration of the group
delay,which can result in a significant distortion of the
radiated signal with the appearance of a pronounced
ringing. This process can be even more evident
when use is made of metamaterials, which employ
resonant structures to achieve special electromagnetic
performances. In that case, a careful time-domain
analysis of the radiated signal has to be performed if
the antenna has to work also with pulse signals. To
overcome these drawbacks additional research activ-
ities should be performed to find new metamaterial
geometries suitable to guarantee stable group delay
and limited ringing effects.

(3) Wearable antennas present additional design require-
ments because the user’s body should be shielded
as much as possible from the electromagnetic field
generated by the antenna. In fact, the interaction
gives rise to an energy deposition in the user’s body
resulting in decreased efficiency and alteration of the
antenna radiation patterns. A design solution to this
problem is the use of radiant structures making use of
full ground. Anyway, for these antennas, the design
must take into account of the user, using human
body models during the numerical simulations (see,
e.g., that based on the “visible human”) as well as
during the experimental measurements (anthropo-
morphic dummies). Moreover, for said antennas, the
development of dedicated transitions, connectors,
and flexible feeding lines to be easily integrated with
the e-textiles would be desirable.

(4) Dielectric resonator antennas exhibiting 3D profile
can be used in radio base stations or terrestrial and
satellite radio links when a high energy efficiency is
required, as they are not affected by metal losses or
surface waves. The use of low permittivity dielectric
materials and special geometries can ensure broad-
band behavior, while the choice of suitable excita-
tion systems can guarantee excellent performance as
concerns the linear/circular polarization. Moreover,
metal reflectors and/or dielectric lenses can ensure
higher gains over wide frequency ranges.

The analysis of the scientific literature has shown a
remarkable technological readiness level reached by the 2D
and 3D printed antenna geometries, while there are still
ongoing research activities aimed to find new geometries and
materials for advanced applications of dielectric resonator
and wearable antennas. The full-wave commercial tools
required for analysis and design of the considered antennas
are reliable and user friendly. Even though further efforts
should be made to develop appropriate numerical tools
suitable to model more accurately the characteristics of the
materials (roughness of simple and twisted fabrics) used to
realize wearable antennas. As regards the substrates necessary
for the realization of printed antennas, there is a large class of
materials having high performances and low costs, while the
dielectric materials useful for the realization of wearable and
DRAantennas are still quite expensive. For these antennas the
high material costs are the main causes that limit their broad

spread in the market. New generations of high performance
antennas will be developed in the near future thanks to the
advent of 3D printers having high spatial resolution.
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In this paper, we proposed a beamforming antenna, which is realized using an omnidirectional antenna in the center surrounded
by a cylindrical smart dome. The smart dome is made of 16 active frequency selective surface columns of which the amplitude and
phase response can be continuously tuned by varying the bias voltages of the employed varactors. Thus, the performance of the
proposed antenna could achieve higher gain, better nulling level, and more agility than many switch methods-based cylindrical
reconfigurable antennas. Moreover, in order to overcome the unavailable analytical synthesis caused by complex mutual coupling
between columns, we develop a genetic algorithm based optimization system and conducted a serial of experiments to evaluate
the high-gain, nulling, continuously steering, and frequency-invariant ability. The results show that, during the frequency tunable
range of the AFSS (2.0GHz to 2.7GHz), the antenna can offer an additional gain of up to 6.57 dB and nulling level of −56.41 dBi. For
the high-gain modes, the −3 dB beam widths are 26∘–34∘, which offers enhanced angular resolution compared with other reported
beam-sweeping work. Furthermore, the radiation pattern is continuously steerable.

1. Introduction

With the development of wireless industry, adaptive and
smart antenna systems are developed to solve the interference
problems [1, 2]. Analog phased array and multiple-channel
digital signal process can be used to build smart antenna
systems [3, 4]. However, both of these methods are compli-
cated and expensive. Electronically steerable antennas based
on active frequency selective surface (AFSS) are studied in
recent years to provide economical beam steering solutions.
Both planar and cylindrical conformal arrays are reported
[5–9]. The cylindrical ones have similar configurations; they
are mostly constructed by a central omnidirectional antenna
and several surrounding AFSS columns (with the shape of
a cylinder). These designs offer low cost and highly agile
solutions with the purpose of radiation patternmanipulation.
Themajority of these AFSSes are based on PIN diodes.There
are only two states for PIN diodes, on and off. Thus, the idea
of operating this kind of antenna is turning some of the AFSS

columns reflective, while turning the others transparent. In
this way, nearly half of the radiation energy is reflected and
a better additional gain is achieved. The 3 dB beam widths
are about 70∘ in the azimuth plane [6–8]. A more recent
research showed that the beam-width of this kind of antennas
can be narrowed to 47∘ with an optimized dimension [10].
These on/off methods-based antennas are all sector antennas
which means that they are not continuously steerable. In
the previous work [9], varactors based AFSSes were used to
achieve continuously steerable ability. However, amplitude
and phase responses of the AFSSes were not considered in
that work.

As reported in [11], manipulation of the radiation pattern
of a horn antenna by using the amplitude and phase response
of an AFSS proved to be available. Inspired by this work, for
the cylindrical cases, if the amplitude and phase response
can be controlled continuously, they are quite similar to
conformal weighted and phased arrays. In such cases, higher
gain, deeper nulling level, and better agility can be expected as
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Figure 1: Antenna structure. (a) Photo of the antenna. (b) Central dipole antenna. (c) Cross section and dimensions. (d) Bottom plane.

a smart antenna [12]. For this purpose, a cylindrical AFSS
based antenna was developed in this work. It takes advantage
of the phase tuning ability of theAFSS to realize a higher addi-
tional gain and deeper nulling level. A self-contained opti-
mization algorithm, which is capable of effectively enhancing
the performance of the antenna, is also developed to realize
the optimization. The radius of this prototype is enlarged to
1.76 𝜆 of the central frequency. Moreover, since this antenna
has an essential different working mechanism compared
with the reported ones [5–8, 10], which used PIN-diode for
the AFSSes and can only switch between the on and off
modes, we would prefer to reconsider it as a smart dome
and an inner emitter.The emitter is a general omnidirectional
antenna and it can be replaced bymany different models with
vertical polarization direction, while the radiation pattern
manipulation ability is realized by the dome.

The rest of this paper is organized as follows. In Sec-
tion 2, the structure of this antenna and the design of the
AFSS are introduced. The amplitude and phase responses
of the AFSS are discussed. The complexity of performing
beamforming on this antenna is explained. In Section 3, an
artificial intelligence (AI) based optimizing system is built to
overcome the above-mentioned problems and evaluate the
performance of the antenna. We use genetic algorithm (GA)

method to optimize the antenna for different purposes. The
performances of the gain, nulling level, frequency-invariant
beam, and agility are revealed. Finally, the paper is concluded
in Section 4.

2. Design of the Antenna

2.1. Structure of the Antenna. The antenna is constructed by
a dipole antenna in the center and 16 AFSS columns sur-
rounding it, as shown in Figure 1 (the number of AFSS
columns is currently determined by the number of DA
channels in the self-made voltage controller). The dipole acts
as a radiator emitting omnidirectional vertically polarized
signal. The bottom plane is an annular shaped, single-layer
FR4 PCB with 16 golden-finger jackets and two multiple pin
connectors. A pair of golden fingers is added to the bottom
of each AFSS column so it can be plugged into the jacket,
where the bias voltage is added. There are 6 unit cells within
each column. The diameter of the antenna is 220mm and
the height is 133mm. Dielectric FR4 board, nylon sticks, and
screws are added to help holding the dipole antenna andAFSS
columns in position.

The mechanism of this antenna is illustrated in Figure 2.
The signal is emitted by the central omnidirectional dipole
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and reflected on the AFSS columns, which are tuned into
reflective status at the working frequency. The other AFSS
columns (for this demonstration, there are six) work at
different states between transparent and reflective modes
to manipulate the phase. As shown in Figure 2, there are
16.4mm and 30.0mm distance differences. For different
wavelength, they correspond to different phase differences.

2.2. Design, Measurement and Discussion of the AFSS. The
structure and dimensions of the developed AFSS are shown
in Figure 3. The AFSS patch is constructed by two mirrored
𝐸 like patches. The original design of this patch can be traced
back to [13], and it is also known as the electric-LC (ELC)
resonator. It is later successfully modified into an AFSS with

broadband tunability [14]. In this work, the unit cells of the
AFSS were fabricated on a single-layer FR4 board (thus no
via holes or patches on the other side) and were rotated by
90∘ to manipulate the vertically polarized signal. We used
16 such AFSS columns, each applied with an independently
controlled bias voltage, to form the designed smart dome.
The bias voltages powered to each column were controlled
by a self-contained artificial intelligence program, optimizing
the combinations of bias voltages to an optimum status, thus
making the AFSS behavior outperform those in [13, 14]. 10 K-
ohm resistors were added on the bias grid for the purpose
of isolating the unit cells by choking the high frequency
current between unit cells. The varactors used in this work
are BB857, manufactured by Infineon. It is a surface-mounted
model with SCD80 package. It is broadband tunable with a
variable capacitance 𝐶

𝑇
from 0.54 pF to 6.6 pF, a low series

resistance of 𝑟
𝑆
= 1.5 ohm, and the series inductance 𝐿

𝑆
=

0.6 nH. When the varactor is reversely biased, the maximum
current is 200 nA (𝑉

𝑅
= 30V), implying that the minimum

resistance is 150M-ohm, it is much larger than the 10 K-ohm
resistors. Thus, the DC bias voltage drop caused by the choke
resistors is negligible. For the same purpose, two horizontally
placed resistors were added to connect the bias grid and the
mirrored 𝐸 patches.

The amplitude and phase responses under different volt-
ages were measured in a microwave anechoic chamber. As
shown in Figure 4, an isolation screen was built using steel
plate with an aperture in the center. RF anechoic material was
glued on both sides of the screen. Two horn antennas were set
up pointing to each other through the aperture. 𝑆

21
between

these two horn antennas were measured when FSS columns
were installed covering the aperture with a distance of 45mm
to each other. The 𝑆

21
difference between this setup and the

open aperture setup is the transmission coefficient of the FSS.
This method is already widely used such as in [15–18]. The
measured FSS screen was constructed by 6 FSS columns and
the bias voltage was added at the bottom. The dimensions in
Figure 4 are as follows: 𝐿

1
= 1m, 𝐿

2
= 1.5m,𝐻

1
=𝑊
1
= 2m,

𝑊
2
= 30 cm, and𝐻

2
= 20 cm. Since the aimof this preliminary

experiment is mainly to validate the effectiveness of the
designed prototype and its capability of frequency tuning, we
choose these setup dimensions according to the experimental
environment, which is a 3m × 3m anechoic chamber, due to
the reason of economy, and so on (theoretically, the distance
of the two antennas should be as large as possible to simulate
the situation of far field plane wave).

Simulated and measured results are shown in Figure 5.
The resonant frequency of this AFSS can be tuned from
2.0GHz to 2.75GHz with an insertion loss of more than
10 dB. As the performance of materials in the experiment
may decrease from the standard value set in the simulation
due to aging problems, and so on, the experimental results
are slightly deviated from simulation ones. As discussed in
the previous work [9], the total working frequency range
BWworking is no more than the sum of the frequency tunable
range BW

𝑇
and stop-band frequency range BW

𝑅
(1). Thus

the developed AFSS can be used for building electronically
steerable antennas from 2.0GHz to 2.75GHz, if an insertion
loss of more than 10 dB is required. This frequency spectrum
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Figure 4: Measurement setup illustration and photo.
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Figure 5: Simulated and measured transmission coefficients of the
AFSS.

covers some part ofWCDMA, some part of LTE, and 2.4GHz
ISM band:

BWworking ≤ BW𝑇 + BW𝑅. (1)

Besides the tunable range, the amplitude and phase
response at a given frequency point is directly related to
beamforming. To measure such data, we altered the bias
voltage from 0V to 30V with a step of 0.1 V and read the
transmission coefficient and phase response versus voltage
data at each 100MHz from the PNA 5227A using a Python
program through LAN based VISA interface. Without loss
of generality, the result at 2.4GHz is shown in Figure 6. It is
not difficult to find out that the relationship between the bias
voltage and the amplitude or the phase response is nonlinear.
At different frequencies, the transmission coefficients and
phase respond to different voltages, and the phase tunable
range is also different.

For the purpose of beamforming, phase response is an
important parameter. The measured phase responses for dif-
ferent frequency samples from 2.0GHz to 2.7GHz stepping
0.1 GHz are shown in Figure 7 (simulations are not conducted
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Figure 6: Measured results of transmission coefficient and phase
response under different bias voltages at 2.4GHz.
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here for the reason of low efficiency and inaccuracy). The
measured results show that the tunable phase response range
is generally larger for the lower frequencies. At 2.1 GHz,
the tunable range is 62.8∘, while at 2.6GHz it is 47.6∘. This
behavior means that this AFSS has a better phase shifting
ability within lower frequency band than the higher. For the
fixed structure, the phase tuning requirement is given by
physical length as shown in Figure 2. In this work the phase
needs to be tuned to compensate 16.4mm and 30mm. That
is 43.5∘ and 79.4∘ for 2.1 GHz, while being 51.2∘ and 93.6∘ for
2.6GHz.That means for the lower frequency band it is easier
to satisfy the phase shifting requirement.

For the proposed antenna, the AFSS columns are very
close to each other; thus the mutual coupling can be quite
strong. Mutual coupling is usually considered when syn-
thesizing a dense array. For a traditional array, multiple
elements are fed though physically connected ports. It can be
analyzed using a classical mutual impedance matrix method.
This method is based on the voltage and current of the
feed ports, as detailed in [19]. For the antenna in this work,
these ports do not exist, and the interferences definitely
happen before the signal reaches the AFSS columns. Thus,
this method is not suitable for this case. An alternative
approach is space-fed arrays [20–23]. However, to the best
of the authors’ knowledge, there is seldom discussion on the
mutual coupling of these arrays.

Schneider and Munk proposed a method to calculate the
scattering of super dense dipole array [24]. In this reference,
the mutual coupling depends on the details of the unit cells,
when the incident wave and the dipoles are not aligned. This
method is based on the condition that all the elements are
the same and uniformly distributed. This situation is very
similar to our work. However, a big difference is that, in [24],
all the elements are the same and static; in our work the
AFSSes are supposed to be working under different voltages,
which means that they have different states. This problem
is much more complicated than the uniform cases. Also,
Floquet mode is no longer suitable.

The flowchart of this problem and the idea to overcome
it are shown in Figure 8. When 16-channel voltages are
generated, the amplitudes and phases of the AFSS columns
respond to the voltages. Radiation pattern can be synthesized
if the amplitude and phase values are known. However,
the relationship between the voltage and the states of the
AFSS columns is nonlinear and the coupling between the
columns is unknown. Furthermore, the amplitude and phase
responses are not individual. Thus, the synthesis cannot
be performed. To solve this problem, we considered the
relationship between the voltages and the radiation pattern
as a black box. An observer was added in the far field
area to acquire the radiation level of the target direction.
This radiation level is sent to an artificial intelligence (AI)
based program and the relationship between the voltages and
radiation pattern at the target direction is established.When a
goal is assigned to the AI program, it can change the voltages
to optimize the radiation pattern to reach the goal.

3. Genetic Algorithm Based
Experimental Investigation

To realize the idea shown in Figure 8, we developed a genetic
algorithm (GA) based program and a voltage controller.
There are many other artificial intelligence methods. The
reason we choose GA is because it is a global optimization
method, and it is not complicated for programming.

3.1. The Genetic Algorithm Based Optimization System Setup.
Artificial intelligence technologies have been well developed
for decades. Studies on using GA to optimize arrays have
been well reported [25–27], most of which used GA as
a synthesis method to optimize the calculated radiation
patterns. Different to these works, we developed the GA
optimization system not only based on software but also on
hardware. As can be seen from the block chart of Figure 9,
the testing antenna and the developed antenna are both
installed in a microwave anechoic chamber. Two coaxial
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cables connect these two antennas and a N5227A vector
network analyzer. When the measurement starts, the VNA is
able to acquire the 𝑆

21
parameter between the two antennas. A

self-mademultichannel voltage controller connects the AFSS
smart dome to provide several channels of bias voltages, and
the GA-based program running on a computer controls the
values of these bias voltages.

The working flow is as follows. The GA program ran-
domly generates a 16-value combination, the range of which
is limited within 0 to 30. This combination is used as an
individual in this GA program.Then the computer sends this
combination command to the voltage controller to generate
16 voltage levels.The radiation pattern changes consequently.
When the status is stable, the computer triggers the VNA to
capture the 𝑆

21
amplitude and takes it back. The score for

this combination is calculated based on this 𝑆
21

amplitude.

This 16-value combination is transformed to a binary code
and used in the crossing-over and mutation procedure. For
high-gain optimization, a higher score is given to a higher
𝑆
21

amplitude; for the purpose of nulling, a higher score is
given to a lower 𝑆

21
amplitude. The flowchart of the GA part

is shown in Figure 10. In this program, the population is 10;
theMaxgen (max generation) is 500. During the optimization
procedure, the program observes the improvement. If the
improvement is not significant within the last 100 genera-
tions, the program will set PM (probability of mutation) to
0.5 to prevent the program being trapped in a local optimum.
This program iswritten using Python language, and it is based
on the Pyevolve package, created by Perone [28].

3.2. The GA Procedure. To guarantee that the GA program
we used is functionally correct, it is run for 5 times to
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Figure 12: Radiation pattern for each 5GA optimized results. (a) High-gain modes. (b) Nulling modes.

optimize the high-gainmode at 2.45GHz.Thebest 𝑆
21
of each

generation are stored and presented in Figure 11. It shows that
the procedure is not the same for each run, but the average
curve shows amore stable trend. It reaches a good result every
time.

We also measured the corresponding radiation pattern of
these 10 time runs, and the results are shown in Figure 12.
In both cases, different trials exhibit identical behavior at the
0∘ direction. For the 5 high-gain modes, the main lobes are

almost the same, but the side lobes and backward radiation
are different. The 5 nulling modes are similar at 0∘ direction;
all these 5 times can reach a deep nulling; besides this range,
the radiation pattern is different for each time it runs. This
is because at the other directions, there are no observation
points. The GA program is not aware about the radiation
of these directions. Of note, the measured nulling levels are
different from the recoded ones shown in Figure 11. That is
because all the environmental factors are actually considered
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Figure 13: High-gain mode radiation patterns of the developed antenna from 2.0GHz to 2.3 GHz.

during the optimization. We need to remove the control
cable to prevent it from being stretched when performing the
radiation pattern measurements.

3.3. High-Gain and NullingModes through the Tunable Range.
We perform the high-gainmodes optimization from 2.0GHz
to 2.7GHz at each 100MHz. We use two stander dipoles to
cover this spectrum: a SD2050-174 for 2.0GHz to 2.3 GHz
and a SD2450-181 for the other frequencies. The data of these
two dipole antennas can be found on SATIMO’s website.
The optimized radiation patterns are shown in Figures 13
and 14 compared with the radiation pattern of the dipoles.
At 0∘ direction, which is the target direction, the gain
is significantly higher than the dipoles. The data of gain,
additional gain (AG) compared with the dipoles, 3 dB-beam
width (3 dB-BW), side lobe level (SLL), and front-back ratio

(FBR) are shown in Table 1. The additional gain reaches
6.57 dB at 2.3 GHz, and it is higher than 5 dB from 2.0GHz
to 2.4GHz. The 3 dB-beam width is from 26∘ to 34∘. It is
worthwhile to point out that, the 3 dB-beam-width in the
azimuth plane obtained in this design is much smaller than
those mentioned in [5–8, 10], the best of which achieves 47∘.
However, more efforts are being devoted to developing more
smart GA-based optimization programs, for instance, a GA
system that is capable of controlling all AFSS elements as
independent ones (with higher degree of freedom) to achieve
even higher level of gain or depression.

Another significant difference between this antenna and
those mentioned in [5–8, 10] is that a very deep nulling level
can be achieved. We alternated the goal of the GA program
to achieve an increasingly lower 𝑆

21
value. The measured

radiation patterns of nulling mode are shown in Figures 15
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Figure 14: High-gain mode radiation patterns of the developed antenna from 2.4GHz to 2.7GHz.

Table 1: Survey of the high-gain modes.

Freq
(GHz)

Gain
(dBi) AG (dB) 3 dB-BW

(degree) SLL (dBi) FBR (dB)

2.0 7.37 5.42 31 3.54 16.84
2.1 6.99 5.40 30 4.10 17.9
2.2 6.96 5.14 26 0.50 7.56
2.3 7.69 6.57 27 3.49 6.43
2.4 7.05 5.53 27 1.98 7.26
2.5 5.86 4.44 27 2.27 5.70
2.6 5.39 3.61 26 −0.45 5.55
2.7 5.30 3.53 34 Null 2.96

and 16. Here, we use Cartesian coordinate and the 𝑥-axis is
transferred from 0∘–360∘ to ±180∘ for a clearer look. At the

desired 0∘, the nulling levels are below−30 dBi and even reach
−56.41 dBi at 2.7 GHz. These results show that the proposed
antenna can be used for noise cancelling and angle finding
applications.

The antenna matching is influenced by the AFSS and
the status. The measured 𝑆

11
of 8 high-gain and 8 nulling

modes are shown in Figure 17, compared with the dipoles’
original 𝑆

11
. For both of the dipoles, 𝑆

11
are influenced

by the AFSS and the working status. The results are still
acceptable, since all the curves are around −10 dB. Moreover,
it is obvious from Figure 17 that the 𝑆

11
value of high-gain

mode optimized for target frequency does not have a best
value at each frequency; this is due to the reason that the
optimization process is dominated by 𝑆

21
performance and

therefore makes sacrifice for the efficiency. However, this
issue is still worthy of a further research to achieve a better
matching performance, andmore efforts are being devoted to
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Figure 15: Nulling mode radiation patterns of the developed antenna from 2.0GHz to 2.3 GHz.

developing independently controlled AFSS units and smart
optimization algorithms, which would help improve such
behavior significantly.

3.4. Continuously Steerable Ability. Another benefit of this
antenna is that it is continuously tunable compared with
the on/off method based electronically steerable antennas.
The proposed antenna contains 16 AFSS columns and is
perfectly central symmetric. Thus, there are 32 axes of
symmetry. Therefore, we only need to prove that the antenna
is continuously tunable within each 11.25∘ sector. To verify
this ability, we shift the target direction from 0∘ to 11.25∘
by 3.75∘ to optimize the high-gain mode. Because for the
purpose of communication, where high-gain mode is mostly
employed, a 3.75∘ tunability is quite enough for amain lobe of

26∘ to 34∘ width. For the nulling mode, it is usually used for
strong noise isolation and angle finding purpose, which often
requires an accurate tunability; we shift the target direction
for each 1∘ from 0∘ to 11∘. The results are shown in Figure 18.
For the 4 high-gain modes, the measured gains are 5.33 dBi,
5.17 dBi, 5.71 dBi, and 5.31 dBi, and they point to 0∘, 7∘, 9∘,
and 11∘, respectively. The directions have some error, but the
continuous tunability is basically approved. For the nulling
modes, the nulling angles point to each 1∘ precisely.

3.5. Beam Bandwidth Investigation. Another important
parameter for electronically steerable antenna is the beam
bandwidth. For instance, to use this antenna for a 2.4GHz
WiFi system, there are two bandwidths we should be
concerned about. One is 2.4–2.483GHz, which is the total
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Figure 16: Nulling mode radiation patterns of the developed antenna from 2.4GHz to 2.7GHz.

2.4GHzWiFi; the other bandwidth is the channel bandwidth,
which is 22MHz for IEEE 802.11b, 20–16MHz for 802.11 g/n
and some other standards. If the antenna control method
is enclosed within the protocol, the bandwidth of the beam
only needs to remain invariant in the channel bandwidth.
Once the system changes the working channel, the antenna
can change correspondingly. If the antenna control method
is not included in the protocol, beam bandwidth has to
cover the whole spectrum of this protocol. This is especially
important for a frequency-hopping spread spectrum (FHSS)
system such as the well-known Bluetooth system. In this
work, the antenna is supposed to be narrow band. That is,
because unlike attenuators and phase shifters based steerable
antennas, the AFSS cannot maintain the same amplitude
and phase value in a wide band. So, it is necessary to find
out the beam bandwidth performance. We optimized the

gain at 2.44GHz and measured radiation pattern from
2.40 to 2.49GHz by each 10MHz. The results are shown in
Figure 19(a). The gains are from 7.02 dBi to 5.53 dBi, which
means that when using this antenna for a WiFi system
without optimization to each channel or for a Bluetooth
system, there will be 1.49 dB difference for different channels.
It is no big problem, but we would like to see if this issue can
be improved. To do so, we modified the program to observe
the 𝑆
21

of these 10 frequency points and scored the 𝑆
21

with an additional condition to constrain the mean square
error of the 10 amplitudes of 𝑆

21
to be smaller than 0.2. The

responding radiation patterns are shown in Figure 19(b). The
difference of gain is smaller.

For a similar reason we performed a similar method to
learn the beam bandwidth of the nulling mode. We set the
average of these 10 amplitudes of 𝑆

21
as the target instead of
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Figure 18: Radiation patterns for examining the continuous tunability. (a) High-gain modes. (b) Nulling modes.
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Figure 19: High-gainmode radiation patterns ofWiFi band for the examination of beam bandwidth. (a)Without constraint. (b) Constrained
by mean square error condition.
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Figure 20: Nulling mode radiation patterns of WiFi band for the examination of beam bandwidth. (a) Results of single frequency goal. (b)
Results of multiple frequency average goal.

themean square error.The results are shown in Figure 20.The
improvement is significant. For most frequencies, the nulling
levels are below −20 dBi.

4. Conclusion

In this paper, a highly agile electronically steerable active sm-
art dome antenna is proposed. This antenna takes advantage

of the amplitude and phase response of the employed AFSS,
as well as a self-made genetic algorithm based optimization
system to experimentally realize high-gainmodes andnulling
modes within the frequency tunable range of 2.0GHz to
2.7GHz. The antenna is continuously steerable and outper-
forms many PIN-diode based FSS configurations in agility.
The measured results achieved additional gain of up to
6.57 dB and a deep nulling level of −56 dBi. For the high-gain
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modes, the−3 dB beamwidths are 26∘–34∘, while for the null-
ing mode, they can offer a steering resolution of 1∘. Beam
bandwidth measurement shows that it can offer stable high-
gain mode and nulling mode for 2.4GHz WiFi band.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (61601391) and Educational Commis-
sion of Fujian Province, China (JZ160449).

References

[1] H.Krim andM.Viberg, “Twodecades of array signal processing
research: the parametric approach,” IEEE Signal Processing
Magazine, vol. 13, no. 4, pp. 67–94, 1996.

[2] A. Alexiou and M. Haardt, “Smart antenna technologies for
future wireless systems: trends and challenges,” IEEE Commu-
nications Magazine, vol. 42, no. 9, pp. 90–97, 2004.

[3] S. Farzaneh and A.-R. Sebak, “A novel amplitude-phase weight-
ing for analog microwave beamforming,” IEEE Transactions on
Antennas and Propagation, vol. 54, no. 7, pp. 1997–2008, 2006.

[4] J. Kennedy and M. C. Sullivan, “Direction finding and “smart
antennas” using software radio architectures,” IEEE Communi-
cations Magazine, vol. 33, no. 5, pp. 62–68, 1995.

[5] M. Roig, M. Sazegar, Y. Zheng, and R. Jakoby, “Tunable freq-
uency selective surface based on ferroelectric ceramics for beam
steering antennas,” in Proceedings of the 7th GermanMicrowave
Conference (GeMiC ’12), pp. 1–4, March 2012.

[6] A. Edalati andT.A.Denidni, “High-gain reconfigurable sectoral
antenna using an active cylindrical fss structure,” IEEE Transac-
tions on Antennas and Propagation, vol. 59, no. 7, pp. 2464–2472,
2011.

[7] M. N. Jazi and T. A. Denidni, “Agile radiation-pattern antenna
based on active cylindrical frequency selective surfaces,” IEEE
Antennas and Wireless Propagation Letters, vol. 9, pp. 387–388,
2010.

[8] M. Niroo-Jazi and T. A. Denidni, “Electronically sweeping-
beam antenna using a new cylindrical frequency-selective
surface,” IEEE Transactions on Antennas and Propagation, vol.
61, no. 2, pp. 666–676, 2013.

[9] L. Zhang, Q. Wu, and T. A. Denidni, “Electronically radiation
pattern steerable antennas using active frequency selective
surfaces,” IEEE Transactions on Antennas and Propagation, vol.
61, no. 12, pp. 6000–6007, 2013.

[10] B. Liang, B. Sanz-Izquierdo, E. A. Parker, and J. C. Batchelor,
“Cylindrical slot FSS configuration for beam-switching appli-
cations,” IEEE Transactions on Antennas and Propagation, vol.
63, no. 1, pp. 166–173, 2015.

[11] W. Pan, C. Huang, P. Chen, M. Pu, X. Ma, and X. Luo, “A beam
steering horn antenna using active frequency selective surface,”
IEEE Transactions on Antennas and Propagation, vol. 61, no. 12,
pp. 6218–6223, 2013.

[12] L. C. Godara, Smart Antennas, CRC Press, 2014.
[13] D. Schurig, J. J. Mock, and D. R. Smith, “Electric-field-coupled

resonators for negative permittivity metamaterials,” Applied
Physics Letters, vol. 88, no. 4, Article ID 041109, 2006.

[14] W. Withayachumnankul, C. Fumeaux, and D. Abbott, “Planar
array of electric-LC resonatorswith broadband tunability,” IEEE
Antennas and Wireless Propagation Letters, vol. 10, pp. 577–580,
2011.

[15] J. Y. Kim, D. S. Kim, D. W. Woo, D. S. Shin, W. S. Park, and
W. Hwang, “Electromagnetic wave characteristics of second-
order composite frequency-selective surfaces fabricated by e-
beam evaporator,” Electronics Letters, vol. 50, no. 3, pp. 189–190,
2014.

[16] J. M. Zendejas, J. P. Gianvittorio, Y. Rahmat-Samii, and J.
W. Judy, “Magnetic MEMS reconfigurable frequency-selective
surfaces,” Journal of Microelectromechanical Systems, vol. 15, no.
3, pp. 613–623, 2006.

[17] B. Schoenlinner, A. Abbaspour-Tamijani, L. C. Kempel, and G.
M. Rebeiz, “Switchable low-loss RFMEMSKa-band frequency-
selective surface,” IEEE Transactions on Microwave Theory and
Techniques, vol. 52, no. 11, pp. 2474–2481, 2004.

[18] J. P. Gianvittorio, J. Zendejas, Y. Rahmat-Samii, and J. Judy,
“Reconfigurable MEMS-enabled frequency selective surfaces,”
Electronics Letters, vol. 38, no. 25, pp. 1627–1628, 2002.

[19] I. J. Gupta and A. A. Ksienski, “Effect of mutual coupling on the
performance of adaptive arrays,” IEEETransactions onAntennas
and Propagation, vol. 31, no. 5, pp. 785–791, 1983.

[20] K. S. Rao, “On the collimation phase error computation of a
space-fed planar phased array,” IEEE Transactions on Antennas
and Propagation, vol. 31, no. 1, pp. 154–156, 1983.

[21] C. H. Hightower, S. H. Wong, A. R. Perkons, and C. I. Igwe,
“A space-fed phased array for surveillance from space,” IEEE
Aerospace and Electronic Systems Magazine, vol. 6, no. 5, pp. 13–
17, 1991.

[22] M. Stoneback, M. Stoneback, and Y. Kuga, “Feasibility study
of a wirelessly controlled and powered space-fed phased array
antenna,” IEEE Transactions on Antennas and Propagation, vol.
61, no. 12, pp. 5984–5991, 2013.

[23] E. Jacobs, “Phase error effects on gain and sidelobe level of
a space-fed array,” IEEE Transactions on Antennas and Propaga-
tion, vol. 28, no. 2, pp. 243–246, 1980.

[24] S. W. Schneider and B. A. Munk, “The scattering properties of
“super dense” arrays of dipoles,” IEEE Transactions on Antennas
and Propagation, vol. 42, no. 4, pp. 463–472, 1994.

[25] R. L. Haupt, “Thinned arrays using genetic algorithms,” IEEE
Transactions on Antennas and Propagation, vol. 42, no. 7, pp.
993–999, 1994.

[26] F. J. Ares-Pena, J. A. Rodriguez-Gonzalez, E. Villanueva-Lopez,
and S. R. Rengarajan, “Genetic algorithms in the design and
optimization of antenna array patterns,” IEEE Transactions on
Antennas and Propagation, vol. 47, no. 3, pp. 506–510, 1999.

[27] K.-K. Yan and Y. Lu, “Sidelobe reduction in array-pattern syn-
thesis using genetic algorithm,” IEEE Transactions on Antennas
and Propagation, vol. 45, no. 7, pp. 1117–1122, 1997.

[28] C. S. Perone, Pyevolve project, http://pyevolve.sourceforge.net/.

http://pyevolve.sourceforge.net/


Research Article
Impact on Antijamming Performance of Channel Mismatch in
GNSS Antenna Arrays Receivers

Zukun Lu, Junwei Nie, Feiqiang Chen, and Gang Ou

College of Electronic Science and Engineering, National University of Defense Technology, Changsha 410073, China

Correspondence should be addressed to Zukun Lu; luzukun@nudt.edu.cn

Received 28 June 2016; Accepted 20 November 2016

Academic Editor: Antonio Faraone

Copyright © 2016 Zukun Lu et al.This is an open access article distributed under theCreativeCommonsAttributionLicense,which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The performance of antijamming is limited by channel mismatch in global navigation satellite system (GNSS) antenna arrays
receivers. Only when the amplitude and phase characteristics of each array channels are the same is the interference likely to be
completely suppressed. This paper analyzes the impact on antijamming performance of channel mismatch. We built the model of
channel mismatch and derived the impact on transfer function with space-time adaptive processor (STAP) of channel mismatch
in theory. The impact factor of channel mismatch is proposed by the fuzzy transfer function, which could directly reflect the
antijamming performance under channel mismatch. In addition, every characteristic in the channel mismatch model is analyzed.
The analysis results show that the greatest impacts on antijamming performance are the range of amplitude wave and the group
delay bias, while the influence of the number of amplitudes is next. As for the effect of group delay fluctuation is the smallest.

1. Introduction

Since 1970s, global navigation satellite system (GNSS), whose
representative is global position system (GPS), has a rapid
development. GNSS has brought great convenience to people
in traffic, and it is also widely used in military field [1].
The distance between earth surface and navigation satellite is
about 27,000 km. The navigation signal is very weak when it
reaches the ground. The navigation receivers get the signals
with the signal/noise ratio (SNR) is about −30 dB, which
makes receivers vulnerable to all kinds of intentional or
unintentional interference. The performance of antijamming
has become a key indicator in military and some civilian
applications [2, 3]. According to the number of antennas,
the antijamming technology of receivers can be divided
into single antenna and antenna arrays, in which the single
antenna could only suppress narrowband interference and
the antenna arrays could suppress both narrowband and
wideband interference [4]. Under the condition of navi-
gation war, the receivers would face the strong wideband
interference. The antenna arrays equipped with space-time
adaptive processor (STAP) would be an optimal choice in
the electromagnetic countermeasure [5]. The fundamental
principle of STAP is array weight in digital baseband, which

could suppress interference effectively when the amplitude
and phase characteristics of each channel are unanimous
[6]. However, each array channel is composed of the low
noise amplifier (LNA), analog filter, inverter, and other analog
devices. The manufacturing errors and environmental and
other factors could lead to inconsistencies of amplitude and
phase in each channel, which would cause channel mismatch
[7, 8].

Channel mismatch has attracted the attention of scholars.
The impact of channel mismatch on array gain is studied
by space-only processor (SOP) in [9], which notes that the
amplitude and phasemismatch would affect the performance
of interference cancellation, which would lead to the degra-
dation of antijamming performance. Literature [10] gives a
preliminary analysis to the impact of channel mismatch on
antenna arrays equipped with STAP. The estimated carrier
phase would be biased due to the channel mismatch, and the
greatermismatchwould bring greater deviation. A correction
method of channel mismatch based on the correction table
is proposed in [11], which needs to measure the frequency
response in all directions and estimate the bias of pseudocode
and carrier phase which is introduced by antenna arrays,
and it also needs to make the correction table bind to the
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receivers, whereas the nonideal characteristic of the channel
might be changed in some time, whose method lacks certain
robustness.

This paper further analyzes the impact of channel mis-
match on antijamming performance with antenna arrays.
First of all, we establish a model of channel mismatch and
deduce the impact of channel mismatch on transfer function
with STAP in theory. Then, the impact on antijamming
performance is analyzed. We propose a concept of channel
mismatch impact factor andpoint out the largest impact char-
acteristic of channel mismatch to antijamming performance.
Finally, simulation experiments are implemented to validate
the correctness of the analytical results.

2. Channel Mismatch Model

Nonideal characteristics of the channel are mainly reflected
in the nonflatness of the amplitude and nonlinearity of the
phase. The impact of the interference suppression in antenna
arrays is not the absolute value of each channel, but the
different between each channel, which can be called channel
mismatch [12].

Suppose the transfer function in the channel 𝑛 is 𝐻
𝑛
(𝜔),

and literature [13] gives a channelmismatchmodel which can
be written as

𝐻
𝑛 (𝜔) =

{
{
{

𝐴 (𝜔) 𝑒𝑗𝜑(𝜔) |𝜔| ≤ 𝜋𝐵

0 else,
(1)

where 𝐵 is the bandwidth of receivers. 𝐴(𝜔) and 𝜑(𝜔) are
the response of amplitude-frequency and phase-frequency,
respectively. In the ideal case, 𝐴(𝜔) and 𝜑(𝜔) satisfy the
following relationship:

𝐴 (𝜔) ≡ 1

𝜑 (𝜔) ≡ 0.
(2)

A more accurate channel mismatch model has been
demonstrated in [14] which can be expressed as

𝐻
𝑛 (𝜔)

=
{
{
{

(1 + 𝑅
𝑎
cos𝜔𝑅

𝑎𝑛
) 𝑒𝑗(𝑅𝑝 cos𝜔𝑅𝑝𝑛+𝜔𝑅𝑏) |𝜔| ≤ 𝜋𝐵

0 else,

(3)

where 𝑅
𝑎
and 𝑅

𝑝
are the range of amplitude and group delay

wave, respectively. 𝑅
𝑎𝑛

and 𝑅
𝑝𝑛

are the number of amplitude
and group delay waves, separately. 𝑅

𝑏
is the group delay bias.

As for the antenna arrays with 𝑁 elements, the channel
mismatch model can be written as

H (𝜔) = [𝐻1 (𝜔) ⋅ ⋅ ⋅ 𝐻
𝑁 (𝜔)]

T
. (4)

3. Impact on Transfer Function

STAP has obvious advantages compared to the simple time
domain, frequency domain, and SOP. STAP could suppress
a variety of interferences. Without increasing the antenna

elements, the degree of freedom (DoF) of interference sup-
pression can greatly increase, and its interference suppres-
sion capability has a quality improvement [15]. In addition,
STAP could mitigate the impact of channel mismatch to
interference suppression. The taps in STAP can compensate
the channel mismatch.

The STAP equippedwith𝑁 elements and𝑀 taps is shown
in Figure 1 [16].

According to the STAP model shown in Figure 1, the
received data in different sampling time could form a new
data vector which could be expressed as

x = [XT (𝑡) XT (𝑡 − 𝑇) ⋅ ⋅ ⋅ XT (𝑡 − (𝑀 − 1) 𝑇)]
T
, (5)

where X(𝑡) is the received data vector at the time of 𝑡.
Array weightings could be written as

𝑤 = [𝑤
11
, . . . , 𝑤

𝑁1
, . . . , 𝑤

1𝑀
, . . . , 𝑤

𝑁𝑀
]
T (6)

In order to conveniently perform analysis, assume the
number of interferences is one and its power spectral density
(PSD) is smooth. In addition, STAP is equipped with 2
elements and 2 taps.

The steering vector of time and space domain can be,
respectively, denoted as

V𝑡 (𝜔) = [1 ⋅ ⋅ ⋅ 𝑒−𝑗𝜔(𝑀−1)𝑇]
T

V𝑠 (𝜃) = [1 ⋅ ⋅ ⋅ 𝑒−𝑗𝜔𝑅(𝑁−1)𝜏(𝜃)]
T
,

(7)

where 𝑇 is the sampling period, 𝜔
𝑅
is the radio frequency

(RF), and 𝜏(𝜃) is the delay of the two adjacent antenna
elements and the signal or interference direction is 𝜃 and it
can be further expressed as [17]

𝜏 (𝜃) =
𝑑 sin 𝜃
𝑐

, (8)

where 𝑑 is the distance of the adjacent antenna elements with
half wavelength and 𝑐 is the propagation speed of signal or
interference.

According to (7), the steering vector of space-time
domain can be written as

a (𝜔, 𝜃) = V𝑡 (𝜔) ⊗ V𝑠 (𝜔
𝑅
, 𝜃) . (9)

Suppose channel 1 is desirable, and channel 2 represents
the nonideal characteristics, and its transfer function is𝐻 that
is related to the frequencywith𝜔. According to (4), themodel
of channel mismatch could be expressed as

H (𝜔) = [𝐻0 𝐻]
T
. (10)

As for all frequency, 𝐻
0
in the above equation would

satisfy the following relation:

𝐻
0
≡ 1. (11)

Then, the steering vector of space-time domain could be
improved as

a (𝜔, 𝜃) = V𝑡 (𝜔) ⊗ [V𝑠 (𝜔𝑅, 𝜃) ⊙H (𝜔)] , (12)

where ⊗ stands for Kronecker product and ⊙ indicates
Hadamard product.
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Figure 1: The STAP equipped with𝑁 elements and𝑀 taps.

The power of signal is about 30 dB lower than the noise,
so the signal can be negligible in calculating the correlation
matrix.Thus, the correlationmatrix of the received data could
be expressed as

R
𝑥𝑥
= 𝐸 [x (𝑡) x𝐻 (𝑡)]

= 𝐸 [j (𝑡) j𝐻 (𝑡)] + 𝐸 [n (𝑡)n𝐻 (𝑡)]

= 𝐸 [𝑎
𝑗
(𝜔
𝐼
, 𝜃
𝑗
) 𝑗 (𝑡) (𝑎𝑗 (𝜔𝐼, 𝜃𝑗) 𝑗 (𝑡))

𝐻

]

+ 𝐸 [n (𝑡)n𝐻 (𝑡)]

= 𝐸 [𝑎
𝑗
(𝜔
𝐼
, 𝜃
𝑗
) 𝑗 (𝑡) 𝑗

𝐻
(𝑡) 𝑎
𝐻

𝑗
(𝜔
𝐼
, 𝜃
𝑗
)]

+ 𝐸 [n (𝑡)n𝐻 (𝑡)]

= 𝜎2
𝑗
𝐸 [𝑎
𝑗
(𝜔
𝐼
, 𝜃
𝑗
) 𝑎𝐻
𝑗
(𝜔
𝐼
, 𝜃
𝑗
)] + 𝜎2

𝑛
I,

(13)

where j(𝑡) and n(𝑡) stand for the interference and noise,
separately. 𝜎2

𝑛
and 𝜎2
𝑗
are the power of noise and interference,

respectively. I is a unit matrix, 𝜃
𝑗
is the incident direction of

interference, and 𝜔
𝐼
is the intermediate frequency.

Then,

𝐸 [𝑎
𝑗
(𝜔, 𝜃
𝑗
) 𝑎𝐻
𝑗
(𝜔, 𝜃
𝑗
)]

= 𝜁

[
[
[
[
[
[

[

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
⟨𝐻
0
, 𝐻⟩ 𝑒𝑗𝜋 sin 𝜃𝐽

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
𝑒𝑗𝜔𝐼𝑇 ⟨𝐻

0
, 𝐻⟩ 𝑒𝑗(𝜔𝐼𝑇+𝜋 sin 𝜃𝐽)

⟨𝐻,𝐻
0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 ‖𝐻‖2

2
⟨𝐻,𝐻

0
⟩ 𝑒𝑗(𝜔𝐼𝑇−𝑗𝜋 sin 𝜃𝐽) ‖𝐻‖2

2
𝑒𝑗𝜔𝐼𝑇

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇 ⟨𝐻

0
, 𝐻⟩ 𝑒−𝑗(𝜔𝐼𝑇−𝜋 sin 𝜃𝐽)

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
⟨𝐻
0
, 𝐻⟩ 𝑒𝑗𝜋 sin 𝜃𝐽

⟨𝐻,𝐻
0
⟩ 𝑒−𝑗(𝜔𝐼𝑇+𝑗𝜋 sin 𝜃𝐽) ‖𝐻‖2

2
𝑒−𝑗𝜔𝐼𝑇 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 ‖𝐻‖2

2

]
]
]
]
]
]

]

,
(14)

where 𝜁 is related to the receiver bandwidth which is 𝐵, and
it could be written as

𝜁 =
1

2𝜋𝐵
. (15)
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‖𝐻
𝑛
‖2
2
is the 2-norm of 𝐻

𝑛
and ⟨𝐻

𝑚
, 𝐻
𝑛
⟩ represents the

inner product with𝐻
𝑚
and𝐻

𝑛
, which could be denoted as

󵄩󵄩󵄩󵄩𝐻𝑚
󵄩󵄩󵄩󵄩2 =

√∫
𝜋𝐵

−𝜋𝐵

󵄨󵄨󵄨󵄨𝐻𝑚 (𝜔)
󵄨󵄨󵄨󵄨
2
𝑑𝜔

⟨𝐻
𝑚
, 𝐻
𝑛
⟩ = ∫

𝜋𝐵

−𝜋𝐵

𝐻
𝑚 (𝜔)𝐻

𝐻

𝑛
(𝜔) 𝑑𝜔.

(16)

Consequently, the correlation matrix could be expressed
as

R
𝑥𝑥

=

[
[
[
[
[
[
[

[

𝜁𝜎2
𝑗

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛

𝜁𝜎2
𝑗
⟨𝐻
0
, 𝐻⟩ 𝑒𝑗𝜋 sin 𝜃𝐽 𝜁𝜎2

𝑗

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
𝑒𝑗𝜔𝐼𝑇 𝜁𝜎2

𝑗
⟨𝐻
0
, 𝐻⟩ 𝑒𝑗(𝜔𝐼𝑇+𝜋 sin 𝜃𝐽)

𝜁𝜎2
𝑗
⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 𝜁𝜎2

𝑗
‖𝐻‖2
2
+ 𝜎2
𝑛

𝜁𝜎2
𝑗
⟨𝐻,𝐻

0
⟩ 𝑒𝑗(𝜔𝐼𝑇−𝑗𝜋 sin 𝜃𝐽) 𝜁𝜎2

𝑗
‖𝐻‖2
2
𝑒𝑗𝜔𝐼𝑇

𝜁𝜎2
𝑗

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇 𝜁𝜎2

𝑗
⟨𝐻
0
, 𝐻⟩ 𝑒−𝑗(𝜔𝐼𝑇−𝜋 sin 𝜃𝐽) 𝜁𝜎2

𝑗

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛

𝜁𝜎2
𝑗
⟨𝐻
0
, 𝐻⟩ 𝑒𝑗𝜋 sin 𝜃𝐽

𝜁𝜎2
𝑗
⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜔𝐼𝑇+𝑗𝜋 sin 𝜃𝐽) 𝜁𝜎2

𝑗
‖𝐻‖2
2
𝑒−𝑗𝜔𝐼𝑇 𝜁𝜎2

𝑗
⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 𝜁𝜎2

𝑗
‖𝐻‖2
2
+ 𝜎2
𝑛

]
]
]
]
]
]
]

]

.
(17)

The inverse of correlation matrix could be denoted as

R−1
𝑥𝑥
=

1
󵄨󵄨󵄨󵄨R𝑥𝑥

󵄨󵄨󵄨󵄨
R∗
𝑥𝑥
, (18)

where |R
𝑥𝑥
| and R∗

𝑥𝑥
are the determinant and adjoint matrix

of R
𝑥𝑥
, separately.

R
𝑥𝑥

is a Hermite matrix, so its determinant is a constant
value. We suppose that 𝜐 = |R

𝑥𝑥
|.

R∗
𝑥𝑥

can be simplified as

R∗
𝑥𝑥

= 𝜎4
𝑛

[
[
[
[
[
[
[

[

(2𝜎2
𝑗
𝜁 ‖𝐻‖2

2
+ 𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛
) −𝜎2

𝑗
𝜁 ⟨𝐻
0
, 𝐻⟩ 𝑒𝑗𝜋 sin 𝜃𝐽 −𝜎2

𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
𝑒𝑗𝜔𝐼𝑇 −𝜎2

𝑗
𝜁 ⟨𝐻
0
, 𝐻⟩ 𝑒𝑗(𝜋 sin 𝜃𝐽+𝜔𝐼𝑇)

−𝜎2
𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 (𝜎2

𝑗
𝜁 ‖𝐻‖2

2
+ 2𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛
) −𝜎2

𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜋 sin 𝜃𝐽−𝜔𝐼𝑇) −𝜎2

𝑗
𝜁 ‖𝐻‖2

2
𝑒𝑗𝜔𝐼𝑇

−𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇 −𝜎2

𝑗
𝜁 ⟨𝐻
0
, 𝐻⟩ 𝑒𝑗(𝜋 sin 𝜃𝐽−𝜔𝐼𝑇) (2𝜎2

𝑗
𝜁 ‖𝐻‖2

2
+ 𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛
) −𝜎2

𝑗
𝜁 ⟨𝐻
0
, 𝐻⟩ 𝑒𝑗𝜋 sin 𝜃𝐽

−𝜎2
𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜋 sin 𝜃𝐽+𝜔𝐼𝑇) −𝜎2

𝑗
𝜁 ‖𝐻‖2

2
𝑒−𝑗𝜔𝐼𝑇 −𝜎2

𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 (𝜎2

𝑗
𝜁 ‖𝐻‖2

2
+ 2𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛
)

]
]
]
]
]
]
]

]

.
(19)

Power inversion (PI) is a typical blind criterion to
suppress interference, which does not require any a priori
information. It can form nulls in the direction of strong inter-
ference with superior adaptive performance, and its suitable
application is in the condition of strong interference andweak
signal, especially in GNSS receivers [18]. Its constraint can be
written as

min
𝑤

{w𝐻R
𝑥𝑥
w}

s.t. w𝐻𝑏 = 1,
(20)

where 𝑏 = [1 0 ⋅ ⋅ ⋅ 0]
T is the constraint vector.

The weights can be further expressed as

w = 𝜇R−1
𝑥𝑥
𝑏 = 𝜇

1
󵄨󵄨󵄨󵄨R𝑥𝑥

󵄨󵄨󵄨󵄨
R∗
𝑥𝑥
𝑏

=
𝜇

𝜐
[(2𝜎2
𝑗
𝜁 ‖𝐻‖

2

2
+ 𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛
) 𝜎4
𝑛

− 𝜎4
𝑛
𝜎2
𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽 − 𝜎4

𝑛
𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇

− 𝜎4
𝑛
𝜎2
𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜋 sin 𝜃𝐽+𝜔𝐼𝑇)] = 𝜍 [2𝜎2

𝑗
𝜁 ‖𝐻‖

2

2

+ 𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
+ 𝜎2
𝑛
− 𝜎2
𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽

− 𝜎2
𝑗
𝜁
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇 − 𝜎2

𝑗
𝜁 ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜋 sin 𝜃𝐽+𝜔𝐼𝑇)]

≈ 𝜍𝜎2
𝑗
𝜁 [2 ‖𝐻‖

2

2
+
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
− ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽

−
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇 − ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜋 sin 𝜃𝐽+𝜔𝐼𝑇)] .

(21)

The above approximate condition is that the jammer
power is much higher than the noise, which is suitable for
the actual situation.

The weight vector could be normalized as

w = 𝛼 [2 ‖𝐻‖
2

2
+
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
− ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗𝜋 sin 𝜃𝐽

−
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
𝑒−𝑗𝜔𝐼𝑇 − ⟨𝐻,𝐻

0
⟩ 𝑒−𝑗(𝜋 sin 𝜃𝐽+𝜔𝐼𝑇)] ,

(22)

where 𝛼 is the factor of normalization and it could be denoted
as

𝛼 =
1

√(2 ‖𝐻‖2
2
+
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2
)
2

+ 2
󵄨󵄨󵄨󵄨⟨𝐻,𝐻0⟩

󵄨󵄨󵄨󵄨
2
+
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
4

2

.
(23)
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According to Figure 1, (5), and (8), the array output signal
in time domain can be represented as

𝑦 (𝑡) = 𝑤
𝐻x

=
𝑁

∑
𝑖=1

𝑀

∑
𝑚=1

𝑥
0 (𝑡 − (𝑖 − 1) 𝜏 (𝜃) − (𝑚 − 1) 𝑇)𝑤

∗

𝑖𝑚
,

(24)

where 𝑥
0
(𝑡) is the sample value of reference array element in

the time of 𝑡. The Fourier transform of (24) can be expressed
as

𝑌 (𝜔) =
𝑁

∑
𝑖=1

𝑀

∑
𝑚=1

𝑋(𝜔) 𝑒
−𝑗𝜋(𝑖−1) sin 𝜃𝑒−𝑗𝜔(𝑚−1)𝑇𝑤∗

𝑖𝑚

= 𝑋 (𝜔)
𝑀

∑
𝑚=1

𝑒−𝑗𝜔(𝑚−1)𝑇 [
𝑁

∑
𝑖=1

𝑒−𝑗𝜋(𝑖−1) sin 𝜃𝑤∗
𝑖𝑚
] .

(25)

Therefore, the transfer function of STAP can be obtained
as

𝐻(𝜔, 𝜃) =
𝑀

∑
𝑚=1

𝑒−𝑗𝜔(𝑚−1)𝑇 [
𝑁

∑
𝑖=1

𝑒−𝑗𝜔(𝑖−1)𝜏(𝜃)𝑤∗
𝑖𝑚
] . (26)

According to the space-time steering vector in (9), the
transfer function of STAP in the direction of interference can
be expressed as

𝐻(𝜔, 𝜃
𝐽
) = 𝑤𝐻a (𝜔, 𝜃

𝐽
) = 𝛼 (2 ‖𝐻‖

2

2
+
󵄩󵄩󵄩󵄩𝐻0

󵄩󵄩󵄩󵄩
2

2

− ⟨𝐻
0
, 𝐻⟩ − (

󵄩󵄩󵄩󵄩𝐻0
󵄩󵄩󵄩󵄩
2

2
+ ⟨𝐻
0
, 𝐻⟩) 𝑒−𝑗(𝜔−𝜔𝐼)𝑇)

= 𝛼(2∫
𝜋𝐵

−𝜋𝐵

|𝐴 (𝜔)|
2 𝑑𝜔 + 2𝜋𝐵

− ∫
𝜋𝐵

−𝜋𝐵

𝐴 (𝜔) 𝑒
−𝑗𝜑(𝜔)𝑑𝜔

− (2𝜋𝐵 + ∫
𝜋𝐵

−𝜋𝐵

𝐴 (𝜔) 𝑒
−𝑗𝜑(𝜔)𝑑𝜔) 𝑒−𝑗(𝜔−𝜔𝐼)𝑇) .

(27)

The mismatched steering vector is used in (17), because
the received data are all from the mismatched channel.
However, the ideal steering vector is used in (27), because the
mismatched parameters are unknown when we estimate the
transfer function. If the same steering vector is used in (17)
and (27), the transfer function would be meaningless.

4. Impact on Interference Suppression

If the channel is ideal, (27) could be expressed as

𝐻(𝜔, 𝜃
𝐽
) = 𝛼 (4𝜋𝐵 − 4𝜋𝐵𝑒−𝑗(𝜔−𝜔𝐼)𝑇) ≈ 0. (28)

Hence, the interference could be suppressed perfectly.
However, the channels are always mismatched, and the
performance of interference suppression is also limited.

Suppose the interference is the smooth Gaussian white
noise, and its bandwidth has covered the entire bandwidth

of signal. According to (27), the output power of interference
can be expressed as

𝑃
𝐽-OUT =

𝑃
𝐽-IN
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(29)

For convenience, we only analyze the above equation in
IF, which is supposed to be suitable, because the antijamming
performance in other frequencies is close to the performance
in IF. Constantly, the output power of interference could be
simplified as

𝑃
𝐽-OUT =

2𝜎2
𝐽
𝛼2
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∫
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2
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(30)

Assume that

𝐻
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(31)

Suppose the noise power is 𝑃
𝑁
.The interference cancella-

tion ratio (ICR) can be expressed as

ICR =
𝑃
𝐽-IN + 𝑃𝑁

𝑃
𝐽-OUT + 𝑃𝑁

=
𝜎2
𝐽
+ 𝜎2
𝑛

(2𝜎2
𝐽
𝛼2/𝜋𝐵) ∫

𝜋𝐵

−𝜋𝐵
𝐻
𝐽 (𝜔) 𝑑𝜔 + 𝜎

2

𝑛

.

(32)
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According to (32), the ICR is limited by channelmismatch
and its limits could be written as

ICRlim = lim
𝜎
2
𝐽→∞

𝜋𝐵

2𝛼2 ∫
𝜋𝐵

−𝜋𝐵
𝐻
𝐽 (𝜔) 𝑑𝜔

. (33)

The fundamental principle of interference suppression in
antenna arrays is to achieve interference cancellation, and (31)
can be further simplified as

𝐻
𝐽 (𝜔) = ∫

𝜋𝐵

−𝜋𝐵

(𝐴2 (𝜔) − 2𝐴 (𝜔) cos𝜑 (𝜔) + 1) 𝑑𝜔. (34)

The above equation is the main factor to affect the
performance of interference suppression. According to (34),
we define a channel mismatch impact factor that can be
expressed as

𝐹 = 𝐻
𝐽 (𝜔) . (35)

The smaller the value of the impact factor, the better the
performance of interference suppression.

We define another parameter which can also reflect
the performance of interference suppression and it can be
expressed as

𝐻
𝐹 (𝜔) = 𝐴

2
(𝜔) − 2𝐴 (𝜔) cos𝜑 (𝜔) + 1. (36)

According to (3), we can obtain that

𝜑 (𝜔) = 𝑅𝑝 cos𝜔𝑅𝑝𝑛 + 𝜔𝑅𝑏 ≈ 𝜔𝑅𝑏, (37)

where 𝑅
𝑝
and 𝑅

𝑏
are in the same order of magnitude, but

cos𝜔𝑅
𝑝𝑛

is less than 1 and alsomuch less than𝜔, so the above
equation can be approximated.

According to (36) and (37), the main factors to affect
the performance of interference suppression are the range
of amplitude wave, the number of amplitude waves, and the
group delay bias.

In the above analysis, channel 2 is nonideal and its
mismatch parameters have not been taken into consideration,
and we can recognize they are random. But, in the next
plotting, the specific mismatch parameters are necessary, and
themodel in (3) is used and its parameters are listed inTable 1.

Figure 2 shows the impact factors to 𝐻
𝐹
(𝜔) in (36). The

curve of reference is with the mismatch in Table 1.The curves
marked with 𝑅

𝑎
= 1 dB, 𝑅

𝑎𝑛
= 3 cycle, and 𝑅

𝑏
= 10 ns

stand for resetting 𝑅
𝑎
, 𝑅
𝑎𝑛
, and 𝑅

𝑏
, respectively, whose reset

value is listed in the figure, and the other parameter is the
same as Table 1when the parameter has reset. Figure 2 further
presents that the main factors to impact the performance of
interference suppression are the range of amplitude wave and
the group delay bias.

5. Simulation Experiment

GNSS software receiver is used in this simulation. The anal-
ysis in this paper concerns the performance of interference
suppression, and the PI criterion is adapted, so the navigation
signals are unnecessary to be generated. The parameters
utilized in simulation experiments are listed in Table 2.
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Figure 2: Impact factor to𝐻
𝐹
(𝜔).

Table 1: Mismatch parameters.

Parameters Value
Range of amplitude wave 0.5 dB
Number of amplitude waves 2 cycle
Range of group delay 3 ns
Number of group delays 2 cycle
Group delay bias 4 ns

Table 2: Utilized parameters.

Parameters type Parameters value
Array type 2-element linear array
Interelement spacing 0.5 wavelength
Time-domain taps 2
Interference type White Gaussian noise
Interference bandwidth 20MHz
Interference DOA 15 degrees
INR 35 dB
Sampling frequency 124MHz
IF 15MHz

We assume channel 1 is ideal and the characteristic of
channel 2 is nonideal whose mismatch parameters are shown
in Table 1.

Figure 3 shows the relationship between input INR and
ICR. Whether the channel is ideal or mismatch, with the
increase of ICR, ICR shows a rising trend. When the channel
is ideal, the ICR is approximately equal to the INR and
their relationship is linear, and the interference could be
completely suppressed. But, in the case of channel mismatch,
ICR has different limits in different degree of mismatch. The
curve marked with reference shows the ICR in different INR
under the channel mismatch whose parameters are set in
Table 1. The curve of 𝑅

𝑎
= 1 dB expresses the impact of the
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Figure 3: ICR in different INR.

range of amplitude wave reset to 1 dB and the other param-
eters are the same as reference, whose limit of ICR has
decreased. The curve marked with 𝑅

𝑏
= 10 ns stands for the

ICR in different INR under the group delay bias with 10 ns,
whose limit of ICR has also been reduced.Nevertheless, when
the range of amplitude is reset to 3 cycles, the ICR has little
influence compared with the reference.

Figure 4 shows the impact of mismatch extent on ICR.
According to the mismatch model in (3), the channel mis-
match is related to the range of amplitudewave, the number of
amplitude waves, the range of group delay wave, the number
of group delay waves, and the group delay bias. In order to
put the impact of these parameters on ICR to a diagram, the
limits of the parameters are set which are shown in figure, and
𝑥-axis in figure represents the percentage of those limits. As
can be seen from Figure 4, the main influence factors to ICR
are the range of amplitude wave and the group delay bias, and
the impact of the number of amplitude waves is weaker, and
the group delay waves express a little effect on ICR, which is
consistent with the conclusion of theoretical analysis.

In (21), (28), (31), (34), and (37), the approximate process-
ing is used. The simulation has proved that the approximate
processing is right.

The above simulation is executed only in 2 elements and
2 taps, but these STAP structure is scarce. In the following,
we will do simulation with different STAP structure. In all
STAP, the distance of the adjacent elements is half wavelength.
Regardless of STAP structure, the reference element is ideal,
and the other element is nonideal, which would meet the
channel mismatch. The degree of channel mismatch is the
same as Figure 4. The ICRs in 3 elements’ linear array with
2 taps and 4 elements’ square array with 2 taps are shown in
Figures 5(a) and 5(b). Different elements have different ICRs,
but the impact of channel mismatch on ICR is almost the
same. The ICRs in 2 elements’ linear array with 3 taps and 5
taps are shown in Figures 5(c) and 5(d). The taps are more
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Figure 4: ICR in different mismatch degree.

complex on ICR compared to elements. With the increase
of taps, the impact of channel mismatch on ICR would
become weaker and weaker, because STAP can equalize part
of channelmismatch, but its equalization effect is also limited.
In addition, the amplitudemismatch is harder to be equalized
compared to group delay mismatch.

6. Conclusion

In this paper, we have analyzed the impact on antijam-
ming performance of channel mismatch in GNSS antenna
arrays receivers.The characteristics of channel mismatch and
impact of mismatch level are studied, and the study has
been developed through theoretical analysis and simulation
experiment.

The outcome of the study is the following:
(1) Under the condition of channel mismatch, the anti-

jamming performance of antenna arrays is limited which is
connected to the degree of channel mismatch.

(2) A concept of channel mismatch impact factor is pro-
posed, whose value could directly determine the antijamming
performance of antenna arrays.

(3) When the STAP is equipped with 2 elements and 2
taps, the range of amplitude wave and group delay bias are
themain factors to impact the antijamming performance, and
the number of amplitudewaves is next, and the effect of group
delay wave is the smallest.

(4) STAP can equalize part of channel mismatch. More
taps would bring better equalization effect, and the group
delay mismatch is easier to be equalized compared to ampli-
tude mismatch. With the increase of taps, the range and
number of amplitude waves have become the main factors
to impact the antijamming performance, and the impact of
group wave and bias on antijamming performance would
become weaker and weaker.
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(b) Four elements’ uniform square array with 2 taps
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Figure 5: ICR in different STAP structure.

Although the effect of group delay wave is the smallest,
the group delay wave might affect the measurement in
pseudocode and carrier phase seriously, which is the future
work for us.
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The design of a three-port radiating structure, integrating wide and narrow band antennas for cognitive radio applications, is
presented. It consists of aUWBantenna for spectrum sensing and twonarrowband antennas forwireless communication integrated
on the same substrate. The UWB antenna covers the complete UWB spectrum (3.1 GHz to 10.6GHz) approved by FCC. In the two
narrow band antennas, each antenna presents dual bands. In particular, the first narrowband antenna resonates at 6.5 GHz, covering
the frequency band between 6.36GHz and 6.63GHz, and at 9GHz, covering the frequency band between 8.78GHz and 9.23GHz,
presentingminimum return loss values of 28.3 dB at 6.5 GHz and 20.5 dB at 9GHz, respectively. Similarly, the second one resonates
at 7.5 GHz, covering the frequency band between 7.33GHz and 7.7GHz, and at 9.5 GHz, covering the frequency band between
9.23GHz and 9.82GHz, presenting minimum return loss values of 19.6 dB at 7.5 GHz and 28.8 dB at 9.5 GHz, respectively. Isolation
among the three antennas is less than −20 dB over the UWB frequency spectrum.These antennas are realized on a FR4 substrate of
dimensions 30mm × 30mm × 1.6mm. Experimental results show a good agreement between the simulated and measured results.

1. Introduction

In today’s wireless communication, because of the increasing
growth of applications, there is a great demand for band-
width. But, as for the requirements, the spectrum bandwidth
cannot be increased beyond limits due to frequency and
economic constraints. In licensed spectrum, many channels
are free due to their inefficient utilization. So, these empty
channels can be utilized to overcome the problem of limited
spectrum. In 2002, FCC has proposed several solutions to
enhance the licensed spectrum utilization efficiency. These
solutions are divided into three categories, the spectrum
leasing, the spectrum reallocation, and the spectrum sharing
[1–4]. The spectrum sharing is also divided into three types.
The first one is the open spectrum sharing, the second one
is the hierarchical spectrum sharing, and the third one is the
dynamic spectrum allocation. In the hierarchical spectrum
sharing approach, we employ cognitive radio technology to
utilize unused or free licensed channels. In this model, the
licensed spectrum is assumed to be owned by the primary

users, who do not fully utilize their channels. Hence, the
secondary users utilize these free channels until the primary
users demand them. In this case, the secondary users have
to shift on to other free channels to maintain the continuous
communication as shown in Figure 1(b). In cognitive radio
applications, the radio environment is continuously moni-
tored for spectrum holes. In this process, if any spectrum
hole is identified, then that channel is used for other wireless
communication applications. In general, UWB antennas are
adopted for spectrum sensingwhile frequency reconfigurable
narrow band (NB) antennas are employed for communica-
tion [5, 6]. In modern wireless and portable systems, conven-
tional antennas are not compatible with these applications.
Therefore, planar monopole antennas are highly preferred
due to their advantages like small size, low cost, lightweight,
easy integration with planar structures, and easy fabrication
[7].

In recent years, dual port integrated UWB and frequency
reconfigurable NB antenna systems are becoming very pop-
ular for cognitive radio applications. In these systems, the
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Figure 1: Hierarchal spectrum sharing approaches. (a) Spectrum underlay. (b) Spectrum overlay [1].

UWB antennas are used for spectrum sensing and the
reconfigurable narrow band antennas are used for communi-
cation. In the NB antennas reconfiguration is introduced to
support many communication frequencies by using a single
antenna. We investigated numerous dual port integrated
antenna structures presented in the literature [8–15]. An
integrated UWB and rotatable NB antennas structure of
dimensions 70mm × 50mm × 1.6mm is reported in [8].
In this paper, the authors make use of a stepper motor
controlled by a computer to switch between five different NB
antennas printed on a circular substrate. These NB antennas
are able to obtain single resonance in each case within 2
to 10GHz frequency spectrum. In [9], the authors focused
on an integrated wide-narrow band antenna structure of
dimensions 68mm × 54mm × 0.79mm for multistandard
radio. In this structure, the reconfiguration is implemented
by introducing three different resonant matching circuits. In
each case, the NB antennas are able to yield one resonating
band within 4 to 10GHz frequency spectrum. An integrated
dual port UWB and reconfigurable NB antennas structure of
dimensions 50mm × 50mm × 1.6mm is discussed in [11]. In
this design, the reconfiguration is performed by employing
three switches on the NB antenna to achieve eight resonating
bands in four cases within 3 to 10GHz frequency spectrum.
In [12], the authors presented an integrated UWB and opti-
cally controlled reconfigurable NB antennas structure having
dimensions 50mm× 45.5mm× 1.6mm. In this structure, the
NB antenna is reconfigured by pumping a laser light on to the
two silicon switches to attain three resonating bands within 3
to 6GHz frequency spectrum.

However, the discussed reconfigurable mechanisms have
some drawbacks, like the negative effect of biasing lines
used to control switches states, the power consumption, the
nonlinearity effects of switches, and the slow tuning. More-
over, sometimes they require additional biasing circuitry
or motors to achieve antenna reconfigurability [4, 16]. In
cognitive radio applications, the main purposes of employing
the reconfigurable antennas are to reduce cost and space and
for fast tuning. But all these reconfigurablemechanismsmake
the printed antennas bulky and complex, which nullify all
the advantages of planar antennas. Even these reconfigurable
mechanisms are very difficult to implement in practice. So, to
overcome these drawbacks and maintain all the advantages
of planar antennas, we propose an integrated three-port
planar antennas design. Among these three ports, a UWB

antenna that is accessible at the first port is used for spectrum
sensing and the two NB antennas, which are accessible at
the remaining two ports, are used for communication. Here
also reconfiguration may be performed between the two NB
antennas such that only oneNB antenna is operated at a time.
The selection of a particular narrow band antenna depends
on the sensed hole in the frequency spectrum to which it is
matched. The main challenges in these designs are isolation
and space reduction.

In this paper, a three-port antenna system for cognitive
radio applications is presented. The radiating system is
composed of a UWB antenna for spectrum sensing and
two narrow band antennas for wireless communications.The
antennas are printed on a low cost FR4 substrate having
dimensions 30mm × 30mm × 1.6mm. The analysis and
design of the proposed antenna systemwere performed using
the full-wave commercial software HFSS 14.0 based on the
finite element method (FEM). The paper is organized into 4
sections. In Section 2, the design of a simple and small size
planar monopole UWB antenna is illustrated. In Section 3,
the analysis, design, and results of the proposed three-port
antenna system is presented and finally in Section 4 some
concluding remarks are provided. Details of the proposed
antenna are given in the next sections.

2. Proposed Single Port UWB Antenna Design

In this section, the preliminary design of a one-port UWB
antenna is presented. This design takes into account the
scientific results available in the literature [17–23]. These
results show that round shapes, round edges, partial grounds,
and partial grounds with specially designed slots play amajor
role in obtaining UWB performance [6, 18, 19]. So, on the
basis of these observations, a circularmonopole with a partial
ground as shown in Figure 2 was chosen as a radiating
element.

For this antenna design, the equation proposed in [23]
is used to find out its geometrical parameters. By using this
equation

𝑓
𝐿
=
7.2GHz

{(𝐿 + 𝑟 + 𝑝) × 𝑘}
, (1)

where 𝑓
𝐿
is selected lower band edge of the UWB frequency

spectrum (𝑓
𝐿
= 3GHz), 𝑝 (feed gap) = 0.14 cm, 𝐿 = 2 ∗ 𝑎 and
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Figure 3: The circular planar monopole UWB antenna geometry. (a) Top view. (b) Bottom view [all dimensions are in mm].

𝑟 = 𝑎/4, and 𝑘 = 1.15 (constant), it is possible to evaluate
radius (𝑎) of monopole suitable to ensure the input in-band
to the frequency 𝑓

𝐿
, with an accuracy of about 10%. Using

(1) the radius (𝑎) is found to be 8.65mm.Then, the substrate
size was optimized so as to obtain an impedance bandwidth
with VSWR ≤ 2 in the UWB frequency band (from 3.1 GHz
up to 10.6GHz). After completing the optimization process
a substrate having dimensions 32.75mm × 35.7mm has
been found. The geometry of the UWB monopole antenna,
including the optimized geometrical parameters, is reported
in Figure 3.

For a proper impedance matching over the complete
UWB spectrum, a microstrip line of 12.55mm × 3mm size

was selected. The return loss performance of the discussed
antenna design can be inferred from Figure 4. The resulting
monopole antenna covers a frequency band from 2.62GHz
up to 11.15 GHz with VSWR ≤ 2, thus including the complete
UWB spectrum (from 3.1 GHz to 10.6GHz) approved by FCC
in 2002 [24]. However, the proposed antenna’s return loss
performance is poor, while the dielectric substrate and the
partial ground dimensions are larger than the active patch
(see Figure 3). Therefore, to reduce the antenna dimensions
and to achieve better UWB performances, we modified
the proposed antenna in a systematic way. Initially, the
substrate dimensions are reduced to 30mm × 19mm. These
dimensions cannot be reduced further because the active
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Figure 5: Design steps adopted to realize the UWB monopole antenna: (a) first step, (b) second step, and (c) third step.

patch almost exists on the entire substrate as shown in
Figure 5(a). Then, a step-by-step optimization process, as
shown in Figures 5(a), 5(b), 5(c), and 7, to obtain better UWB
performances has been employed. To do this, one circular slot
and one circular fill in the top layer and a circular slot on the
bottom layer are introduced (see Figure 7(b)). The geometry,
the dimensions, and positions of these shapes are carefully
optimized using the adopted full-wave software.

Round shapes and round edges have been employed
because, as pointed out earlier, they yield better UWB
performances. These aspects can be appreciated by looking
at the frequency behavior of the return loss of the three
design solutions described above (see Figure 6). Return loss
performances of the three-step design are shown in Figure 6.
Even though the realization of suitable shaped slots in the
metal patch is able to increase the antenna bandwidth, it

prevents covering the entire UWB band as it appears in
Figure 6. Therefore, an optimized circular slot of 1.75mm is
realized on the upper edge of the ground plane in order to
improve the performance of the return loss (see Figure 7(b)).
This slot allows for obtaining the desired antenna impedance
matching in the UWB band as shown in Figure 8. Return
loss performance of the optimized UWB monopole antenna
is shown in Figure 8.

As it appears from Figure 8, the etched shapes realized
on the top and bottom layers have a significant impact
on achieving a UWB spectrum ranging from 2.62GHz to
12.63GHz. From the simulated result it is obvious that the
proposed UWB antenna is suitable to cover the complete
UWB spectrum. Because of small size and better perfor-
mance, the proposed UWB antenna can be used in many
UWB wireless communication applications.
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3. Analysis and Design of the Three-Port
Radiating Structure

In this section, we discuss the proposed three-port antenna
system composed of a UWB and two NB antennas integrated
on the same substrate. As discussed earlier, each antenna
has an independent excitation port as shown in Figure 9(a).
Therefore, to achieve good isolation characteristics between
each antenna, the substrate dimensions, the active patch,
and the ground plane structures are carefully modified. In
particular, a UWB antenna linked with the first port is used
for spectrum sensing, while the remaining two NB antennas
linked with the other two ports of the antenna system are
used for wireless communications.TheUWB and the twoNB
antennas are printed on top surface of FR4 dielectric substrate
in such a way that electromagnetic isolation among them
is very high. In general, for UWB antennas partial grounds
are highly preferred, while for narrow band antennas full
grounds are widely used. Here also the bottom layer shown in
Figure 9(b) is acting as a partial ground for the UWB antenna
and as a full ground for the two narrow band antennas. In the
proposed design,we incorporated various slots on the top and
bottom layers to enhance return loss performance. Top and
bottom views of the proposed three-port antenna system are
shown in Figure 9.

In particular, themonopole of theUWBantenna has been
further optimized (see Figure 10(b)) with respect to the initial
design discussed in the previous section (see Figure 10(a)),
while a chamfer has been introduced in the upper part of the
ground plane, as shown in Figure 9(b), to enhance the UWB
antenna performance.

After completing the design of the UWB antenna the
analysis and design of two narrow band antennas forming
the proposed antenna system are presented. In the proposed
design, each of the two NB antennas has been designed so as

to achieve a dual-band behavior useful for various wireless
applications. To obtain this behavior on each rectangular
patch antenna a slot has been realized, while a stub has been
introduced along its feedingmicrostrip line (see Figure 9(a)).
In particular, the slot realized on the rectangular patch
controls the upper resonant band, while the stub inserted
along the microstrip line allows for controlling the lower
resonant band. The rectangular slot realized in the patch
allows for increasing the electrical length enabling a shift of
the upper resonant band toward lower frequencies. Note that
the usual mathematical relationships between the length and
the width, useful to design of rectangular patch antennas,
are no longer applicable because of the irregular shapes, the
small size, and the mutual coupling effects between the three
antennas forming the radiating system. Furthermore, the
small size of the realized NB antennas allows for obtaining
a high electrical insulation. Top and bottom views of the
prototype of the proposed antenna system are shown in
Figure 11.

In the cognitive radio applications, during the operation
of the proposed antenna system, the UWB antenna and
one of the two NB antennas are operated for sensing and
communication, while the other NB antenna is on standby.
The selection of the particular NB antenna depends on the
sensed hole in the frequency spectrum towhich it is matched.
Thismakes two possible different operative conditions. In the
first condition the UWB antenna and the first NB antenna
are operative, whereas in the second case the UWB antenna
and the second NB antenna are active. This means that in
the first case the antennas connected to Port 1 and Port 2
are excited, while the antenna connected to Port 3 is closed
on a 50Ω matched load. Similarly, in the second case the
antennas connected to Port 1 and Port 3 will be excited, while
the antenna connected to Port 2 will be closed on a matched
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Figure 10: Geometry of the UWB antenna. (a) Preliminary design and (b) final design.

Figure 11: Top and bottom views of the fabricated prototype.

load. These two operative situations have been tested using a
vector network analyzer (VNA).

3.1. Performance of the Radiating System in the First Operative
Condition. The performances of the radiating system in the
first operative condition, namely, with Ports 1 and 2 excited
and with Port 3 closed on matched load, are derived by
the analysis of the frequency behavior of the scattering
parameters, of the gains, and of the radiation patterns of the
three-port network forming the antenna system. In partic-
ular, by analyzing the frequency behavior of the parameter
𝑆
11
, depicted in Figure 12, it results that the UWB antenna

covers the frequency band ranging between 2.76GHz and
13.96GHz, with an increasing gain which varies between
about 0.54 dBi and 5.58 dBi (see Figure 13) and with 𝐸- and
𝐻-radiation patterns described by the curves reported in
Figure 14.

Different is the radiative behavior of the first NB antenna
which resonates at 6.5 GHz and 9GHz (see Figure 15) with
return loss values of 28.3 dB at 6.5 GHz and 20.5 dB at 9GHz,
respectively. As it appears from Figure 15 the antenna exhibits
a dual-band behavior covering the frequency bands between
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Figure 12: Comparison of simulated and measured reflection
coefficients of the UWB antenna.
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6.36GHz and 6.63GHz and between 8.78GHz and 9.23GHz,
respectively. As discussed earlier, the slot in the rectangular
patch is employed to generate the upper resonant band, while
the stub added to the microstrip line is used to achieve
the lower resonant band. To better understand the role of
these shapes, the computed surface current distributions,
excited on the first proposed NB antenna at the frequencies
of 6.5 GHz and 9GHz, are shown in Figure 16.

As it can be observed from Figure 16, the strong surface
currents are distributed along the edges of microstrip line
stub at 6.5 GHz and along the edges of slot on the rectangular
patch at 9GHz. Thus it is clearly evident that the radiation in
the 6.5 GHz band is due to microstrip line added with stub
and the radiation in 9GHz band is due to slotted rectangular
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Figure 15: Comparison of simulated and measured reflection
coefficients of the first NB antenna.

patch.The radiation patterns in the𝐸- and𝐻-plane at the two
mentioned resonant frequencies are shown in Figure 17.

From these diagrams it appears that the antenna exhibits
gains of approximately 3.03 dBi and 2.53 dBi, respectively.
The characteristics of the narrow band antenna discussed
above were derived by means of an extensive parametric
analysis obtained by varying the length of the slot and of
the microstrip stub. In particular, as discussed before, the
rectangular slot controls the higher frequency band, while
the microstrip stub controls the lower one. In particular,
Figure 18(a) shows the frequency behavior of the reflection
coefficient of the first NB antenna when the slot length varies.
As it can be seen the optimal size is obtained for a slot length
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Figure 16: Simulated surface current distribution on the NB antenna at (a) 6.5 GHz and (b) 9GHz.
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Figure 17: 2D radiation patterns of the NB antenna at (a) 6.5 GHz and (b) 9GHz.
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Figure 18: Reflection coefficients of the first NB antenna for (a) slot length variations and (b) microstrip stub length variations.
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Figure 19: Comparison of simulated and measured transmission coefficients between the UWB and the first NB antenna ports.
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Figure 20: Comparison of simulated and measured reflection coefficients of the UWB antenna.

of 1.65mm.Then the stub length, useful for tuning the lower
frequency band, has been varied. FromFigure 18(b) it appears
that the optimized value of its length is 10mm.

Finally, the frequency behavior of the scattering param-
eter 𝑆

12
, depicted in Figure 19, shows that the electrical

insulation with the UWB antenna is kept below −20 dB.

3.2. Performance of the Radiating System in the Second Opera-
tive Condition. After analyzing the behavior of the antenna
system in the first operative condition, the behavior of the
same, in the second operative condition, is considered. This

last situation refers to the UWB antenna excited at Port 1 with
the second NB antenna excited at Port 3 and with the first NB
antenna closed on a matched load. Also in this case the UWB
antenna covers the UWB band. In fact, as shown in Figure 20
the return loss is above 10 dB in the frequencies band ranging
from 2.74GHz to 13.6GHz.

The second NB antenna, connected to Port 3, resonates
at the frequencies of 7.5 GHz and 9.5GHz (see Figure 21)
which correspond to return loss values equal to 19.6 dB and
28.8 dB, respectively. Even in this case the antenna exhibits
a dual-band behavior covering the frequency bands between
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Figure 21: Comparison of simulated and measured reflection coefficients of the second NB antenna.
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Figure 22: Simulated surface current distribution on the NB antenna at (a) 7.5 GHz and (b) 9.5 GHz.

7.33GHz and 7.7GHz and between 9.23GHz and 9.82GHz.
Surface current distributions on the proposed NB antenna at
7.5 GHz and 9.5GHz are shown in Figure 22. From Figure 22,
it appears that the stub added to the microstrip line is
responsible for the energy emission in the lower resonating
band, while the slot realized in the rectangular patch excites
the higher resonating band. From the radiation patterns in
Figure 23, it appears that the antenna gains reach values of
3.64 dB and 3.2 dB, respectively. Also in this case the antenna
sizing has required an accurate parametric study aimed at
identifying the length of the slot and the stub used to realize a
dual-band behavior. For the sake of completeness in Figure 24

the frequency behaviors of the scattering parameter 𝑆
33

as
the length of the slot and the stub increases are shown.
From these curves it results that the optimized length of the
slot is 1.45mm, while that of the stub is 8.75mm. Finally,
Figure 25 shows the frequency behavior of the scattering
parameter 𝑆

13
from which the excellent electrical isolation

between the UWB antenna and the second NB antenna
can be noticed. All measured data clearly state that there
is a good agreement between the simulated and measured
results. However, there are slight shifts and changes that may
be caused by fabrication faults, connector losses, improper
soldering, and measurement process.
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Figure 23: 2D radiation patterns of the NB antenna at (a) 7.5 GHz and (b) 9.5 GHz.
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Figure 24: Reflection coefficients of the second NB antenna for (a) slot length variations and (b) microstrip stub length variations.

4. Conclusion

In this paper, an antenna system composed of three antennas
integrated in the same substrate, employed for the realization
of cognitive radios, has been presented. It is employed with
two narrow band antennas to overcome the drawbacks of the
reconfigurable antennas during their practical implementa-
tion. So, after a brief discussion concerning the characteristics

of cognitive radios, purposes of the UWB antenna and of the
two narrow band antennas forming the proposed antenna
system have been described. Then, the analysis and design
of each antenna have been illustrated in detail. A full-wave
commercial software based on the FEM method has been
used for an accurate prediction of the proposed antennas
performances. The antenna measurements carried out on an
antenna prototype have shown a good agreement with the
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Figure 25: Comparison of simulated and measured transmission
coefficients between the UWB and the second NB antenna ports.

experimental measurements. Because of compact structure
and better performance, proposed system can be a good
candidate for emerging cognitive radio technology.
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A novel chaotic communication system, namedOrthogonality-based ReferenceModulated-Differential Chaos ShiftKeying (ORM-
DCSK), is proposed to enhance the performance of RM-DCSK. By designing an orthogonal chaotic generator (OCG), the
intrasignal interference components in RM-DCSK are eliminated. Also, the signal frame format is expanded so the average bit
energy is reduced. As a result, the proposed system has less interference in decision variables. Furthermore, to investigate the bit
error rate (BER) performance over Rayleigh fading channels, the MISO-ORM-DCSK is studied. The BER expressions of the new
system are derived and analyzed over AWGN channel and multipath Rayleigh fading channel. All simulation results not only show
that the proposed system can obtain significant improvement but also verify the analysis in theory.

1. Introduction

Chaos based digital communication systems have been pro-
posed and studied in recent years [1–7].The differential chaos
shift keying (DCSK) and its constant power version called
frequency-modulated DCSK (FM-DCSK) are widely studied.
However, the drawbacks of DCSK or FM-DCSK are low data
rate and poor security [1, 2]. In order to address those prob-
lems, NR-DCSK, OFDM-DCSK, and short reference DCSK
are proposed in [8–10]. Based on the robustness of DCSK
against linear and nonlinear channel distortions, Kaddoum
et al. studied DCSK for PLC applications. On the other
hand, smart antenna technology can eliminate the multipath
wave propagation [11]. Therefore, MIMO-DCSK and STBC-
DCSK are proposed to improve the performance of DCSK
system [12–14]. Furthermore, the reference modulated DCSK
(RM-DCSK) is proposed in [15]. In RM-DCSK system, the
chaotic signal sent in each time slot not only carries one
bit of information but also serves as the reference signal of
the information bit transmitted in its following slot. For this
reason, the attainable data rate of RM-DCSK is doubled in

comparison to DCSK. However, the intrasignal interference
is produced in decision variables at the receiver. Therefore,
compared to DCSK, BER performance of RM-DCSK is not
improved.

In this paper, the ORM-DCSK system is proposed as an
improved version for RM-DCSK. A novel orthogonal chaotic
generator (OCG) is designed to generate orthogonal chaos
signal. Also, the signal frame format is extended. Further-
more, two transmit antennas are used in the transmitter of
the ORM-DCSK and BER formula is derived.

The remainder of this paper is organized as follows: in
Section 2, the principle of MISO-ORM-DCSK is presented.
In Section 3, the BER expressions are analyzed. In Section 4,
simulation results are shown to evaluate the performance of
the new system. Finally, summaries are given in Section 5.

2. MISO-ORM-DCSK

In this section, the baseband implementation of MISO-
ORM-DCSK is introduced and some details are explained.
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Figure 1: Signal frame format of ORM-DCSK.
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Figure 2: Block diagram of OCG.

2.1. Signal Format. Figure 1 shows the frame format of
ORM-DCSK system. Different with RM-DCSK, there are 𝑁
adjacent time slots in each frame, in which average bit energy
(labeled as 𝐸

𝑏
) decreases from 1.5𝛽𝐸(𝑥2

𝑖
) to (1+1/𝑁)𝛽𝐸(𝑥2

𝑖
).

The time slot is divided into 𝛽 chips to carry the chaotic
sequences and 𝑏

𝑙
is the 𝑙th information bit in 𝑘th frame.

Concretely, X
𝑘
is modulated by the information bit 𝑏

1
∈

{+1, −1} in the first time slot of 𝑘th frame. In the second
time slot, 𝑏

2
𝑏
1
X
𝑘
is sent. In the 𝑁th time slot, 𝑏

𝑁
⋅ ⋅ ⋅ 𝑏
1
X
𝑘

+

X̃
𝑘+1

is sent. Here, X̃
𝑘+1

can be converted into the reference
sequence of (𝑘 + 1)th frame. In Figure 1, X

𝑘
= (1/√𝑀

𝑇
) ⋅

[𝑥
𝑘
(1), 𝑥
𝑘
(2), . . . , 𝑥

𝑘
(𝛽)] and 𝑀

𝑇
is the number of transmit

antennas.

2.2. Transmitter Structure. Figure 2 shows the block diagram
of orthogonal chaotic generator (OCG). It is necessary to
make the chaotic carriers transmitted in neighboring two
frames orthogonal to erase the intrasignal interference com-
ponents included in decision variables clearly. We assume
that the spreading factor is six (𝛽 = 6). In the first-time
slot period, as shown in Figure 2, the switch is connected
to bottom. The chaotic sequence U = [𝑎, 𝑏, 𝑐] is multiplied
by w2
2

= [+1, −1]. In other words, X
𝑘

= U ⋅ w2
2

=
[𝑎, −𝑎, 𝑏, −𝑏, 𝑐, −𝑐]. During second- to (𝑁 − 1)th-slots period,
the switch is suspended. In the 𝑁th-time slot period, the
switch is connected to bottom. The chaotic sequence V =

[𝑥, 𝑦, 𝑧] is multiplied by w1
2

= [+1, +1]. X̃
𝑘+1

= V ⋅ w1
2

=
[𝑥, 𝑥, 𝑦, 𝑦, 𝑧, 𝑧]. In the first-time slot period of (𝑘+1)th frame,
the switch is connected to bottom again. X

𝑘+1
= V ⋅ w2

2
=

[𝑥, −𝑥, 𝑦, −𝑦, 𝑧, −𝑧].
The chaotic sequences generated by the OCG satisfy
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⊥ X̃
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,
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,
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Figure 3: Block diagram of the proposed system transmitter.
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Figure 4: Block diagram of the proposed system receiver.

HereW = [+1, −1 ⋅ ⋅ ⋅ + 1, −1]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝛽

is a modification function.

Figure 3 shows the block diagram of ORM-DCSK trans-
mitter. There are two transmitting antennas (𝑀𝑇 = 2) and
one receiving antenna in MISO-ORM-DCSK system. The
two transmitting antennas are independent. The signal can
be sent by number 1 antenna and the replica of the signal can
be sent by number 2 antenna. The transmit signal and replica
can be sent at the same time in theory. However, it may be
hardly implementable at present due to plenty of delay lines
in transmitter. To replace the delay circuit, some excellent
algorithms could be employed here, which are provided in
[16]. As described in Figure 1, the transmitted signal in 𝑘th
frame is denoted by

S
1

= 𝑏
1
X
𝑘
,

S
𝑙
= 𝑏
𝑙
S
𝑙−1 (𝑙 = 2, . . . , 𝑁 − 1) ,

S
𝑁

= 𝑏
𝑁
S
𝑁−1

+ X̃
𝑘+1

.

(2)

2.3. Receiver Structure. The receiver structure of ORM-
DCSK is depicted in Figure 4, which has similar appearance
to RM-DCSK detector. In our receiver, to demodulate 𝑏

1
, we

make the switch up. The modification function W is used to
adjust the relationship between signal in first bit period of
𝑘th frame and signal in its former time slot. When decoding
𝑏
𝑙

(𝑙 = 2, 3, . . . , 𝑁) of 𝑘th frame, we make the switch down.
Furthermore, the information extraction could work quite
well if the receiver knows the starting time of each time
slot. As a result, there is a timing synchronization circuit in
our receiver, as done in RM-DCSK. To acquire perfect bit
synchronization, many traditional timing techniques could
be adopted, like data-aided timing synchronization algorithm
designed for DCSK [17].
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2.4. Channel Model. The channel between each transmit
antenna and the receive antenna is two-ray Rayleigh quasi-
static block faded channel. 𝜉 denotes a noise sample following
a Gaussian distribution with zero mean and variance 𝑁

0
/2.

Further, 𝛼
𝑚,1

and 𝛼
𝑚,2

denote the gains of the two paths
between 𝑚th (𝑚 = 1, 2) transmit antenna and the receive
antenna, which are independent, Rayleigh distributed ran-
dom variables. It is assumed that the channel state remains
constant during each bit period.

According to different channel gains, we consider the
following two cases:

Case 1: 𝐸 {(𝛼
1
)
2
} = 𝐸 {(𝛼

2
)
2
} =

1

2
,

Case 2: 𝐸 {(𝛼1)
2
} =

2

3
,

𝐸 {(𝛼
2
)
2
} =

1

3

(3)

At the receiver, we denote the received signal vector
during the bit duration by r

𝑙
(𝑙 = 1, . . . , 𝑁). Then, r

𝑙
can be

given by

r𝑙 =
𝑀𝑇

∑
𝑚=1

𝛼𝑚,1s
𝜏𝑚,1

𝑚,𝑙
+

𝑀𝑇

∑
𝑚=1

𝛼𝑚,2s
𝜏𝑚,2

𝑚,𝑙
+ 𝜉𝑙. (4)

Here, s𝜏𝑚,𝑖
𝑚,𝑙

(𝑖 = 1, 2) is delayed signal transmitted during 𝑙th
bit duration and 𝜉

𝑙
is the additive whiteGaussian noise vector.

As described in Figure 1, the chaotic wavelet sent in each
time slot not only carries one bit of data but also serves as the
reference signal of the data bit transmitted in its next time slot.
Then, r

𝑙−1
can be denoted as the reference segment for r

𝑙
. In

this case, the outputs of the demodulators should be given by

𝑐
1

= r
1

⋅ r
0

⋅ w,

𝑐
𝑙
= r
𝑙
⋅ r
𝑙−1 (𝑙 = 2, . . . , 𝑁) .

(5)

In (5), r0 is signal of last slot time of previews frame.
Finally, based on the following rule, the estimated infor-

mation bit is decided as “+1” or “−1”:

𝑏
𝑙
=

{
{
{

+1, 𝑐
𝑖
> 0,

−1, 𝑐
𝑖
< 0.

(6)

3. Performance Analysis

In this section, BER expression is derived over Rayleigh
fading channels. Based on Figure 1 and (5), it can be easily
found that the statistical properties of 𝑐𝑙 (𝑙 = 1, 2, . . . , 𝑁) are
different. Then, we must calculate the BER performance of
each bit, which differs from RM-DCSK.

The logistic map 𝑥
𝑖+1

= 1 − 2𝑥2
𝑖
, −1 < 𝑥

𝑖
< 1, 𝑥

𝑖
̸=

{0, ±0.5}, is used with 𝐸(𝑥
𝑖
) = 0 and 𝐸(𝑥2

𝑖
) = 0.5, Var (𝑥2

𝑖
) =

0.125, where 𝐸(⋅)and Var (⋅) denote the expectation operator
and variance operator, respectively. We can get the average bit
energy 𝐸

𝑏
= (1 + 1/𝑁)𝛽𝐸(𝑥2

𝑖
).

To further simplify the analysis, we can assume that 𝜏
𝑚,1

=
0, 𝜏
𝑚,2

= 𝜏, andmultipath time delay ismuch smaller than the
spreading factor; that is, 0 < 𝜏 ≪ 𝛽.Thus, (4) can be rewritten
as

r𝑙 =
𝑀𝑇

∑
𝑚=1

𝛼𝑚,1s𝑚,𝑙 +
𝑀𝑇

∑
𝑚=1

𝛼𝑚,2s
𝜏

𝑚,𝑙
+ 𝜉𝑙 (7)

Therefore, without loss of generality, we consider the error
rate of the bit 𝑏2. Substituting (7) into (5) for 𝑙 = 2, we can
get

𝑐
2

= r
2

⋅ r
1

= [
1

√𝑀
𝑇

(𝑏
2
𝑏
1
X
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ 𝑏
2
𝑏
1
X𝜏
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

) + 𝜉
2
]

⋅ [
1

√𝑀
𝑇

(𝑏1X𝑘
𝑀𝑇

∑
𝑚=1

𝛼𝑚,1 + 𝑏1X
𝜏

𝑘

𝑀𝑇

∑
𝑚=1

𝛼𝑚,2) + 𝜉1]

= A + B + 𝜉1 ⋅ 𝜉2⏟⏟⏟⏟⏟⏟⏟⏟⏟
C

,

(8)

where

A =
1

𝑀𝑇
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2
𝑏
1
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𝑘
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∑
𝑚=1

𝛼
𝑚,1
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𝑏
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𝑘
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)
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𝑘
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𝛼
𝑚,2

) ,

B =
1

√𝑀
𝑇

(𝑏
2
𝑏
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𝑘

𝑀𝑇
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+
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X
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ 𝑏
1
X𝜏
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

) 𝜉
2
.

(9)

Assuming 𝑏
2

= 1, the instantaneous mean of the decision
variable is 𝐸(𝑐

2
) = 𝐸(A) + 𝐸(B) + 𝐸(C). Here,

𝐸 (A) = [

[

(
𝑀𝑇

∑
𝑚=1

𝛼𝑚,1)

2

+ (
𝑀𝑇

∑
𝑚=1

𝛼𝑚,2)

2

]

]

𝑁𝐸
𝑏

(𝑁 + 1) 𝑀
𝑇

,

𝐸 (B) = 𝐸 (C) = 0.

(10)

The variance of decision variable can be easily expressed
as Var (𝑐

2
) = Var (A) + Var (B) + Var (C). Here,

Var (A) =
𝛽 [(∑

𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
4

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
4

]

8𝑀2
𝑇

+
2 (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

𝑁2𝐸2
𝑏

𝛽 (𝑁 + 1)2𝑀2
𝑇
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Var (B) =
[(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

] 𝑁𝐸
𝑏
𝑁
0

(𝑁 + 1) 𝑀𝑇

Var (C) = 𝛽
𝑁2
0

4
.

(11)

Based on the above results, the mean and variance of 𝑐
2
are

𝐸 (𝑐
2

| 𝑏
2

= +1)

= [

[

(
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

)

2

+ (
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

)

2

]

]

𝑁𝐸
𝑏

(𝑁 + 1) 𝑀
𝑇

.

Var (𝑐
2

| 𝑏
2

= +1)

=
𝛽 [(∑

𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
4

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
4

]

8𝑀2
𝑇

+
2 (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

𝑁2𝐸2
𝑏

𝛽 (𝑁 + 1)2𝑀2
𝑇

+
[(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

] 𝑁𝐸
𝑏
𝑁
0

(𝑁 + 1) 𝑀
𝑇

+ 𝛽
𝑁
0

4

(12)

Similarly, if 𝑏
2

= −1 is sent, the mean and variance of 𝑐
2

are equal to

𝐸 (𝑐
2

| 𝑏
2

= −1) = −𝐸 (𝑐
2

| 𝑏
2

= +1)

Var (𝑐
2

| 𝑏
2

= −1) = Var (𝑐
2

| 𝑏
2

= +1) .
(13)

Based on the above results, the BER for decoding 𝑏
𝑙
is

computed as

BER
𝑐2

(𝛾
𝑏
) =

1

2
erfc[

[

[

𝐸 (𝑐
2

| 𝑏
2

= +1)

√2Var (𝑐
2

| 𝑏
2

= +1)

]
]

]

=
1

2
erfc[(

Λ 1
𝛽

+
2Γ

𝛾
𝑏

+
𝛽Γ2

2𝛾2
𝑏

)

−1/2

] .

(14)

Similarly, for 𝑙 ∈ {3, 4, . . . , 𝑁 − 1} the BER is

BER𝑐𝑙 (𝛾𝑏) = BER𝑐2 (𝛾𝑏) . (15)

For 𝑙 = 1, we can get

𝑐
1

= r
1

⋅ r
0

⋅ w = [
1

√𝑀
𝑇

(𝑏
1
X
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ 𝑏
1
X𝜏
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

) + 𝜉
1
]

⋅ [
1

√𝑀
𝑇

((𝑏
0
X
𝑘−1

+ X̃
𝑘
)w
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ (𝑏
0
X𝜏
𝑘−1

+ X̃𝜏
𝑘
)w𝜏
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

) + 𝜉
0
w] = D + E

+ 𝜉
1

⋅ 𝜉
0
w⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

F
,

(16)

where

D =
1

𝑀𝑇
(𝑏
1
X
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ 𝑏
1
X𝜏
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

)

⋅ [(𝑏0X𝑘−1w + X𝑘)
𝑀𝑇

∑
𝑚=1

𝛼𝑚,1

+ (𝑏
0
X𝜏
𝑘−1

w𝜏 + X𝜏
𝑘
)
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

] ,

E =
1

√𝑀
𝑇

(𝑏
1
X
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ 𝑏
1
X𝜏
𝑘

𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

) 𝜉
0
w

+
1

√𝑀
𝑇

[(𝑏
0
X
𝑘−1

w + X
𝑘
)
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

+ (𝑏
0
X𝜏
𝑘−1

w𝜏 + X𝜏
𝑘
)
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

] 𝜉
1
.

(17)

Similarly, we can get

𝐸 (D) = [

[

(
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

)

2

+ (
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

)

2

]

]

𝑁𝐸
𝑏

(𝑁 + 1) 𝑀
𝑇

, (18)

𝐸 (E) = 𝐸 (F) = 0, (19)

Var (D)

=
𝛽 [(∑

𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
4

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
4

]

8𝑀2
𝑇

+
4 (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

𝑁2𝐸2
𝑏

𝛽 (𝑁 + 1)2𝑀2
𝑇

,

(20)
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Var (E) =
3 [(∑

𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

] 𝑁𝐸
𝑏
𝑁
0

2 (𝑁 + 1) 𝑀𝑇
, (21)

Var (F) = 𝛽
𝑁2
0

4
. (22)

So, the mean and variance of 𝑐
1
are

𝐸 (𝑐
1

| 𝑏
1

= +1)

= [

[

(
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,1

)

2

+ (
𝑀𝑇

∑
𝑚=1

𝛼
𝑚,2

)

2

]

]

𝑁𝐸
𝑏

(𝑁 + 1) 𝑀
𝑇

,
(23)

Var (𝑐
1

| 𝑏
1

= +1)

=
𝛽 [(∑

𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
4

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
4

]

8𝑀2
𝑇

+
4 (∑
𝑀𝑇

𝑚=1
𝛼𝑚,1)
2

(∑
𝑀𝑇

𝑚=1
𝛼𝑚,2)
2

𝑁2𝐸2
𝑏

𝛽 (𝑁 + 1)2𝑀2
𝑇

+
3𝑁𝐸
𝑏
𝑁
0

[(∑
𝑀𝑇

𝑚=1
𝛼
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)
2
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𝑀𝑇
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𝛼
𝑚,2

)
2

]

2 (𝑁 + 1) 𝑀𝑇

+ 𝛽
𝑁
0

4
.

(24)

Based on (23)-(24), the BER for decoding 𝑏
1
is computed as

BER
𝑐1

(𝛾
𝑏
) =

1

2
erfc[

[

[

𝐸 (𝑐
1

| 𝑏
1

= +1)

√2Var (𝑐
1

| 𝑏
1

= +1)

]
]

]

=
1

2
erfc[(

Λ
2

𝛽
+

3Γ

𝛾
𝑏

+
𝛽Γ2

2𝛾2
𝑏

)

−1/2

] .

(25)

Here,

Λ
1

= 1 +
2 (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

((∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

)
2
,

Λ
2
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𝛼
𝑚,1

∑
𝑀𝑇
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𝛼
𝑚,2
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((∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

+ (∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

)
2
,

Γ = 1 +
1

𝑁

𝛾
𝑏

=
(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,1

)
2

𝐸
𝑏

𝑀
𝑇
𝑁
0⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝛾1

+
(∑
𝑀𝑇

𝑚=1
𝛼
𝑚,2

)
2

𝐸
𝑏

𝑀
𝑇
𝑁
0⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝛾2

.

(26)

We denote 𝛾
1

= 𝐸(𝛾
1
) and 𝛾

2
= 𝐸(𝛾

2
) to represent the

average SNR per path. Moreover, for a multipath Rayleigh
fading channel, the PDF of 𝛾

𝑏
is given by

𝑓 (𝛾
𝑏
) =

{{{{
{{{{
{

𝛾
𝑏

𝛾
1

2
𝑒−𝛾𝑏/𝛾1 , 𝐸 (𝛼2

1
) = 𝐸 (𝛼2

2
) ,

𝑒−𝛾𝑏/𝛾1 − 𝑒−𝛾𝑏/𝛾2

𝛾
1

− 𝛾
2

, 𝐸 (𝛼2
1
) ̸= 𝐸 (𝛼2

2
) .

(27)

Based on (14)–(16), the BER is

BER (𝛾
𝑏
) =

𝑁 − 2

2𝑁
erfc[(

Λ
1

𝛽
+

2Γ

𝛾
𝑏

+
𝛽Γ2

2𝛾2
𝑏

)

−1/2

]

+
1

𝑁
erfc[(

Λ
2

𝛽
+

3Γ

𝛾
𝑏

+
𝛽Γ2

2𝛾2
𝑏

)

−1/2

] .

(28)

Finally, using (20) and (21), the BER of MISO-ORM-
DCSK is derived as

BER = ∫
∞

0

BER (𝛾𝑏) 𝑓 (𝛾𝑏) 𝑑𝛾
𝑏
. (29)

Moreover, we can get the theoretical lower bound of the
BER when 𝑁 tends to infinity.

BERlowerBound (𝛾
𝑏
) = lim
𝑁→∞

BER (𝛾
𝑏
)

=
1

2
erfc{[

Λ 1
𝛽

+
2

𝛾
𝑏

+
𝛽

2𝛾2
𝑏

]

−1/2

} ,

BERlowerBound = ∫
∞

0

BERlowerBound (𝛾𝑏) 𝑓 (𝛾𝑏) 𝑑𝛾𝑏.

(30)

On the other hand, (28) can be extended to the AWGN
channel case by choosing 𝛼

𝑚,1
= 1 and 𝛼

𝑚,2
= 0. Hence, the

BER would simplify to

BER =
𝑁 − 2

2𝑁
erfc[

[

(
1

𝛽
+

Γ𝑁
0

𝐸
𝑏

+
𝛽Γ2𝑁2

0

8𝐸2
𝑏

)

−1/2

]

]

+
1

𝑁
erfc[

[

(
1

𝛽
+

3Γ𝑁
0

2𝐸
𝑏

+
𝛽Γ2𝑁2

0

8𝐸2
𝑏

)

−1/2

]

]

.

(31)

4. Simulation

In order to validate the BER performance of theMISO-ORM-
DCSK and compare it with MISO-RM-DCSK, the BER is
evaluated under AWGN and multipath fading channels. To
facilitate the expression, the Monte Carlo simulations and
theory results are labeled as “Sim” and “Theory” respectively.

4.1. AWGN Channel. Since the theoretical BERs for the 2nd
to (𝑁−1)th bits and the BER for𝑁th bit are different, Figure 5
shows BERs for (𝑁 − 1)th bit and 𝑁th bit in the AWGN
channel of MISO-ORM-DCSK for 𝛽 = 256 and 𝑁 = 4.
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Figure 5: Each BER in the AWGN channel for MISO-ORM-DCSK.
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Figure 6: BER performance versus spreading factor 𝛽.

From Figure 5, it is shown that as 𝐸
𝑏
/𝑁
0
increases, the BERs

become better. In addition, the error rate of 𝑐
2
is superior to

that of 𝑐
1
in the proposed system. This can be explained as

follows: the decision variable of 𝑐
1
has an interference term,

which does not exist in that of 𝑐
2
. It is visible that, with less

intrasignal interference and noise interference components,
MISO-ORM-DCSK is always better than MISO-RM-DCSK.

Figure 6 shows the relationship between BER perfor-
mance and spreading factor 𝛽. It can also be noticed that
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MISO-ORM-DCSK, 𝛽 = 512, Sim

Figure 7: Relationships between analytical BER and Monte Carlo
results for MISO-ORM-DCSK and MISO-RM-DCSK with 𝑁 = 2.

ORM-DCSK is always better than RM-DCSK. In addition, it
is obvious that the BER can maximize an optimal value by
choosing the certain value of spreading factor; for example,
the certain value is about 30 and 100 when 𝐸

𝑏
/𝑁
0

= 10 dB
and 𝐸

𝑏
/𝑁
0

= 15 dB, respectively. BER starts to degrade if the
spreading factor is beyond it, which is caused by fluctuations
in 𝐸𝑏 at small 𝛽 and the noise-noise cross correlation at large
𝛽.

Figure 7 shows the relationships between analytical BER
and Monte Carlo of MISO-ORM-DCSK in the AWGN
channel. From Figure 7, it is easily found that clear matching
between analytical expression and Monte Carlo simulations
result can be obtained. This confirms that the Gaussian
approximation works well when the spreading factor is
relatively lager.

Figure 8 plots the relationships between BER perfor-
mance and 𝑁 with 𝐸

𝑏
/𝑁
0

= 18 dB and 𝛽 = 256. The BER is
smaller with larger 𝑁.We can get the theoretical lower bound
of the BERwhen𝑁 tends to infinity. However, the complexity
of system is increasing. We think 𝑁 ≤ 50 is the best choice
and it can bring a trade-off between the BER and complexity.

4.2. Rayleigh Fading Channel. Figure 9 plots the relationships
between BER performance and 𝐸

𝑏
/𝑁
0
for MISO-ORM-

DCSK and MISO-RM-DCSK system with 𝑁 = 4. Through
the examination of Figure 9, the proposed system achieves a
performance gain of about 2 dB over the MISO-RM-DCSK at
BER = 1 × 10−4. In other words, the new system shows an
enhanced robustness in Rayleigh fading channel.

Figure 10 shows the relationships between analytical BER
and Monte Carlo results in Rayleigh fading channel when
spreading factors 𝛽 = 128 and 512 and 𝑁 = 2. It is easily
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Figure 9: BER performance in Rayleigh fading channel with
different gains.

found that analytical results correspond with simulation
results perfectly. This can be explained by identical reason
in Figure 7 and the Gaussian approximation works well
when the spreading factor is relatively lager. In addition,
the BERs for all cases become worse as 𝛽 increases, which
can be attributed to the increasing negative contribution
from interference components generated from the chaotic
sequence and Gaussian noise.
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Figure 10: Relationships between analytical BER and Monte Carlo
results in Rayleigh fading channel.

5. Conclusion

In this paper, ORM-DCSK is proposed to improve the
BER performance of RM-DCSK.The intrasignal interference
components existing in RM-DCSK are eliminated clearly by
designing an orthogonal chaotic generator. Without any cost
in data rate, the proposed system not only shows excellent
agreement between theoretical expressions and Monte Carlo
simulations but also shows significance of BER improvement.

However, the proposed system is slightly more complex
than RM-DCSK due to additional delay and switch. This
complexity cost is worthy and it provides a huge BER
improvement. We believe that the proposed system has
significant potential in chaotic communication environment.
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A wideband dual-polarized slot antenna loaded with artificial magnetic conductor (AMC) is proposed for WLAN/WIMAX and
LTE applications. The slot antenna mainly consists of two pairs of arrow-shaped slots along the diagonals of the square patch.
Stepped microstrip feedlines are placed orthogonally to excite the horizontal and vertical polarizations of the antenna. To realize
unidirectional radiation and low profile, an AMC surface composed of 7 × 7 unit cells is designed underneath a distance of 0.09𝜆

0

(𝜆
0
being the wavelength in free space at 2.25GHz) from the slot antenna. Both the dual-polarized slot antenna and the AMC

surface are fabricated and measured. Experimental results demonstrate that the proposed antenna achieves for both polarizations
a wide impedance bandwidth (return loss 10 dB) of 36.7%, operating from 1.96 to 2.84GHz. The isolation between the two input
ports keeps higher than 29 dBwhereas the cross-polarization levels basicallymaintain lower than−30 dB across the entire frequency
band. High front-to-back ratios better than 22 dB and a stable gain higher than 8 dBi are obtained over the whole band.

1. Introduction

Dual-polarized antennas have led to a wide range of appli-
cations in modern wireless communication systems since
they can effectively mitigate multipath fading problem and
enhance channel capacity. To cover several wireless commu-
nication services, the antenna should be designed to operate
in a wide band. Furthermore, the space to accommodate
antennas becomes more and more limited, resulting in high
demand for low-profile antennas. Nevertheless, it is still
difficult to design a low-profile antenna to simultaneously
achieve wide band, high port isolation, and low cross-
polarization. Microstrip antenna is a good candidate for
base-station application due to its light weight, low cost,
low profile, and easy conformability for dual-polarization
implementation [1–3]. As known, both the bandwidth and
port isolation of themicrostrip antenna are not good enough.
In recent years, various attractive feeding mechanisms, such
as meandering probes [4], L-probes [5], T-type probes [6],
Γ-shaped probes [7], hybrid feeding mechanisms [8, 9],
aperture-coupled feeds [10], and differential feeds [11, 12],
are proposed to enhance the performance of dual-polarized

patch antennas. However, all these techniques lead to high
profiles and nonplanar feeding structures, which bring great
difficulties in integration and fabrication. In [13], a wideband
dual-polarized patch antenna employing a broadband balun
has been proposed. Unfortunately, it is hard to design a balun
suitable to cover all the requirements of wideband dual-
polarized antennas.

By contrast, slot antenna has a planar structure but
with high back radiation [14]. For unidirectional radia-
tion, a metallic ground plane is needed to suppress back
radiation. However, when the antenna is located close to
the metallic plane its radiation efficiency reduces because
of the electromagnetic energy reflection due to the metal
reflector. To tackle the problem, the antenna is generally
placed at a distance of 0.25𝜆 or higher from the metallic
ground plane, and this results in a high profile which may
be impractical for modern wireless communication systems.
Recently, the artificial magnetic conductor (AMC) surface
attracts much interest owing to its good properties including
in-phase reflection for planewaves and suppression of surface
waves. AMC can act as a reflector for enhanced radia-
tions in the frequency range where it reflects the incoming
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Figure 1: Geometry of the proposed dual-polarized antenna. (a) Top and side views and (b) dual-polarized slot antenna.

radiations with a phase coefficient ranging between −90∘
and +90∘ [15, 16]. Additionally, the antenna works well
when it is positioned very closely to the AMC surface,
which makes it possible to design an antenna having a low
profile.

In our previous study [17], a stepped-impedance slot
structure has been successfully employed in the dual-
polarized antenna design as a kind of slot resonator to realize
broadband operation. In this paper, two pairs of arrow-
shaped slots are instead introduced along the diagonals of
a squared patch and combined with an AMC surface, so as
to realize a lower profile and a wider impendence bandwidth
with respect to the antenna proposed in [17], as well as good
dual-polarized operation performance. The paper extends
the previous study and provides a new effective approach to
the design of wideband low-profile dual-polarized antennas
based on radiating slots and AMC surfaces. Furthermore,
measured results performed on a prototype show that the
antenna exhibits low cross-polarization levels and high port
isolation.

2. Antenna Configuration and Design

Figure 1 shows the geometry of the proposed antenna. It
consists of a dual-polarized slot antenna and an AMC surface
located underneath the antenna to act as a reflector. The slot
antenna is constructed on a 1mm thick FR4 substrate (𝜀

𝑟
=

4.4, tan 𝛿 = 0.02) while the AMC structure is printed on a
3mm thick FR4 substrate (𝜀

𝑟
= 4.5, tan 𝛿 = 0.02). As shown

in Figure 1(b), the slot antenna selects two identical pairs
of arrow-shaped slots along the diagonals as the radiation
aperture and two orthogonal stepped strips as feedlines. Each
arrow-shaped slot, formed by three slotline resonators, is
composed of a narrow rectangular slot, a triangular slot,
and a slightly wide rectangular slot loaded with two circu-
lar slots at its end. It is noteworthy that two-circular-slot
design is employed in each arrow-shaped slot to increase the
operating bandwidth and improve the impedance matching.

The resonant condition of the antenna depends upon the
length (𝐿

1
+ 𝐿
2
+ 𝐿
3
) of the arrow-shaped slot, which is

approximately equal to half of the wavelength. Both the
length and width of each section of the arrow-shaped slot
can be adjusted for the slot antenna to achieve broadband
property. In addition, the microstrip feeding lines are pro-
vided with stepped strips for a better impedance matching.
The excitation network consists of two narrow rectangular
strips extending to the end of the stepped feedlines where
they electrically join with each other by two slender pins (see
Figure 1).

The AMC surface consists of metallic ground, grounded
dielectric substrate, and periodical patches, without any
grounded via. Generally, the periodicity of the patches is
much smaller than the wavelength. The unit cell of the
proposed AMC surface, shown in Figure 1(a), has a size
of 16.5mm × 16.5mm and exhibits a gap width of 1.5mm
between adjacent cells. According to the workingmechanism
of the AMC surface, when the phase of the reflected wave on
the AMC surface in the desired band varies from −90∘ to 90∘,
it presents in-phase property. The performance of an infinite
repetition of the unit cell is simulated by ANSYS HFSS. As
shown in Figure 2(a), the HFSS model is based on simulating
scattering parameters of a single port air-filled waveguide
with two perfect electric conductors (PEC) and two perfect
magnetic conductors (PMC) walls. The propagating plane
wave is polarized parallel to the PMC walls and normal
to the PEC walls. Figure 2(b) plots the simulated phase
reflection response of the AMC structure for a normally
incident plane wave. It can be obviously seen that the ±90∘
reflection phase of the AMC structure covers from 1.85GHz
to 3.16GHz. Based upon the unit cell, a 7 × 7 periodic AMC
array is developed and positioned underneath at a distance
of 12mm (0.09𝜆

0
, 𝜆
0
being the wavelength in free space at

2.25GHz) from the antenna. This array acts as a reflector to
achieve unidirectional radiation patterns with high front-to-
back ratios.
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Figure 2: (a) Simulation model of AMC unit. (b) Simulated reflection phase of the proposed AMC unit.

3. Results and Discussions

The antenna combined with the AMC structure is analyzed
and optimized. The final values of the parameters defined in
Figure 1 are listed in Table 1.

To have an insight into the mechanism governing the
behavior of the proposed antenna, a detailed study on the
antenna without reflector and that over a finite PEC (30mm
away with the same size as the AMC reflector) has been
performed for comparison. Figure 3 plots the simulated
reflection coefficients (|𝑆

11
|) of three dual-polarized slot

antennas. As it can be observed, the antenna over the AMC
reflector achieves the widest operating bandwidth with good
impedance matching. This behavior is confirmed by the
input impedance curves exhibited by the different dual-
polarized slot antennas depicted in Figure 4. In particular, the
impedance curve related with the AMC reflector shows that
one extra resonance, with resistance of about 50 Ohm and
null reactance at 2.07GHz, is generated by the introduction
of the AMC surface, which results in antennaminiaturization
and broadband property.

The effects of key design parameters such as 𝑊
1
, 𝑊
3
,

𝐻, 𝑚 and the number of AMC units on the antenna 𝑆-
parameter are investigated. In particular, when the narrow
rectangular slot width 𝑊

1
increases, the second resonant

frequency shifts to higher frequency whereas the first res-
onant frequency almost keeps unchanged as it appears in
Figure 5. Simultaneously, the middle band is significantly
deteriorated. This means that 𝑊

1
plays an important role

in controlling the second resonant frequency and in the
improvement of the impedance matching. Figure 6 shows
the frequency behavior of |𝑆

11
| of the proposed antenna for

different values of parameter𝑊
3
. From this figure it appears

that as 𝑊
3
increases from 0.5 to 1.5mm the first deep in

the resonant frequency shifts up, while the second deep
in the resonant frequency increases. Finally, 𝑊

3
= 1mm is

Table 1: Optimized parameters of the proposed antenna.

Para. Values (mm)
𝐿 43.5
𝑊 43.5
𝐿
1

8.6
𝐿
2

6.8
𝐿
3

12.0
𝑊
1

0.7
𝑊
2

5.0
𝑊
3

1.0
𝐿𝑓
1

12.5
𝐿𝑓
2

6.25
𝐿𝑓
3

10.25
𝑊𝑓
1

1.5
𝑊𝑓
2

0.5
𝑋
𝑐

3.0
𝑊
𝑐

0.5
𝐿
𝑜

2.3
𝑊
𝑜

1.4
𝑔 1.5
𝑚 16.5
𝐻 12.0
𝐿
ℎ

115.5
𝑎 1.3
𝑏 0.25
𝑐 2.5
𝑑 1.0
𝑒 1.0

chosen as the optimized value. In the process of designing
the antenna with the AMC reflector, the distance𝐻 between
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the slot antenna and the AMC structure has to be considered.
Figure 7 illustrates the frequency behavior of |𝑆

11
| of the

dual-polarized slot antenna, placed over the AMC plane, for
different values of the distance𝐻. From this figure it appears
that the bandwidth is almost unaffected, while the impedance
matching strongly depends on parameter𝐻. In particular, an
increase of the distance between the antenna and the AMC
surface leads to a good impedance matching. For a low-
profile dual-polarized antenna,𝐻 = 12mm is finally selected.
In addition, the frequency behavior of |𝑆
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| of the proposed
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antenna for different sizes of the AMC unit is represented
in Figure 8. It is clear that as parameter 𝑚 increases from
13.5 to 19.5mm, the operating band of the antenna shifts to
lower frequency.When𝑚 increase to 19.5mm, the impedance
matching is improved in the lower band but the working
bandwidth shrinks obviously at the higher frequency. Thus,
the optimum parameter𝑚 is set at 16.5mm. Figure 9 depicts
the simulated |𝑆

11
| of the proposed antenna with different

number of AMC units. From this figure it appears that
the number of AMC units mainly affects both the working
bandwidth at the higher frequency and impedance matching
in the lower band. By balancing the overall dimension of the
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AMC surface and the impedance bandwidth of the antenna,
a 7 × 7 AMC array has been finally selected.

To further investigate the dual-polarized operationmech-
anism of the slot antenna, inspired by [18], the simulated
electric-field distributions on the proposed antenna excited
by Port 1 and Port 2 at 2.4GHz are illustrated in Figure 10.
From this figure it appears that the maximum electric-field
intensity is concentrated in the two pairs of arrow-shaped
slots, meaning that these give the main contributions to the
total field radiated by the antenna. So, when Port 1 is excited
the resulting electric field is linearly polarized along the 𝑥-
axis (see in Figure 10(a)). Similarly, as shown in Figure 10(b),

5 × 5 AMC array
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Figure 9: Simulated |𝑆
11
| of the proposed dual-polarized antenna

with different number of AMC units.

the 𝑦-directed linearly polarized radiation is produced when
Port 2 is excited.

To validate the design concept, the proposed dual-
polarized slot antenna employing an AMC structure as
reflector has been realized and measured. The photograph of
the antenna prototype is depicted in Figure 11. In Figure 12
the frequency behavior of the computed andmeasured results
concerning the antenna scattering parameters is reported.
From an analysis of this figure it results that while the
numerical results show a 38.9% bandwidth, covering from
1.97GHz to 2.92GHz, those measured show that the antenna
covers a bandwidth of 36.7%, operating from 1.96GHz to
2.84GHz. In addition, the isolation between the antenna
ports, that in the numerical results, is higher than 32 dB across
the entire frequency band and keeps higher than 29 dB in
the measurement results. The slight discrepancies observed
between the computed and measured results are mainly due
to the fabrication tolerance and the soldering of the SMA
connectors employed to excite the antenna.

Since the antenna is symmetrical the radiation patterns
related with Port 1 and Port 2 are similar. So, for the sake of
brevity only the radiation patterns for Port 1 at 2, 2.4, and
2.8GHz are illustrated in Figure 13. From these diagrams
it can be observed that the main beams are always in the
broadside direction without unwanted tilting or splitting. In
addition, the measured cross-polarization levels in both 𝑥𝑧-
plane and 𝑦𝑧-plane are of about 30 dB lower with respect
to the copolarization levels across the entire operating fre-
quency band, while the front-to-back ratios maintain in the
range of 25±3 dB. Finally, the gain and the radiation efficiency
presented in Figure 14 show that the antenna achieves a stable
gain higher than 8 dBi with an average radiation efficiency of
84%.

The comparisons of the measured performances of the
proposed antenna and of those having dual-polarization
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Figure 10: Electric-field distributions of the proposed antenna for (a) Port 1 and (b) Port 2.

Figure 11: Photograph of the proposed dual-polarized slot antenna.

characteristics reported in literature [1–4, 8, 11, 13, 17] are
listed in Table 2. As it can be observed, the proposed antenna
exhibits a wider impedance bandwidth (|𝑆

11
| < −10 dB or

VSWR < 2) than other referenced designs listed in Table 2,
except for the designs in [8, 11]. Notably, the antenna profile
of our design is only 0.13𝜆

𝑐
, which is lower than that of

designs reported in [8, 11]. Besides, the proposed antenna
exhibits stable gain (>8 dB) and desirable electric isolation
(>29 dB), whose results are good enough for many wireless
communication applications.

4. Conclusion

A wideband dual-polarized slot antenna excited by two
stepped microstrip feedlines has been presented. An AMC
surface, acting as reflector, has been employed to drastically
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Figure 12: Measured and simulated 𝑆-parameters of the proposed
antenna.

reduce the profile of the proposed antenna. The realized pro-
totype exhibits good performances in terms of wide operating
band, high electrical isolation, low back side lobes, and stable
antenna gain, meaning that it appears a good candidate to be
employed in radio base stations forWLAN/WIMAXand LTE
applications.
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Table 2: Comparisons of various dual-polarized antennas.

Ref. BW, % Height, 𝜆
𝑐

Isolation, dB Gain, dBi
[1] 14.5 0.09 >40 Around 7
[2] 21.3 0.11 >34 /
[3] 34.9 0.19 >40 8.7–9.1
[4] 26.0 0.11 >25 Around 10
[8] 47.0 0.18 >37 >8
[11] 67.6 0.23 >36 6.6–9.6
[13] 28.9 0.15 >30 Around 7
[17] 31.2 0.15 >30 /
Pro. 36.7 0.13 >29 >8
𝜆𝑐 is the wavelength at the center frequency of the working band.
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An up-to-date literature overview on relevant approaches for controlling circuital characteristics and radiation properties of
dielectric resonator antennas (DRAs) is presented. The main advantages of DRAs are discussed in detail, while reviewing the most
effective techniques for antenna feeding as well as for size reduction. Furthermore, advanced design solutions for enhancing the
realized gain of individual DRAs are investigated. In this way, guidance is provided to radio frequency (RF) front-end designers in
the selection of different antenna topologies useful to achieve the required antenna performance in terms of frequency response,
gain, and polarization. Particular attention is put in the analysis of the progress which is being made in the application of DRA
technology at millimeter-wave frequencies.

1. Introduction

The release of the unlicensed 60GHz band and the devel-
opment of 5G technologies aimed at increasing data rate on
wireless communication network by a factor of 100 [1] will
impose stinging specifications (large bandwidth, high gain,
small size, and temperature independent performance) on
the design of the radio frequency (RF) electronics. Various
front-end antenna solutions relying on monopoles, dipoles,
and patch antennas have been proposed for millimeter-wave
applications. These antennas are characterized by small size,
low weight, and low cost and can be easily integrated on chip.
However, unless advanced design solutions based on the inte-
gration of suitable dielectric superstrates or lensing structures
are adopted, these antennas typically suffer from reduced
radiation efficiency and narrow impedance bandwidth due
to the effect of lossy silicon substrate materials. On the other
hand, dielectric resonator antennas (DRAs) are promising
candidates to replace traditional radiating elements at high
frequencies, especially for applications at millimeter waves
and beyond. This is mainly attributed to the fact that DRAs

do not suffer from conduction losses and are characterized
by high radiation efficiency when excited properly.

DRAs rely on radiating resonators that can transform
guided waves into unguided waves (RF signals). In the past,
these antennas have been mainly realized by making use
of ceramic materials characterized by high permittivity and
high𝑄 factor (between 20 and 2000). Currently, DRAs made
from plastic material (PolyVinyl Chloride (PVC)) are being
realized. The main advantages of DRAs are summarized as
follows:

(i) The size of the DRA is proportional to 𝜆
0
/√𝜖𝑟 with

𝜆
0
= 𝑐/𝑓

0
being the free-space wavelength at the

resonant frequency 𝑓
0
and where 𝜖

𝑟
denotes the

relative permittivity of the material forming the radi-
ating structure. As compared to traditional metallic
antennas whose size is proportional to 𝜆

0
, DRAs

are characterized by a smaller form factor especially
when a material with high dielectric constant (𝜖

𝑟
) is

selected for the design.
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Figure 1: Different radiating structures used for dielectric resonator antennas (DRAs).

(ii) Due to the absence of conducting material, the DRAs
are characterized by high radiation efficiency when
a low-loss dielectric material is chosen. This char-
acteristic makes them very suitable for applications
at very high frequencies, such as in the range from
30GHz to 300GHz. As a matter of fact, at these
frequencies, traditional metallic antennas suffer from
higher conductor losses.

(iii) DRAs can be characterized by a large impedance
bandwidth if the dimensions of the resonator and the
material dielectric constant are chosen properly.

(iv) DRAs can be excited using different techniques which
is helpful in different applications and for array
integration.

(v) The gain, bandwidth, and polarization characteristics
of a DRA can be easily controlled using different
design techniques.

The main target of this paper is to present an up-to-date
review study summarizing the most relevant techniques to
control circuital characteristics and radiation properties of
DRAs. In this way, guidance will be provided to RF front-
end designers to achieve the required antenna performance
in terms of gain, bandwidth, and polarization. Different
geometries of radiating resonators will be discussed first,
turning then our attention to advantages anddisadvantages of
different feeding techniques proposed so far in the literature.
Various methodologies that have been used to enhance the
impedance bandwidth and the antenna gain will be explored.
Furthermore, different techniques to achieve circular polar-
ization are summarized. Finally, the most recent implemen-
tation of DRAs on chip and off chip will be presented.

2. Dielectric Resonators

By using a suitable excitation technique, any dielectric struc-
ture can become a radiator at defined frequencies. It is to be

noticed that, for a given resonant frequency, the size of the
dielectric resonator is inversely proportional to the relative
permittivity of the constitutive material.The lowest dielectric
constant material adopted in DRA design is reported in [2–
4], where commodity plastics with relative dielectric constant
smaller than 3 have been utilized for the realization of
supershaped DRAs.

The basic principle of operation of dielectric resonators is
similar to that of the cavity resonators [5] and is thoroughly
discussed in literature. The most two popular radiating
dielectric resonators are the cylindrical and the rectangu-
lar ones. They will be reviewed in this section. Design
equations to calculate the relevant resonant frequencies
are given. More complex dielectric resonators, such as the
spherical/hemispherical, cross-shaped, and supershaped (see
Figure 1) ones, will be also discussed in this section.

2.1. Cylindrical DRA. Cylindrical DRAs have been stud-
ied extensively in literature. Figure 2 shows the three-
dimensional view (a) and the cross-sectional view (b) of
a probe-fed cylindrical DRA. The antenna consists of a
cylindrical dielectric resonator (DR) with height ℎ, radius 𝑎,
and dielectric constant 𝜖

𝑟
.TheDR is placed on top of a ground

plane and fed by a coaxial connector.Themain advantages of
the cylindrical DRA consist in the ease of fabrication and the
ability to excite different modes.

The resonant frequency of the modes supported by
a cylindrical DRA can be calculated using the following
equations [6]:

𝑓TE𝑛𝑝𝑚 =
𝑐

2𝜋√𝜖𝑟𝜇𝑟
√(

𝑋
𝑛𝑝

𝑎
)

2

+ (
(2𝑚 + 1) 𝜋

2ℎ
)
2

, (1)

𝑓TM𝑛𝑝𝑚 =
𝑐

2𝜋√𝜖𝑟𝜇𝑟
√(

𝑋󸀠
𝑛𝑝

𝑎
)

2

+ (
(2𝑚 + 1) 𝜋

2ℎ
)
2

, (2)
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Figure 2: Three-dimensional (a) and cross-sectional view (b) of the probe-fed cylindrical DRA.
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Figure 3: Resonant frequency as a function of the radius (a) and height (b) of a cylindrical DRA with relative permittivity 𝜖
𝑟
= 10.

Table 1: Roots of the Bessel functions of the first kind,𝑋
𝑛𝑝
.

𝑝
𝑛

𝑛 = 1 𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5

𝑝 = 0 2.404 5.520 8.653 11.791 14.930
𝑝 = 1 3.831 7.015 10.173 13.323 16.470
𝑝 = 2 5.135 8.417 11.619 14.795 17.959

where 𝑋
𝑛𝑝

and 𝑋󸀠
𝑛𝑝

denote the roots of the Bessel functions
of the first kind and of the relevant first-order derivatives,
respectively (see Tables 1 and 2).

The impact of the geometrical parameters of a cylindrical
DRA (radius and height) as well as of the relative dielectric
constant (𝜖

𝑟
) on the resonant frequency is investigated.

Equation (2) is used to calculate the resonant frequency of the
fundamental model TM

110
of the cylindrical DRA. Figure 3

shows the resonant frequency as a function of the DRA’s
radius (see Figure 3(a)) and as a function of the DRA’s height
(see Figure 3(b)).The dielectric constant used to calculate the

Table 2: Roots of the first-order derivative of the Bessel functions
of the first kind,𝑋󸀠

𝑛𝑝
.

𝑝
𝑛

𝑛 = 1 𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5

𝑝 = 0 3.831 7.015 10.173 13.323 16.470
𝑝 = 1 1.841 5.331 8.536 11.706 14.863
𝑝 = 2 3.054 6.706 9.969 13.170 16.347

resonant frequencies is set to 𝜖
𝑟
= 10. It is indicated in the

figures that the resonant frequency decreases by increasing
either the radius or the height or both of them simultaneously.

Figure 4 shows the effect of the relative dielectric constant
(𝜖
𝑟
) on the resonant frequency. It can be noticed that the

resonant frequency of the fundamental mode decreases by
increasing the dielectric constant of theDRA.This behavior is
the most important characteristic of the DRA since it allows
decreasing the size of the DRA by increasing its dielectric
constant. It is to be noted that the impedance bandwidth is
inversely proportional to the relative permittivity of the DR.
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Figure 5: Three-dimensional view (a) and cross-sectional view (b) of an aperture-fed rectangular DRA.

Therefore, the use of materials with high dielectric constant
can result in a narrowband antenna behavior.

2.2. Rectangular DRA. Figure 5 shows the three-dimensional
and cross-sectional views of a rectangular DRA fed by a
slot aperture. The rectangular DRA consists of a rectan-
gular dielectric resonator with relative dielectric constant
𝜖
𝑟
. The dimensions of the rectangular DR are 𝑎 × 𝑑 × ℎ

(width × length × height).
The main advantage of the rectangular DRA is that it is

characterized by three independent geometrical dimensions,
𝑎, 𝑏, and 𝑑 (see Figure 5(a)); this offers more design flexibility
as compared to the cylindrical DRA. Furthermore, the
rectangular DRA is characterized by low cross-polarization
level as compared to the cylindrical DRA [7].

The dielectric waveguide model [8] is used to analyze the
rectangular DRA. When the DRA is mounted on a ground
plane, TE modes are excited. The resonant frequency of the
fundamental mode, TE

111
, is calculated by means of the

following equations [9]:

𝑓
0
=

𝑐

2𝜋√𝜖𝑟
√𝑘2
𝑥
+ 𝑘2
𝑦
+ 𝑘2
𝑧
,

𝑘
𝑥
=
𝜋

𝑎
,

𝑘
𝑧
=

𝜋

2𝑏
,

Air gap Ground plane

Probe feed

Hemisphere

Figure 6: Probe-fed hemispherical DRA with an air gap for
bandwidth enhancement as suggested in [10].

𝑑 =
2

𝑘
𝑦

tanh(
𝑘
𝑦0

𝑘
𝑦

) , 𝑘
𝑦0
= √𝑘2
𝑥
+ 𝑘2
𝑧
,

(3)

where 𝜖
𝑟
is the relative dielectric constant of the material

forming the resonator.

2.3. Hemisphere andCross-Shaped and SupershapedDRAs. In
this section attention is put also on the hemisphere and the
cross-shaped and the supershaped DRAs.

A probe-fed hemispherical DRA with an air gap of
hemispherical shape between the dielectric structure and the
ground plane is presented in [10] and is shown in Figure 6.
It has been found that, by incorporating this gap, the DRA
achieves an impedance bandwidth which is nearly twice that
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Figure 7: Cross-shaped DRA (a) and a sequentially fed cross-shaped DRA array (b) as suggested in [12].

without an air gap.Adedicated section summarizing themost
relevant techniques to improve the impedance bandwidth
will be presented later in the paper.

The authors in [11] demonstrated for the first time the
possibility of using glass dielectric resonators as light covers.
A dual-band hollow and solid hemispherical glass DRAs are
presented in [11]. The hollow hemisphere is excited by a slot
while the solid one is a probe-fed DRA. By taking advantage
of the transparency of the glass an LED was inserted into the
air gap through the ground plane resulting in a DRA that
can be used as a light cover. It has been demonstrated in the
paper that the insertion of an LED inside the DRA (for both
solid and hollow DRA) has a negligible effect on the antenna
performance.

The cross-shaped dielectric resonator is mainly suggested
to design circularly polarized antenna. A cross-shaped DRA
as suggested in [12] is shown in Figure 7(a). To achieve awide-
band circular polarization bandwidth the cross DRA should
be rotated 45∘ with respect to the slot and the length of the
arms should be optimized [12]. The individual cross-shaped
DRA supports a circular polarization bandwidth of 5% with
an axial ratio less than 3 dB. In addition to the circular
polarization (CP), themeasured impedance bandwidth of the
cross DRA reaches 16% at 10 dB return-loss level [12].

In order to achieve higher impedance bandwidth and
larger circular polarization bandwidth, a sequentially fed
array of cross DRA is proposed in the same paper as shown
in Figure 7(b). In this way, the impedance bandwidth and the
CP bandwidth are increased to 25% and 15%, respectively.

Recently, a very similar concept has been adopted in [13]
to design anmm-waveDRA.The presented design consists of
a four-by-four array of sequentially fed rectangular dielectric
resonators excited by a cross-shaped slot in order to achieve
circular polarization. The simulated impedance bandwidth
extends from 26.9GHz to 33.7 GHz, whereas the simulated
axial ratio bandwidth at 3 dB level extends from 24.1 GHz to
31.1 GHz.

A plastic-based supershaped DRA has been presented in
[2–4] and is shown in Figure 8. The reported impedance
bandwidth is extended to 74% by using a supershaped
dielectric resonator.

Feed point Ground plane

Figure 8: Probe-fed supershaped DRA [2].

The main advantage of the presented supershaped DRA
is that it uses plastic (PolyVinyl Chloride (PVC)) as dielectric
material which makes it very cost effective and easily manu-
facturable.

In addition to the basic dielectric resonators that have
been discussed in this section, numerous attempts have been
performed to combine different dielectric resonators together
in order to optimize antenna performance. Figures 1(d), 1(e),
and 1(f) show different configurations of combined DRAs.
The advantages of combining different DRs will be presented
later in the paper but first different feeding structures ofDRAs
will be discussed in the following section.

3. Feeding Structures

One of the main advantages of DRA technology is that
various feeding techniques can be used to excite the radiating
modes of a dielectric resonator.

3.1. Probe-Fed DRA. The probe-fed DRA is among the first
reported DRAs [10, 14] and is shown in Figure 9. In this con-
figuration, the DR is directly disposed on the ground plane
and is excited by a coaxial feed through the substrate. The
coaxial probe can either penetrate the DR (see Figure 9(a))
or can be placed adjacent to the DR as shown in Figure 9(b).
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Figure 9: Probe-fed rectangular DRA.
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Figure 10: Three-dimensional view of conventional (a) and conformal (b) microstrip transmission line feeding networks.

By optimizing length and position of the feeding probe,
the input impedance of the DRA can be tuned [15] and,
consequently, the resonance frequency can be controlled.The
main benefit associated with a probe penetrating the DRA
(see Figure 9(a)) is that it provides high coupling to the DR
which, in turn, results in high radiation efficiency. The main
drawback of such configuration is that a hole needs to be
drilled in the DRA. The dimensions of the drilled hole need
to match the dimensions of the probe (length and radius)
otherwise the effective dielectric constant of the resonator
will be affected, this causing a shift in the resonance frequency
of the antenna. It is to be noticed, furthermore, that drilling
a hole in the DR complicates the manufacturing process and
makes it more expensive.

A reduced manufacturing complexity is achieved by
placing the excitation probe adjacent to the DR (see Fig-
ure 9(b)). This technique is cost-effective but results in a
smaller coupling to the DR, which eventually affects the
radiation characteristics of the structure.

For high-frequency applications where the antenna is
manufactured on a PrintedCircuit Board (PCB), or is directly
integrated on chip, probe-fed DRAs are not practical.

3.2. Microstrip Transmission Line-Fed DRA. Another way
to feed the DRA is by using printed transmission lines.
Figure 10 shows the three-dimensional view of a rectangular
DRA fed by a microstrip line (see Figure 10(a)) and by a
conformal transmission line (see Figure 10(b)). In conven-
tional microstrip line-fed DRAs, the dielectric resonator is
directly placed on the transmission line that is printed on
the PCB substrate. One of the first reported DRAs fed by

a microstrip line is reported in [16]. It has been shown in
[16] that the overlap distance 𝑥 (see Figure 10(a)) determines
the coupling strength and the specific mode that is excited
by the transmission line. The strongest coupling occurs
when 𝑥 is slightly shorter than one-quarter of a dielectric
wavelength of the resonance frequency. The main drawback
of the microstrip transmission line feed is that the feeding
line is not isolated from the dielectric resonator which can
affect the radiation performance of the DRA. In addition,
when placing the dielectric resonator directly on the top of
a transmission line, an undesired air gap is created between
the resonator and the substrate of the PCB.

In a conformal transmission line-fed DRA, the resonator
is placed directly on the PCB substrate and the feeding
microstrip is bent over the resonator as shown in Figure 10(b).
By using this configuration, the input transmission line is
integrated with the DR without creating an air gap. The
shape of the transmission line that is bent over the dielectric
resonator can be optimized to improve the performance
of the DRA. As an example, a conformal elliptical patch
that feeds an U-shaped DRA is suggested in [17] where an
impedance bandwidth of 72% is achieved.

3.3. Coplanar-Waveguide-Fed DRA. The coplanar waveguide
excitation was first introduced in [18], where a coplanar
waveguide (CPW) circular-loop network that feeds a cylin-
drical DRA is presented. A rectangular DRA fed by a similar
structure is shown in Figure 11(a). The main advantage of the
CPW excitation is that the coupling slot that is underneath
the dielectric resonator can be modified to optimize the
performance of the DRA. In [19] the circular-loop feeding
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Figure 11: Rectangular DRA fed by a CPW circular-loop network (a). Inductive slot feed (b). Capacitive slot feed (c).
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Figure 12: Top view of an aperture-coupled hemispherical DRA as presented in [20].

network is replaced by an inductive slot (see Figure 11(b)) and
by a capacitive slot (see Figure 11(c)) in combination with a
hemispherical DRA. It has been shown that the capacitive
slot provides an additional resonance which results in a
dual-band behavior, with two resonances associated with the
DR and the feeding slot itself, respectively. CPW feeding
structures are widely used for millimeter-wave applications
especially when the DRA is integrated in a system on chip
(SoC). As amatter of fact, by usingCPW transmission lines, it
is possible to achieve high antenna efficiency since the ground
plane separates the dielectric resonator from the lossy silicon
substrate.

3.4. Slot-Fed DRA. The most popular feeding technique for
DRAs is via a slot in the ground plane.This excitationmethod
is known as aperture coupling. The guided wave propagating
along the transmission line is coupled, through the slot, to the
resonant modes of the DR.

Figure 12 shows the top view of an aperture-coupled
hemispherical DRA as presented in [20]. The effect of the
slot displacements 𝑥

𝑑
and 𝑦

𝑑
(see Figure 12) from the center

of the DRA is investigated in [20]. It has been found that
best resonance (impedance matching) is achieved when the
DR is perfectly centered on top of the slot (𝑥

𝑑
= 𝑦
𝑑
= 0).

The main advantage of this method is that it avoids a direct
electromagnetic interaction between the feed line and the
DRA as indicated in Figure 13. By using this topology, the
spurious radiation from the feeding network can be reduced,
thus enhancing the polarization purity of the DRA. The
drawback of such excitation method is that the slot length

h1

h2

Feed line

Substrate

r1

r2

Figure 13: Cross-sectional view of a two-layer rectangular DRA for
size reduction as suggested in [21].

should be around 𝜆/2 which is a challenge to realize at lower
frequencies while keeping the size of the DRA compact.

4. DRA Size Reduction Methods

The two most common techniques to minimize the size of a
DRA are either to use material with high dielectric constant
or to insert a metal plate in the symmetry plane of the DR.
These techniques are reviewed in this section.

4.1. High Relative Dielectric Constant (𝜖
𝑟
). In general, the

size of the DRA is inversely proportional to the dielectric
constant (𝜖

𝑟
) of the resonator as seen in Figure 4. So in

order to decrease the size of the DRA, a material with a high
dielectric constant can be chosen; however, this should be
carefully done since the impedance bandwidth can be affected
negatively by the choice of the dielectricmaterial. In [9] a low-
profile rectangular DRA (0.026𝜆

0
) with very high relative
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Figure 14: Cross-sectional view of a probe-fed rectangular DRA (a) and its miniaturized version (b) by placing a conducting plate at 𝑥 = 𝑎/2.

permittivity (𝜖
𝑟
= 100) is presented. It is demonstrated that,

even when using such a high dielectric constant material,
a reasonable impedance bandwidth of 1.1% to 3.3% can be
achieved.

To overcome the limitation related to reduced bandwidth
a multilayer DRA topology can be adopted. By optimizing
the dielectric constant and height of each layer, the DRA
parameters (size, impedance bandwidth, and gain) can be
controlled and optimized. Figure 13 shows the cross-sectional
view of a two-layer rectangular DRA as suggested in [21].This
configuration offers additional degrees of freedom (𝜖

𝑟2
and

ℎ
2
) in the design of a DRA as compared to the single-layer

antenna configuration. Using this methodology, the authors
in [21] were able to design a low-profile rectangular DRA
(having height of 0.1𝜆

0
) with an impedance bandwidth of

40% and an average gain of 9 dBi.

4.2. Metal Plate along Symmetry Plane. The second design
technique to minimize the size of a DRA consists in the
integration of metal plates along the relevant symmetry
planes, as it easily follows from the application of image
theory [22]. Figure 14(a) shows the cross-sectional view
of a probe-fed rectangular DRA with length 𝑎 and height
𝑏. Its corresponding miniaturized version is shown in
Figure 14(b).

As indicated in the figure, the size of the DRA can be
halved by placing a conducting plate along the central cross-
section of the dielectric resonator at 𝑥 = 𝑎/2. The effect
of the miniaturization on the resonant frequency and the
impedance bandwidth of a DRA was investigated in [23] and
the results are summarized in Table 3.The dimensions, 𝑎 and
𝑏, listed in the table are specified in accordancewith Figure 14.
One can clearly notice that the insertion of the metal plate
allows halving the volume of the DRA but, at the same time,
results in a reduction of the available impedance bandwidth
by a factor of three. It should be mentioned that when a
conducting plate is used, the position as well as the length
of the feeding probe should be fine-tuned in order to match
the input impedance of the antenna at the desired resonant
frequency.

Table 3: Effect of the miniaturization of a rectangular DRA [23].

𝑎
(mm)

𝑏
(mm)

Volume
(cm3) 𝜖

𝑟

Conducting
plate

𝑓
0

(GHz)
Impedance
bandwidth

88 40 70.4 12 No 1.22 16%
44 40 35.2 12 Yes 0.918 5.4%

Table 4: Measured gain of a DRA with and without SMSH [25].

Frequency (GHz) 5.8 5.9 6.0 6.1 6.2
Gain without SMSH (dBi) 1.4 2.8 3.8 4.2 2.7
Gain with SMSH (dBi) 7.9 8.8 8.2 8.2 6.9

Similarly, the size of a cylindrical DRA can be reduced
by 75% by placing a Perfect Electric Conductor (PEC) and a
Perfect Magnetic Conductor (PMC) at the symmetry planes
of cylinder, as shown in [24].

5. DRA Gain Enhancement Methods

The most straightforward approach to increase the gain of
a DRA is by arraying individual DRAs. The gain of a DRA
array increases by increasing the number of DR elements in
the array. However this approach is not the main goal of this
section. Attention is put here on two alternative techniques to
enhance the gain of a single DRA element.

5.1. Integration of Additional Structures. An efficient way to
increase the gain of a DRA relies on the integration of addi-
tional structures useful to focus the antenna radiation in one
direction and increase, in this way, its gain. A straightforward
example of suchdesign approach is the surfacemounted short
horn (SMSH) DRA presented in [25]. A cross-sectional view
of the SMSH is shown in Figure 15.

The suggested DRA consists of a slot-fed rectangular
dielectric resonator with four additional inclined metallic
plates used to form a horn-like structure. The effect of the
SMSH structure on the DRA gain is quantified in Table 4.
The figures of merit listed in the table are taken from [25].
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Figure 15: A surface mounted short horn (SMSH) configuration as
suggested in [25].
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Figure 16: High-gain mushroom-shaped DRA structure as pre-
sented in [27].

It can be noticed that the addition of the SMSH results in
a 4.4 dB increase of the antenna gain at 6GHz. The same
approach has been used in [26] where a cylindrical DRA
integrated on a periodic substrate composed of circularmetal
strips is presented. By optimizing the distribution of the strips
around the DRA a 3 dB enhancement of the antenna gain at
the design frequency has been achieved.

Recently a high-gain mushroom-shaped DRA has been
presented in [27]. The suggested design is shown in Figure 16
and consists of a probe-fed hollow cylindrical DRA. A
spherical-cap lens is placed on top of the cylindrical DRA to
increase the antenna gain. It has been shown that the addition
of the lens on top of the cylinder will increase the gain by 3 dB
to 5.8 dB.The front-to-back ratio is increased between 4.6 dB
and 8.8 dB across the operational frequency band. In addition
to the lens, the suggested cylindrical DRA is surrounded by
a metal truncated-cone reflector. The measured antenna gain
of the suggested DRA is larger than 10 dBi between 4.5GHz
and 9.5GHz with a maximum of 16 dBi around 8.5GHz.

5.2. Excitation of Higher-Order Modes. The second method
to increase the gain of an individual DRA is by exciting
the relevant higher-order modes, thus making the DRA
electrically larger with respect to its fundamental resonant
frequency. It has been shown in [28] that when the TE

𝛿15

mode of the rectangular DRA is excited, a 6 dB increase
of the antenna directivity is achieved as compared with the

directivity obtained when exciting the fundamental resonant
mode (TE

𝛿11
).

The design of a pattern-reconfigurable cylindrical DRA
with high gain resulting from the excitation of higher-order
HEM
21(1+𝛿)

modes has been reported in [29].
Recently, a cylindrical DRAwith a measured peak gain of

11.6 dBi has been reported in [30]. In this design, the higher-
order HEM

133
mode of a cylindrical dielectric resonator is

excited in order to achieve the desired antenna performance.

6. Circular Polarization

One of the advantages of DRAs is that their polarization can
be easily controlled. In this section different techniques to
design circularly polarized DRAs are reviewed.

6.1. Dual-Feed Excitation. Exciting a DRA by using two ports
with a 90∘ phase shift is a simple but effective means for
achieving circular polarization of the radiated electromag-
netic field. Figure 17 shows a probe-fed cylindrical DRA
relying on the mentioned approach [31]. The measured axial
ratio along the broadside direction of this antenna has been
reported to be 0.45 dB, thus indicating a very good circular
polarization property.

The same design strategy has been applied in [32], where
a cylindrical DRA is excited by two conformal microstrip
transmission lines. The suggested design offers a 3 dB axial
ratio bandwidth of 40%.

6.2. Single-Feed Excitation. Circularly polarized DRAs can
be designed also by using a single feed placed at a location
where two orthogonal modes can be excited. This technique
has been applied in [33] in combination with a circular sector
dielectric resonator. The probe feed is placed between the
center of the sector (where the TM

21𝛿
is excited) and the edge

of the sector (where the TM
11𝛿

). A 3 dB axial ratio bandwidth
of 10% has been measured for the DRA presented in [33].

In order to achieve circular polarization in slot-fedDRAs,
the dielectric resonator and the feeding slot are to be properly
rotated relative to each other, so that two orthogonal modes
can be excited with the desired phase difference. Figure 18
shows the cross-sectional view (a) and the top view of a slot-
fed rectangular DRA. As indicated in Figure 18(b), the DRA
is rotated with an angle 𝜙 with respect to the slot. When
𝜙 = 45∘ two orthogonal modes with 90∘ phase differences
can be excited which results in a circularly polarized pattern.
This technique has been used in [34, 35] to design circularly
polarized rectangularDRAswith a 3 dB axial ratio bandwidth
of 1.8% and 3%, respectively.The same strategy has been used
in [12] to excite the cross-shaped DRA shown in Figure 7.

A novel circularly polarized three-layer stacked DRA
has been presented in [36]. Each layer is made out of a
homogeneous dielectric material with relative permittivity
𝜖
𝑟
= 10.7 and rotated by an angle of 𝜙 = 30∘ relative to the

adjacent one. In this way, a 3 dB axial ratio bandwidth of 6%
has been obtained, in combination with a wide impedance
bandwidth of 21%.
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Figure 17: Circularly polarized dual-fed cylindrical DRA as suggested in [31].
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Figure 18: Cross-sectional view (a) and top view (b) of a rotated rectangular DRA as suggested in [34, 35].
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Figure 19: Three-dimensional view of a cylindrical DRA with a grounded parasitic patch (a) as introduced in [40] and three-dimensional
view of a rectangular DRA with a parasitic patch placed on its top face (b) as presented in [39].

Instead of rotating the DR itself, location and geometry of
the feeding slot can be optimized in order to achieve circular
polarization. This technique has been used in [37, 38] where
cross-shaped slots have been proposed for the mentioned
design goal. In particular, the dual-band circularly polarized
rectangular DRA presented in [37] features measured 3 dB
axial ratio bandwidths of 9.7% and 20%, respectively, in the
two operational frequency ranges. In [38], an offset cross-
shaped slot has been used to excite a cylindrical DRA, thus
achieving a measured 3 dB axial ratio bandwidth of 4.6%.

6.3. Single-Feed Excitation with Parasitic Metal Strip. An-
other method for exciting two orthogonal modes and enforc-
ing a circular polarization of the radiated electromagnetic

field relies on the use of parasitic metal strips/patches
attached to the surface of the dielectric resonator. The
parasitic metallic element introduces an asymmetry in the
DRA structure which eventually leads to the excitation of
two orthogonal modes with the desired phase difference [39].
The parasitic patch can be as shown in Figure 19(a) or kept
floating on the top of the DRA as shown in Figure 19(b).
An example of circularly polarized rectangular DRA with
floating parasitic metal strip placed on its top face is reported
in [39]. By adjusting the width,𝑊, and length, 𝐿, of the strip
(see Figure 19(b)), the axial ratio of the antenna can be easily
tuned. By virtue of this design approach, a 2 dB axial ratio
bandwidth of 6% can be achieved.

A circularly polarized cylindrical DRA with grounded
parasitic strip has been presented in [40] and shown in
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Figure 20: Top (a) and cross-sectional view (b) of a perforated DRA as suggested in [46].

Figure 19(a). It has been demonstrated that the location of
the parasitic patch is not very critical for the purity of the
circular polarization (see Figure 19(a)). On the other hand,
the axial ratio of the antenna is strongly affected by the length
of the patch, 𝐿

𝑝
, whereas the width of the parasitic patch,

𝑊
𝑝
, plays a none significant role. By tuning 𝐿

𝑝
and 𝑊

𝑝
the

polarization properties of the DRA can be tuned. Similar
conclusions have been reported in [41] where a rectangular
DRA with grounded parasitic patch has been investigated.

7. Impedance Bandwidth Enhancement
Methods of DRAs

In this section, different techniques useful to broaden the
impedance bandwidth of a DRA are summarized.

7.1. Combining Different Dielectric Resonators. Dielectric res-
onators can be combined together to broaden the impedance
bandwidth of the resulting DRA structure. Figures 1(g), 1(h),
and 1(i) show different configurations of combined DRAs. By
placing multiple dielectric resonators of different dimensions
on top of each other (see Figure 1(h)), different modes can
be excited. In this way, dual-band or broadband behavior
can be achieved. By using such approach, a staircase-shaped
DRA has been designed and presented in [42, 43]. A 10 dB
return-loss impedance bandwidth of 36.6%, from 7.56GHz
to 10.95GHz, has been obtained by using the three-step
staircase-shaped DRA proposed in [42]. A very similar con-
figuration consisting of a two-step staircase-shaped probe-fed
DRA has been presented in [44]. The measured impedance
bandwidth of the suggested design is 44% and covers a
frequency range from 7.45GHz to 11.6 GHz. Recently, a
dual-band circular DRA with staircase geometry has been
proposed in [45].

An alternative design approach, useful to achieve large
impedance bandwidths, consists in the tapering of the
permittivity distribution within the DR. This can be done
either by combining multiple layers with different dielectric
constants or by drilling holes of different diameters into the
DR in order to taper the effective permittivity of the structure.
The geometry of a perforatedDRA is shown in Figure 20.This
concept has been investigated in [46], where an impedance
bandwidth of 26.7% (𝜖

𝑟
= 10.2) has been reported.

Dual-band orwide-band characteristics can be easily syn-
thesized by exciting different resonant modes in multilayered

Minkowski Koch Sierpinski curve

Figure 21: Different fractal boundary structures proposed and
simulated in [50].

DRAs consisting of different dielectric laminates with prop-
erly selected permittivity. A cross-sectional view of a two-
layer DRA is shown in Figure 13. It has been shown that when
𝜖
𝑟2

(dielectric constant of the bottom layer) is smaller than
𝜖
𝑟1
(dielectric constant of the top layer), an impedance band-

width of 40% at 10 dB return-loss level can be obtained [21].
Based on these findings, the antenna impedance bandwidth
can be further broadened by using an air gap (𝜖

𝑟2
= 1) as

bottom layer [47, 48]. Both DRAs presented in [47, 48] are
fed by a tapered strip printed on one side of the dielectric
resonator, the relevant impedance bandwidth being of 120%
(2.6–11 GHz) and 96% (2.13–6.08GHz), respectively.

An alternative antenna topology that can feature wide
impedance bandwidth or dual-band operation is the one
consisting of two dielectric resonators next to each other
and separated by a gap, as shown in Figure 1(g). This design
approach has been suggested in [49] where two rectangular
DRs are placed on the top of edges of the feeding slot
produced in the antenna ground plane. By optimizing the
dimensions of the dielectric resonators, the desired dual-
band or wide-band behavior can be synthesized.

7.2. Shaping the Dielectric Resonator. When shaping the di-
electric resonator, different modes can be excited and, in this
way, a wide impedance bandwidth achieved. A U-shaped
DRA (𝜖

𝑟
= 9.8), fed by means of a conformal elliptical

patch, has been proposed in [17]. The suggested design offers
a 72% impedance bandwidth in the frequency range between
3.82GHz and 8.12GHz.

A CPW-fed fractal DRA topology has been proposed
in [50] in order to excite higher-order modes with quasi-
degenerate resonant frequencies resulting in a wide impe-
dance bandwidth. Different fractal DRAs, with Minkowski,
Koch, and Sierpinski profiles, have been investigated in [50]
(see Figure 21). The numerically predicted characteristics
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Table 5: Numerically Simulated Characteristics of fractal-based
DRAs as Reported in [50].

DRA profile
Resonant
frequency
(GHz)

Impedance
bandwidth
(MHz)

Gain
(dBi)

Minkowski 6.59 2870 4.12
Koch 6.8 2540 3.51
Sierpinski
curve 8.0 1610 1.05

Feeding probe

Dielectric hemispherical 
resonator

Ground plane

Figure 22: Cup-shaped inverted hemispherical DRA as suggested
in [51] for impedance bandwidth enhancement.

of the mentioned fractal-based DRAs are summarized in
Table 5. One can notice that theMinkowski DRA features the
highest gain and largest impedance bandwidth as compared
to the Koch and Sierpinski ones. The simulated results for
the Minkowski DRA have been verified by experimental
measurements, and in this way an impedance bandwidth of
64% (from 5.52GHz to 10.72GHz) has been demonstrated.

An alternative antenna topology that provides a large
impedance bandwidth is the supershaped DRA shown in
Figure 8. By optimizing the shape of the DRA an impedance
bandwidth of 74% (from 6.7GHz to 14GHz) has been
achieved. To this end, a plastic-based dielectric resonator
having relative permittivity 𝜖

𝑟
= 2.73 has been used [2].

Finally, the cup-shaped inverted hemispherical DRA
design presented in [51] is to bementioned in this survey.The
configuration of the suggested DRA is shown in Figure 22.
The impedance bandwidth of such DRA is 83% around the
central resonant frequency of 2.3 GHz. The permittivity of
the dielectric material adopted for the manufacturing of said
antenna is 𝜖

𝑟
= 9.2.

7.3. Effect of the Feeding Slot. In order to increase the im-
pedance bandwidth of an aperture-fed DRA, an annular slot
can be used as proposed in [40, 52]. The configuration of the
annular slot is shown in Figure 23. Using this solution, the
impedance bandwidth can be increased to 18%, while using a
dielectric material with relative permittivity 𝜖

𝑟
≃ 10.

The annular slot-based approach has been extended in
[53], becoming a circular aperture excited by amicrostrip line
with fork-like tuning stub. The configuration of the feeding
network and the circular aperture are shown in Figure 24(a).
In order to suppress the spurious backward radiation from
the circular aperture, a hollow hemispherical backing cavity
is placed beneath the tuning fork. In this way, an impedance

bandwidth of 38% has been achieved in combination with a
cylindrical DRA having relative permittivity 𝜖

𝑟
≃ 10.

An alternative feeding aperture geometry which allows
broadening the impedance bandwidth of a DRA is the U-
shaped slot shown in Figure 24(b) [54]. This solution has the
advantage of having two arms (𝐿

𝐴
and 𝐿

𝐶
) and, therefore, an

additional degree of freedom in the design and optimization
of the DRA feeding. By fine-tuning the length and the width
of each arm of the slot, the impedance bandwidth and/or
the polarization of the antenna can be controlled. It has
been shown in [54] that the length ratio of the two arms
should be close to the unity in order to achieve a beneficial
enhancement of the impedance bandwidth. On the other
hand, a large length ratio results in a circular polarization of
the antenna.

7.4. Hybrid Approach. Hybrid design approaches rely on the
combination of DRAs and radiating patch/slot antennas. By
tuning the resonant frequency of the radiating patch/slot
antenna in order to be close to that of the combined DRA, a
wide impedance bandwidth can be achieved. A hybrid DRA
resulting from the combination of a ring-shaped dielectric
resonator and a circular microstrip patch, fed by a resonant
slot, is presented in [55] and shown in Figure 26. The
measured impedance bandwidth of this hybrid DRA is such
to cover the 60GHz unlicensed frequency band from 57GHz
to 65GHz. Another hybrid DRA design solution relying on
the combination of amonopole antenna with a ring dielectric
resonator is proposed in [56] (see Figure 25(a)). Such antenna
structure is characterized by three main resonances. Two
of such resonances are associated with the monopole and
the dielectric ring resonator, respectively, whereas a third,
intermediate, resonance results from the combination of the
other ones. The operational frequency band of the physical
prototype presented in [56] extends from 5GHz to 13GHz
with the magnitude of the input reflection coefficient smaller
than −10 dB. Similar hybrid DRAs with the dielectric ring
resonator replaced by one having conical or hemispherical
(see Figure 25(b)) geometry have been presented in [57].
In particular, by using a hemispherical DR, the impedance
bandwidth of the radiating structure has been increased to
126%, covering in this way the frequency range between
5GHz and 21GHz.

A hybrid DRA combining a rectangular DR and a CPW
inductive slot (see Figure 11(b)) has been introduced in [58]
in order to achieve a wide-band behavior. As a matter of
fact, the resonant frequencies of the rectangular DR and of
the inductive slot are designed to be 5.4GHz and 5.8GHz,
respectively, resulting in a measured impedance bandwidth
of 23%, between 4.86GHz and 6.15GHz.

A similar design approach is adopted in [59], where a
hybrid DRA resulting from the combination of a radiating
inductive slot and a cylindrical DR has been proposed.
The two resonances associated with the feeding slot and
the dielectric resonator, respectively, result in a dual-band
behavior with measured impedance bandwidths of 9% (from
3300MHz to 3612MHz) and 4.8% (from 4681MHz to
4912MHz), respectively.
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Figure 23: Top (a) and cross-sectional view (b) of a rectangular DRA excited by an annular slot.
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Figure 24: Circular aperture slot (a) as introduced in [53] and U-shaped slot (b) as investigated in [54].
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Figure 25: Cross-sectional view of a hybrid DRA consisting of a monopole and a ring DR (a) as suggested in [56]. Cross-sectional view of a
hybrid DRA consisting of a monopole and a conical DR (b) as suggested in [57].

8. Millimeter-Wave DRAs

One of the intrinsic characteristics of DRAs is the absence of
conduction losses. This property makes DRAs very suitable
for high-frequency applications. In this section, major and
more recent advances of DRA technology at mm-wave
frequencies are summarized.

8.1. Off-Chip DRA. At millimeter-wave frequencies and be-
yond, the size of dielectric resonators become very small,
which makes the manufacturing of the DRA challenging
without resorting to expensive fabrication techniques. In

order to overcome this limitation and, at the same time,
improve antenna gain, electrically large DRAs exploiting
higher-order modes are to be adopted.

A hybrid approach combining the excitation of higher-
order modes with the radiation from the antenna feed has
been presented in [55]. Figure 26 shows the top view (a) and
the cross-sectional view (b) of the suggested design resulting
from the combination of a ring-shaped dielectric resonator
and a circular microstrip patch fed by a resonant slot. The
HEM
15𝛿

mode of the DRA is excited. A constant measured
antenna gain of approximately 12 dBi is reported for the
proposed hybrid DRA [55]. The antenna covers the 60GHz
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Figure 26: Top view (a) and cross-sectional view (b) of a hybrid ring/patch DRA as introduced in [55].

Table 6: Most Recent Advances in dielectric resonator antennas for millimeter-wave Applications.

Reference/Year DRA
topology

Relative
permittivity

Feeding
mechanism Technology Frequency

(GHz)

Impedance
bandwidth

(%)

Gain
(dBi)

[55]/2009 Ring with
microstrip Patch 10 Coupling slot PCB 60 15 12

[61]/2010 Cylindrical 10 Coupling slot PCB 60 24 5.5
[62]/2011 Rectangular 10 Coupling slot PCB 24 3.8 6.3

[63]/2011 Rectangular 10.2 Capacitive
slot/CPW PCB 60 17.4 10.2

[64]/2012 Cylindrical 10.2 Coupling slot PCB 60 14.3 15.7
[65]/2013 Cylindrical 10.2 Coupling slot PCB 60 22.9∗ 8.6
[66]/2016 Cylindrical 10.2 Coupling slot PCB 60 10∗ —

[60]/2016 Ring with
microstrip Patch 10.2 Coupling slot PCB 60 12 16.5

[67]/2007 Rectangular 48 CPW Integrated on chip 60 2.8 3.2

[68]/2008 Cylindrical 42 Folded
dipole/CPW Integrated on chip 27.7 9.8 1

[69]/2010 Rectangular 38 H-slot/CPW Integrated on chip 35 12 0.5

[70]/2012 Rectangular 10 Meander
slot/CPW Integrated on chip 130 12 2.7

[70]/2012 Two-layer
rectangular 10 Meander

slot/CPW Integrated on chip 130 11 4.7

[71]/2013 Rectangular 12.6 Coupling slot Integrated on chip 60.5 6.1 6

[72]/2015 Rectangular 9.8 E-
shaped/CPW Integrated on chip 340 12 10

[73]/2015 Circular 12.6 Dipole/CPW Integrated on chip 60 3.78 7
∗ is estimated from graph.

unlicensed frequency band (from 57GHz to 65GHz) with a
nearly flat gain of about 12 dBi. A similar concept has been
recently proposed in [60] where the resonances of a circular
patch and a ring-shapedDRA are combined together in order
to achieve a broadbandbehaviorwhile improving the antenna
gain. An impedance matching bandwidth of 12% (from
57GHz to 64GHz) has been predicted numerically for such
radiating structures. The simulated antenna gain is 16.5 dBi,
this being reported as the largest gain level featured by a
single-element DRA. The characteristics of the considered
antenna are listed in Table 6.

A class of linearly and circularly polarized cylindrical
DRAs fed by substrate integrated waveguides is presented in
[61]. The proposed DRAs are designed in such a way as to
resonate at 60GHz.Themeasured impedance bandwidths are
24% and 4.5% for the linearly and circularly polarized DRAs,
respectively. The performance characteristics of the linearly
polarized DRA are summarized in Table 6.

The effect of the fabrication tolerances on the frequency
shift of higher-order modes is investigated in [62] and listed
in Table 7. It is clearly indicated in the table that higher-order
modes are less affected by fabrication errors which is very
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Table 7: Simulated frequency shift of higher order modes of a
rectangular DRA due to fabrication tolerances [62].

Fabrication error
(mm)

TE
111

mode
Δ𝑓 (%)

TE
115

mode
Δ𝑓 (%)

TE
119

mode
Δ𝑓 (%)

0.01 0.38 0.21 0.12
0.05 2.04 1.00 0.74
0.1 3.99 1.83 1.41

Table 8: Comparison between the volume of DRAs excited at
24GHz by TE

111
, TE
115

, and TE
119

modes.

Resonant mode
Dimensions
𝑎 × 𝑑 × 𝑏
(mm)

DR volume
(mm3)

TE
111

2.5 × 2.5 × 2.1 13.13
TE
115

4.0 × 4.0 × 6.1 97.6
TE
119

4.2 × 4.2 × 10.7 188.75

encouraging especially for mm-wave applications where the
size of the DRA becomes very small.

The reduced sensitivity of higher-order modes to fabri-
cation errors can be readily understood by observing that
a DRA driven on a higher-order mode is physically much
larger as compared to the same DRA when operating on
the relevant fundamental mode. In order to highlight this
point, the volume of rectangular DRAs excited at the higher-
order modes TE

115
and TE

119
is compared, in Table 8, to that

of a DRA operating on the TE
111

mode. Said DRAs are all
designed in order to resonate at the frequency of 24GHz.As it
can be easily noticed in Table 8, the rectangular DRAs excited
at TE

115
and TE

119
modes are, respectively, 7.4 and 14.4

times bulkier than the equivalent radiating structure excited
at its fundamental mode. Additional characteristics of the
mentioned DRA driven on the TE

119
mode are summarized

in Table 6.
The gain of a singleDRA element can be further increased

by placing a superstrate on the top of the DR. This approach
has been suggested in [63]. A cross-sectional view of the
suggested antenna topology is shown in Figure 27, where a
coplanar waveguide with capacitive slot (see Figure 11(c)) is
used to excite the DRA. The radiating structure proposed
in [63] is designed to resonate in the 60GHz unlicensed
ISM frequency band. It has been shown, in particular, that
the antenna gain can be tuned by changing the distance, ds,
between the superstrate and the ground plane (see Figure 27).
A large impedance bandwidth of 17.4% is obtained thanks to
the combined excitation of the resonances of the DRA (fun-
damental and higher-order modes), as well as of the feeding
slot. The integration of the superstrate allows improving the
antenna gain by 9 dB as compared to a conventional DRA
without superstrate. In this way, a peak gain of 14.44 dBi at
60GHz has been achieved.

An extensive study on the effect of dielectric super-
strates in combination with millimeter-wave DRAs has been
reported in [64]. The considered antenna topologies are
shown in Figure 28.The first antenna consists of a cylindrical

Superstrate

ds
DRAGround

plane

CPW
feed line

Figure 27: Rectangular DRAwith superstrate for gain improvement
as suggested in [63].

Table 9: Performance comparison between the DRAs shown in
Figure 28.

Antenna 1 Antenna 2 Antenna 3 Antenna 4
Impedance
bandwidth (%) 36.5 14.36 13.5 14.36

Antenna gain
@ 60GHz (dBi) 6.9 7.8 14.36 15.7

DRA fed by a coupling slot (see Figure 28(a)). In the second
antenna configuration (see Figure 28(b)) an intermediate
substrate is integrated between the cylindrical DR and the
coupling slot. By adding this dielectric layer, one gains an
extra degree of freedom in the design that can be used to
tune the frequency response of the DRA. The third antenna
topology studied in [64] and illustrated in Figure 28(c) relies
on the integration of a suitable superstrate above the DR.
This concept was already presented by the same authors in
[63]. The superstrate results in a focusing process of the
electromagnetic field along the broadside direction of the
DRA and, thanks to that, in an increase of the antenna gain
[63]. The fourth antenna configuration investigated in [64]
(see Figure 28(d)) is characterized by a square ring Frequency
Selective Surface (FSS) printed on the superstrate. The FSS
layer provides an effective means to further increase the
realized gain of the antenna. The performances of the four
antennas shown in Figure 28 are summarized in Table 9.
It can be noticed that the integration of an intermediate
dielectric substrate has a detrimental effect on the impedance
bandwidth of the antenna. On the other hand, using a
superstrate has a negligible impact on the bandwidth, while
greatly improving the gain of the basic DRA structure.
Finally, the FSS layer enables an additional gain enhancement
of about 36%. The characteristics of the resulting antenna
configuration 4 as shown in Figure 28(d) are summarized in
Table 6.

A novel cylindrical DRA for 60GHz applications has
been presented in [65]. In such design, the dielectric res-
onator is surrounded by five periods of mushroom-like Elec-
tromagnetic Band Gap (EBG) elements in order to achieve a
3 dB antenna gain enhancement, while suppressing undesired
surface waves.

The integration of a suitable FSS wall has been suggested
in [66] in order to decrease the mutual coupling between
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DR

(a) Antenna 1

DR

Intermediate substrate

(b) Antenna 2

DR

Superstrate

ds

(c) Antenna 3

DR

Ring FSS

(d) Antenna 4

Figure 28: Millimeter-wave DRA topologies presented in [64].

(a) (b)

Figure 29: Front side (a) and back side (b) of the FSS unit cell useful to reduce the mutual coupling between DRAs [66].

DRAs. The proposed design is based on the combination
of a Jerusalem-cross slot and a fan-like structure printed
on the front and back side of the individual cell of the
FSS, respectively, as shown in Figure 29. It has been proven
that when such FSS wall is inserted between two cylindrical
DRAs operating in the frequency band between 57GHz and
63GHz and placed 2.5mm apart from each other, an 8 dB
enhancement of the antenna isolation can be achieved in
comparison to the identical structure without FSS wall.

8.2. On-ChipDRAs. In this section, different DRA topologies
for SoC integration are reviewed.The direct integration of the
antenna on chip eliminates the need of bond-wiring with a
beneficial impact on manufacturing costs and miniaturiza-
tion.

A 60GHz rectangular DRA and a 27GHz circular DRA
integrated on silicon substrate are reported in [67, 68],
respectively. By selecting the relative permittivity of the
dielectric resonator in such a way as to be larger than the
one of the silicon substrate (𝜖

𝑟
= 11.9), a reduction of the

fringing field effect and reduction of the losses in the substrate
are achieved thanks to the focusing of the RF power toward
the dielectric resonator. It has been shown that the gain and
radiation efficiency of said antennas are maximum when the
permittivity of DR is chosen to be 40 < 𝜖

𝑟
< 70.

A cylindrical DRA printed on silicon substrate with
45% efficiency and 1 dBi gain is reported in [68], whereas a
rectangular DRA printed on similar substrate is presented in
[67]. The latter antenna shows an enhanced gain of 3.2 dBi
at 60GHz mainly thanks to the CPW feeding mechanism
which isolates the DR from the lossy substrate and, at the
same time, directs the radiation beam along the broadside
direction. Detailed characteristics of the DRAs introduced in
[67, 68] are listed in Table 6.

A rectangular DRA excited by a H-slot in CPW technol-
ogy is presented in [69]. The DR is designed in such a way as
to resonate at 35GHz. The measured impedance bandwidth
and radiation efficiency of such antenna are 12% and 48%,
respectively.

Single- and two-layer DRAs realized in CMOS technol-
ogy for applications at 130GHz are presented in [70]. Said
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Figure 30: Side view of the suggested on-chip antenna as presented in [72].

Si wafer675m
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Figure 31: Manufacturing process of the DRA as suggested in [73]. (a) Single silicon wafer. (b) 400 𝜇m etching. (c) Back side coated with
copper film. (d) Back side patterned for the feeding network.

DRAs are fed by a CPWmeander slot. In this way, a gain level
of 2.7 dBi and 4.7 dBi has been achieved with the single-layer
DRA and the stacked one, respectively. In [71] a slot-coupled
rectangular DRA for mm-wave applications is presented.The
relevant characteristics are summarized in Table 6.

An on-chip DRA operating at 340GHz is presented
in [72]. A Yagi-like antenna geometry is used to achieve
high gain and high radiation efficiency. In order to suppress
surface waves and decouple the radiator from the lossy silicon
substrate, the driver, which is a Substrate Integrated Waveg-
uide (SIW) cavity-backed antenna, is placed underneath a
coplanar waveguide E-shaped patch radiator. A dielectric
resonator (DR) director is kept at a suitable distance from
the feed point by means of a low-permittivity mechanical
support. Figure 30 shows the cross-sectional view of the
proposed antenna. The relevant relative bandwidth at 10 dB
return-loss level has been simulated to be 12%, ranging
from 319GHz to 360GHz. A peak gain of 10 dBi has been
measured at the central operating frequency of 340GHz.The
characteristics of the considered antenna are summarized in
Table 6.

In the aforementioned on-chip DRA designs, the two
main challenges are associated with the alignment of the DR
to the feed, as well as the manufacturing of the DR with

the prescribed shape. Recently, a cylindrical DRA realized
starting from a single siliconwafer has been presented in [73].
The proposed DRA is a complete on-chip system since the
DR is micromachined in a cost-effective way on the same
silicon wafer. The relevant fabrication process is detailed in
[73] (see Figure 31). The resulting antenna characteristics are
summarized in Table 6.

9. Conclusion

Recent developments in millimeter-wave DRA technology
have been presented and discussed in detail in this survey.
Furthermore, useful design guidelines have been provided to
RF front-end designers in order to control circuital charac-
teristics and radiation properties of this class of antennas.

Different feeding techniques for DRAs have been first
introduced, while outlining the relevant advantages and
disadvantages. Furthermore, design approaches useful to
achieve size reduction of DRAs have been discussed in detail.
By using high permittivitymaterials or by placing conducting
plates along specific symmetry planes of the resonator body,
one canmakeDRAs considerably smaller. On the other hand,
the gain of a DRA can be increased either by exciting the
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relevant higher-order modes (electrically large DRAs), or by
integrating horn-like structures.

Particular attention has been put on hybrid design tech-
niques which rely on the combination of DRAs and radiating
patch/slot antennas. In this way, the antenna impedance
bandwidth can be easily tuned in such a way as to synthesize a
dual-band rather than wide-band frequency response. Circu-
lar polarization of the electromagnetic field radiated byDRAs
can be achieved by using various design methodologies. In
this respect, the cross-shaped feeding slot-based approach
provides different benefits in terms of high coupling to theDR
and additional degrees of freedom to control the polarization
purity (axial ratio) of the DRA, in combination with ease of
manufacturing and integration.

Finally, advances in the application of DRA technology
at millimeter-wave frequencies have been presented, and the
most recent implementation of on-chip DRAs and off-chip
DRAs has been reviewed. It has been shown that DRAs
realized on silicon substrates with standard CMOS process
can be characterized by good efficiency and gain, thus proving
the good potential of dielectric resonator antennas for said
applications.
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A multiband printed microstrip antenna for wireless communications is presented. The antenna is fed by a proximity-coupled
microstrip line, and it is printed on a flexible substrate. The antenna has been designed using a general-purpose 3D computer-
aided design software (CAD), CSTMicrowave Studio, and then realized.The comparison between simulated and measured results
shows that the proposed antenna can be used for wireless communications for WLAN systems, covering both the WLAN S-band
(2.45GHz) andC-band (5.2GHz), and theWi-Max 3.5 GHz band,with satisfactory inputmatching and broadside radiation pattern.
Moreover, it has a compact size, is very easy to realize, and presents a discrete out-of-band rejection, without requiring the use of
stop-band filters. The proposed structure can be used also as a conformal antenna, and its frequency response and radiated field
are satisfactory for curvatures up to 65∘.

1. Introduction

In modern wireless systems, different bands of the frequency
spectrum are used to fulfil the high data rate required in the
communications, and the antennas of these communication
systems must operate in different frequency bands (multi-
band antennas).

Microstrip patch antennas have found many applications
in wireless communication systems, because of their light
weight, low profile, low cost, high performance, and compact
size, besides an easy design, fabrication, and integration into
frontend circuits [1–4]. As a matter of fact, planar antennas
are a very common choice for Universal Mobile Telephone
Systems (UMTS), Synthetic Aperture Radars (SAR), and
Radio-Frequency Identification (RFID) systems [5–7].

The use of multiband antennas is the best choice, because
it reduces the numbers of antennas to be mounted in the
communication system and can allow satisfying the require-
ments of different wireless communication systems, which
can share the same multiband antenna, such as Wireless
Local Area Network (WLAN) and IEEE 802.16 Worldwide

Interoperability forMicrowave Access (WiMAX), with a sub-
stantial saving of space, cost, and complexity realization of the
wireless system itself. Therefore, several different multiband
WLAN planar antennas have been proposed in recent years
[8–12], showing either a multiband or a tuneable behavior.
In particular, a dipole printed on a thin, low-permittivity
dielectric substrate and having high operational bandwidth
and low radiated signal distortion has been proposed in [9].
It is particularly suitable for multiprotocol WLAN, WiMAX,
andUWBwireless communications, and, thanks to a reduced
parasitic coupling with the radio frequency circuitry, also
in communication systems and radio base stations and, in
general, for all the emerging applications of the wireless
technology.

In the last years, flexible technologies are becoming very
popular in a number of wireless applications such as health
monitoring systems and flexible displays and sensors [13],
because of the many advantages offered by the antennas
fabricated on these flexible substrates. As a matter of fact,
if compared with traditional planar antennas fabricated on
rigid materials, they offer light weight, small thickness, low
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profile [13], and an easy mounting over conformal surfaces.
Flexible antennas can be designed on textile substrates [14],
paper [15], PET [16], Kapton, adhesive-layer substrates, and
so on [17]. However, on the other hand, these substrates can
be severely affected by the environmental conditions. For
example, paper and textile substrates are likely subjected to
discontinuities and fluids absorption, PET and paper have
relatively high losses, and paper is very sensitive to humidity
and is not robust to bending and rolling.

In this work, we present a multiband printed antenna,
working both in the S and in the C frequency bands
(2.45GHz, 3.5 GHz, and 5.2GHz), which meets the require-
ments of different wireless communication standards, such
as IEEE 802.11, HiperLan, and Bluetooth [18]. We decide
to use a flexible but robust dielectric substrate (ARLON
AD250 with 0.5mm thickness), in order to limit the effect
of the environment over the antenna performance. The use
of different and cheaper dielectric substrates such as paper,
or PET, is possible, of course, but it probably will lead to a
nonnegligible decrease of the robustness of the final antenna.

In the design of planar antennas, the most common
feeding techniques are the microstrip-fed [8, 9] and the
coplanar waveguide- (CPW-) fed [10–12]. The most serious
disadvantage of microstrip antennas is certainly their very
small bandwidth, and a large number of attempts have
been made to increase the bandwidth of printed antennas
beyond the typical values of a few percent [19]. The most
straightforward way of doing this is to use a thicker substrate,
but it is difficult to achieve more than about 4-5% bandwidth
in this manner, before the imaginary part of the input
impedance becomes too large, causing matching problems
[20, 21]. As an alternative, parasitic elements can be inserted

to obtain a double resonance response, or an appropriate
matching network can be designed to improve the bandwidth
of a patch on a thick dielectric substrate [22].

Since we need a flexible structure, the antenna substrate
must be thin and flexible, and therefore, in this work, we
choose an alternative method to enhance the bandwidth of
a microstrip antenna, which consists of a microstrip feed line
proximity-coupled to a patch antenna printed on a dielectric
substrate, which lies above the feeding line [23, 24]. This
proximity-coupled feeding technique is also referred to in the
literature as “electromagnetically coupling.”

The geometry of the proximity-coupled annular ring
antenna proposed in this paper is shown in Figure 1. The
microstrip feed line is printed on the bottom substrate,
while the annular concentric rings are printed on the upper
substrate, bonded to the feed substrate. The feed line is
centered with respect to the rings, and its length, measured
from the edge of the dielectric substrate, is equal to 𝐿

𝑓
.

In general, the two substrates may be of different thickness
and permittivity, but in our case both substrates are equal
(ARLON AD250 with 0.5mm thickness).

Differently from [23], in order tomatch each annular ring
to the coupled microstrip feeding line, we did not use any
shunt tuning stub, but we add two symmetrical cuts on each
ring (see Figure 1), as described in the following section. The
working frequency band of the antenna is determined by both
the impedance bandwidth (the bandwidth over which the
antenna remains matched to the feed-line to some specified
level, which is typically determined by the frequency range
in which the S11 has a module less than −10 dB) and the
radiated field bandwidth (the bandwidth over which the
far field pattern remains satisfactory). In our case, the far
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field pattern bandwidth is larger than the input impedance
bandwidth, which is the most critical point. Although the
antenna bandwidth is not very large (about 1.5–2%, due to
the thin substrate used to obtain a flexible antenna), due to
the chosen dielectric substrate (which is thin and flexible), the
proposed structure can be used also as a conformal antenna
and is very robust with respect to flexibility, since it has been
bended with different curvatures, and the simulations show
a very stable frequency response, and a satisfactory radiated
field, for curvatures up to 65∘.

The designed antenna, due to its bandwidth characteris-
tics, can be suitable for applications related to the Vehicle-to-
Vehicle (V2V)Communication Systems, employed to provide
safety warnings and traffic information, such as the Wireless
Access in Vehicular Environments (WAVE)/Dedicated Short
Range Communication (DSRC) based Intelligent Trans-
portation System (ITS) [25, 26] and also for short range
communications devices employed in V2V and in vehicle-
to-roadside (V2R) communications units [27]. As a matter
of fact, the operating bandwidth required for these systems
is very limited (from 20 to 80MHz around the operating
frequency of 5.8 GHz) [25, 26].

The proposed structure is very compact, flexible, and easy
to realize and has a very cheap production cost. Moreover,
it radiates a broadside pattern, is characterized by a good
matching within the WLAN frequencies (both S-Band and
C-Band), and Wi-Max frequency, and presents a satisfactory
out-of-band rejection,which allows avoiding undesired inter-
ferences, making it particularly suitable for modern wireless
systems. The antenna has been designed using a general-
purpose 3D computer-aided design software (CAD), CST
Microwave Studio, and then realized and characterized, with
a good agreement between measured and simulated data.

2. Design of Multiband Annular
Ring Patch Antenna

The antenna geometry consists of three concentric annular
rings printed on a top dielectric layer, fed by a proximity-
coupled microstrip line, printed on the bottom dielectric
substrate, which is attached to a metallic ground plane, as
shown in Figure 1. The substrate used is a flexible Arlon
AR250, with a thickness of ℎ = 0.5mm, relative permittivity
𝜀
𝑟
= 2.5, and tan 𝛿 = 0.0018. The antenna size is 40mm ×

40mm, and it is very compact.
The width 𝑊

𝑓
of the microstrip line has been chosen

equal to 1.41mm, which corresponds to an input impedance
of 50 Ohm.The length of the feeding line has been optimised
to get a satisfactory input matching of the complete antenna.

For each of the three working frequencies (2.45GHz,
3.5 GHz, and 5.2GHz), an annular ring has been designed,
fed by a coupled microstrip line. The internal radius of the
ring mostly influences the ring’s resonant frequency, whereas
the outer radiusmainly influences the ring’s input impedance,
with a little effect also on the resonant frequency. In order to
match the annular ring with the microstrip line, we inserted
two symmetrical cuts in correspondence with the feeding
microstrip line. The depth of these cuts can be used to

modulate the input resistance of the antenna, with only a
little effect on the imaginary part of the input impedance. In
our case, the cuts have been inserted only in the two internal
rings, whereas the external ring has no need to be cut.

We started designing the external annular ring, which
must resonate at 2.45GHz, obtaining an internal radius equal
to𝑅
𝑖1
= 11.22mm and an external radius𝑅

𝑒1
= 15.22mm, with

a length of the microstrip feeding line of 𝐿
𝑓
= 14.75mm.

Then, taking the microstrip line length fixed at the value
of 𝐿
𝑓
= 14.75mm, we separately designed the central annular

ring, resonating at 3.5GHz, obtaining an internal radius equal
to 𝑅
𝑖2
= 9.24mm. The external radius has been chosen small

enough to keep a distance of about 1mmbetween the external
and central ring, obtaining 𝑅

𝑒2
= 10.27mm, so as to limit the

coupling between these two rings.Thematching between the
feeding line and this central ring has been obtained by cutting
the two sides of the ring symmetrically with respect to the
feeding line and with a depth of𝐷cut,𝑐1 = 0.25mm and𝐷cut,𝑐2
= 1.25mm (see Figure 1).

The same procedure has been used to design the internal
annular ring: taking the microstrip line length fixed at the
value of 𝐿

𝑓
= 14.75mm, we separately designed the internal

annular ring, resonating at 5.2 GHz, obtaining an internal
radius equal to𝑅

𝑖3
= 5.675mmand an external radius of𝑅

𝑒3
=

7.41mm. In this case, the resonant frequencies of the internal
and central ring being far enough,we had no difficulties in the
choice of the external radius. Also in this case, to improve the
matching between the feeding line and the internal ring, we
inserted two cuts in the two sides of the ring, symmetrically
with respect to the feeding line, and with a depth of 𝐷cut,𝑖1
= 1.5mm and 𝐷cut,𝑖2 = 0.5mm (see Figure 1). Finally, we
merged the three designed annular rings, obtaining thewhole
multiband antenna depicted in Figure 1.Thanks to the carried
out design choice, as described above, the three rings are
decoupled enough, and the frequency response of the whole
antenna maintains the resonances and the bandwidth of
each single ring, allowing obtaining a satisfactory multiband
antenna, as we will show in the next section.

3. Results

The annular ring antenna designed in Section 2 has been
manufactured (see Figure 2) and characterized. In Figure 3,
the comparison between the simulated and experimental
reflection coefficient is shown, and the input matching is
satisfactory, having three resonances in the required portions
of S- and C-band for WLAN and Wi-Max applications
(2.45GHz, 3.5 GHz, and 5.2GHz). The simulated and mea-
sured data are in good agreement, and the out-of-band
rejection is satisfactory, especially considering that no stop-
band filters have been used in the antenna design. This
behavior is mainly due to the relatively narrow frequency
band of each annular ring which is part of the multiband
antenna.

Figure 4 reports the frequency behavior of the realized
gain𝐺

𝑅
for the antenna shown in Figure 1 (evaluated byCST).

The antenna gain has a peak value equal to 4.6 dB in the S-
band and equal to 5.8 dB in the C-band. On the other hand, it
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(a) (b)

Figure 2: Photo of the designed antenna shown in Figure 1: (a) top and bottom layers; (b) assembled antenna.
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Figure 3: Frequency response of the designed antenna shown in Figure 1.

rapidly drops to less than 3 dB out of the working frequency
band, confirming the very good out-of-band rejection of
the proposed antenna, due to the small bandwidth of each
annular ring, which works only for frequencies close to its
resonant frequency.

In Figure 5, the simulated 𝐸- and 𝐻-Plane antenna
radiation patterns are shown. The radiation pattern shows
a broadside behavior within the design frequency bands
(2.45GHz, 3.5 GHz, and 5.2GHz), with an 𝐹/𝐵 ratio greater
than 10 dB, while it deteriorates very rapidly out of band,
with both a bad SLL and front-to-back ratio. Therefore, the
proposed structure can be successfully used as a multiband
antenna for wireless communications.

In order to test the robustness of the proposed structure
with respect to flexibility, in Figure 6 the frequency response
of the antenna is shown for different values of the curvatures
(from 18∘ to 65∘). The frequency response is very stable for all
the tested bendings, with a maximum difference of ±10MHz
with respect to the planar case reported in Figure 3, and
the far field pattern remains broadside for all the working
frequencies, with only a slight deterioration due to the
bending of the radiating structure. The results in Figure 3
correspond to a bending towards the 𝑦-direction (see Fig-
ure 1(b)). Thanks to the structure symmetry, similar results,
and therefore a similar robustness, can be obtained if the
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Figure 4: Realized gain and radiation efficiency of the designed
antenna shown in Figure 1.

bendings are performed along the 𝑥-direction. These results
confirm very good robustness of the proposed antenna,
which can be successfully used also as a conformal antenna,
with no modification on the geometry of the nonconformal
(i.e., planar) structure, whose dimensions are reported in
Figure 1.
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Figure 5: (a) 𝐸-Plane and (b)𝐻-Plane radiation pattern of the designed antenna shown in Figure 1.
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4. Conclusion

In this work we present a multiband printed microstrip
antenna for wireless communications, fed by a proximity-
coupled microstrip line and printed on a flexible substrate,
which covers both the WLAN frequencies (both S-Band at
2.45GHz and C-Band at 5.2 GHz) and Wi-Max frequency
at 3.5 GHz. The simulated and measured results are in very
good agreement, showing a very good input matching, a
broadside radiation pattern, and an excellent rejection out of
its operating frequency band, without the use of stop-band
filters, avoiding undesired interference. The antenna realized
gain is above 4.6 dB within the working band and rapidly
decreases in the out-of-band range. The proposed structure
can be used also as a conformal antenna, and its frequency
response and radiated field are satisfactory for curvatures up
to 65∘.
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This paper reports the results of the on-body experimental tests of a set of four planar differential antennas, originated by design
variations of radiating elements with the same shape and characterized by the potential for covering wide and narrow bands.
All the antenna designs have been implemented on low-cost FR4 substrate and characterized experimentally through on-body
measurements. The results show the impact of the proximity to the human body on antenna performance and the opportunities in
terms of potential coverage of wide and narrow bands for future ad hoc designs and implementations through wearable substrates
targeting on-body and off-body communication and sensing applications.

1. Introduction

UWB radar for contactless detection of respiratory rate of
human beings [1–4] is an active research area requiring
innovative transceiver and antenna developments [5, 6]. A
novel planar differential antenna was proposed recently by
our research group [7].This antennawas designed tomeet the
design constrains, electromagnetic performance, and physi-
cal integration, required by the ultrawideband (UWB) pulse
radar sensor operating approximately in the frequency band
from 3 to 5GHz [2–4]. The proximity between the radiating
elements of the proposed differential antenna has allowed
achieving a significant bandwidth enhancement. In addition
to original differential antenna development, we also inves-
tigated some design variations with the objective of showing
how these reflect on the antenna performance, showing that
the antennas originating from radiating elements with the
same shape can be potentially adopted through an agile
design strategy to cover wide and narrow bands of interest
for a number of wireless applications, communication, and
sensing, as a consequence of variations in size and orientation

of the radiating elements with respect to the original planar
differential antenna [8].

Numerous studies were carried out about the effects of
human body on performance of planar antennas. Concerning
nondifferential antennas, many contributions reported the
effects on S-parameters and gain patterns, like in [9, 10].
Considering differentially fed antennas, in [11], the in-body
near-field radiation pattern of an on-body antenna was
characterized. In other studies, implantable antennas were
considered, like in [12, 13], where the in-body radiation
patterns and S-parameters were investigated. However, to
the authors’ knowledge, the experimental characterization of
differential antennas on human body, in terms of off-body
far-field radiation patterns, which is proposed in the present
paper, has received no attention yet in existing literature.

Fully differential transceivers are less prone to common-
mode noise and interferers; thereby differential antennas
could play a significant role in future networks and com-
munications, especially considering the massive amount of
devices envisaged for the Internet of Things era [14, 15] that
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are supposed to operate in regions of frequency spectrum
already crowded by existing applications and services.

In this paper, we report for the first time the results of the
on-body experimental characterization of the variations of
planar differential antenna design described in [8], resulting
frommeasurements on a real human subject, which have not
been reported in any of our previous publications. For reasons
of space, the details and results of previous publication
[8] will be not repeated here. Thereby, for the insights
about the design, inherent properties, and free-space (in air)
performances of the antennas, we invite the reader to inspect
our previous work reported in [8]. In particular, in this work,
here, we will show for the first time how the proximity to
the human body affects the antenna performance and that
the antennas, all originating from radiating elements with
the same shape, can be potentially adopted in future ad
hoc designs on flexible substrates or textile fabrics to cover
multiple, wide, and narrow bands of interest for a number of
wearable applications for both communication and sensing
[16].

The paper is organized as follows. Section 2 reports the
description of the antenna design variations and summarizes,
for reasons of self-consistency, the main results obtained
from the previous free-space tests, which provide the term
of reference for design and performance. Section 3 reports
the measurement results obtained from the tests on a real
human body. Finally, in Section 4, the conclusions are
drawn.

2. Planar Differential Antennas:
Designs and Tests

Two different sets of planar differential antennas were
designed on a low-cost FR4 substrate (𝜀

𝑟
= 4.4, dielectric

thickness 𝑇 = 1.6mm, copper thickness 𝑡 = 35 𝜇m, and
loss tangent tan 𝛿 = 0.02) for a complete characterization
as stand-alone devices. The layout drawing of the first set
of antennas, namely, folded planar differential antennas, is
shown in Figure 1. The layout drawing of the second set
of antennas, being antipodal planar differential antennas, is
shown in Figure 2. At first glance, we observe that each
radiating element of the antenna consists of a semicircle
and a triangle that provides a smooth transition towards the
input pins [7]. In particular, in the folded planar differential
antenna, the two radiating elements are folded one aside
the other. In particular, the design is characterized by the
aperture angle of triangle 𝛼 and rotation angle 𝜌 between
the symmetry axes of the two radiating elements. The main
features of this design approach are that it allows a compact
design of both the transmitter and receiver antennas on
the same board of the implemented radar sensor based
on a system-on-a-chip radar transceiver, still maintaining
good performance [2–4]. In the antipodal planar differential
antenna, the two radiating elements are rotated by 180∘
one with respect to the others, so resulting in an antipodal
position.

In the following subsections, we will summarize the
results obtained for the experimental open-space tests. In
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Figure 1: Layout drawing of the folded planar differential antennas.
The top copper layer is in light grey and the bottom copper layer is
in dark grey.
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Figure 2: Layout drawing of the antipodal planar differential
antennas.The top copper layer is in light grey and the bottom copper
layer is in dark grey.

particular, we report the results of two antenna designs for
each set, folded and antipodal, as follows:

(A) Folded planar differential antenna with 𝜌 = 45∘ and𝐷
= 3 cm, as shown in Figure 1.

(B) Folded planar differential antenna with 𝜌 = 45∘ and𝐷
= 4 cm, as shown in Figure 1.

(C) Antipodal planar differential antennas with 𝜌 = 180∘
and𝐷 = 3 cm, as shown in Figure 2.

(D) Antipodal planar differential antennas with 𝜌 = 180∘
and𝐷 = 4 cm, as shown in Figure 2.

All the antenna designs were carried out by means of
the electromagnetic (EM) simulator Momentum by Keysight
Technologies�, and characterized experimentally in anechoic
chamber.

2.1. Folded Radiating Elements: 𝜌 = 45∘ and 𝐷 = 3 cm. The
physical implementation is shown in Figure 3. Distance 𝑑
between the two sides of the antenna is equal to 1mm.
Diameter 𝐷 is equal to 3 cm in order to resonate at the
frequency of interest (i.e., roughly 3GHz).The aperture angle
of the triangle is 𝛼 = 45∘. The rotation angle of the two
radiating elements is 𝜌 = 45∘.
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Table 1: Folded planar differential antenna sizing (𝐷 = 3 cm).

𝐷 [cm] 𝛼 [deg] 𝜌 [deg] 𝑑 [mm] 𝑊
𝑝
[mm] 𝑑in [cm] 𝑊GND [cm] 𝐿GND [cm] 𝐿 [cm]

3 45 45 1 3 1 7.1 2.3 7.9

Figure 3: Photograph of the physical implementation of the folded
planar differential antenna (𝜌 = 45∘,𝐷 = 3 cm).
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of the folded planar differential antenna (𝜌 = 45∘,𝐷 = 3 cm).

Twomicrostrip feeding lines were added in order to allow
the connection of the antenna to a Vector Network Analyzer
(VNA) by means of 2.92mm connectors (horizontal) and
carry out the experimental tests. Width of the microstrip line
feeding paths (𝑊

𝑝
) is equal to 3mm in order to exhibit a

characteristic impedance of𝑍
𝑐
= 50Ω. The distance between

the two inputs of the antenna is equal to𝑑in = 1 cm to allow the
placement of two adjacent connectors, as shown in Figure 1.
The characteristic sizes of the UWB antenna are reported
in Table 1. The simulated and measured 𝑆

11
parameter and

VSWR are reported in Figure 4. The measured 𝑆
11

exhibits
a magnitude lower than −10 dB almost in the whole band of
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Figure 5: Measured and simulated 𝑆
11
and VSWR as a function of

frequency for the folded planar differential antenna (𝜌 = 45∘, 𝐷 =
4 cm).

interest, roughly from3 to 5GHz [17, 18]. Figure 4 reports also
the results for the voltage wave standing ratio (VSWR), which
is lower than two almost in the whole band of interest.

2.2. Folded Radiating Elements: 𝜌 = 45∘ and 𝐷 = 4 cm.
Simulated and measured 𝑆

11
parameter as a function of

frequency of the antenna with folded radiating elements (𝜌
= 45∘ with 𝐷 = 4 cm) are shown in Figure 5. All the other
design parameters are unchanged with respect to the folded
antenna with 𝐷 = 3 cm. The measurements show 𝑆

11
lower

than approximately −7.5 dB from 2.4 to 5GHz. In particular,
𝑆
11
< −10 dB roughly from 2.3 to 2.7 GHz and from 3.3 to

5.1 GHz. Figure 5 reports also the measurement results for
the VSWR which is lower than about 2 over the same bands
reported above, for the measured antenna. As expected, the
results confirm that the bandwidth, for this design variation
with𝐷= 4 cm, is extended roughly for about 0.5GHz towards
the lower frequencies with respect to the original design with
𝐷 = 3 cm. This result shows that this design variation has
the potential to be compatible with multiband operations
for both industrial scientific medical (ISM) narrow band at
2.4GHz [19, 20] and the lower portion of theUWBband from
about 3 to 5GHz [3].

2.3. Antipodal Radiating Elements:𝜌= 180∘ and𝐷= 3 cm. The
physical implementation of the antipodal planar differential
antenna is shown in Figure 6. The design parameters are
summarized in Table 2. 𝑆

11
parameter and VSWR resulting

from simulations and measurements are shown in Figure 7.
|𝑆
11
| is lower than −10 dB in the frequency band from about

1.1 to 1.44GHz.The antenna is thus compatiblewith operation
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Table 2: Antipodal planar differential antenna sizing (𝐷 = 3 cm).

𝐷 [cm] 𝛼 [deg] 𝜌 [deg] 𝑑in [cm] 𝑊GND [cm] 𝐿GND [cm] 𝑊 [cm] 𝐿 [cm]
3 45 180 1 0.8 1.4 4 11.2

Figure 6: Antipodal planar differential antenna: photograph of the
physical implementation.The two 2.92mm connectors (vertical) are
soldered on the bottom plane.
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frequency for the antipodal planar differential antenna (𝜌 = 180∘, 𝐷
= 3 cm).

in 1.2 GHz lower L-band adopted by satellite applications for
Global Positioning and Navigation Satellite Systems (GNSS)
[21].

2.4. Antipodal Radiating Elements: 𝜌 = 180∘ and𝐷 = 4 cm. In
this design, we have 𝐷 = 4 cm, 𝐿 = 14.6 cm, and𝑊 = 5 cm.
All the other design parameters are unchanged with respect
to those summarized for the previous case in Table 2.
𝑆
11
parameter and VSWR resulting from simulations and

measurements are shown in Figure 8. We get |𝑆
11
| < −10 dB

in the frequency band from 0.8 to 1.06GHz.
It is worth observing how the increase of diameter (𝐷 =
4 cm), with respect to the case with 𝐷 = 3 cm, enables the
potential coverage of the ISM band at 868MHz [22, 23].

The discrepancies between measured and simulated 𝑆
11
,

for the discussed antenna variations, are the results of a
number of factors influencing the impedance matching of
the antenna prototype during measurements, which are not
taken into account in the simulation model. Namely, the
presence of SMAconnectors and solders in the real prototype,
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Figure 8: Measured and simulated 𝑆
11
and VSWR as a function of

frequency for the antipodal planar differential antenna (𝜌 = 180∘, 𝐷
= 4 cm).

not accounting for in the simulation, can result in deviation of
input impedances, with a consequent variation in measured
S-parameters with respect to the simulated ones. Measure-
ment cables, although accurately shielded during measure-
ments, can also be partly responsible for such deviations, it is
very difficult to completely eliminate coupling between them
and the radiating elements. However, the discrepancies can
be still considered more than acceptable.

3. On-Body Characterization

All four variations of planar differential antennas summa-
rized in the previous section were characterized through on-
body experimental tests, in order to investigate the impact
of the proximity to the human body on the antenna perfor-
mance and explore their potentialities for future implementa-
tions through ad hoc designs on flexible substrates or textile
fabrics [14] and exploitation in wearable applications [21].

Themeasurements were carried out in anechoic chamber,
where the antennas under test were placed on the chest
area of a real human subject, with fixed distance of 15mm
between the printed circuit board of the antenna and the
body surface, achieved by means of a dielectric spacer placed
between them. Each antenna wasmounted on the spacer, and
all together were placed on the chest of the human body. The
radiating element of the antenna is on the opposite side of the
interface with the spacer. 𝑧-axis is oriented away from and
perpendicularly to the body surface, and 𝑦-axis is pointing
upwards, as shown in Figures 9 and 10(a). The main physical
and dielectric characteristics parameters of the antenna and
spacer fabric are reported in Table 3.
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Table 3: Physical and electric parameters of antenna and spacer.

Dielectric layers Conductive layers
Substrate Spacer

Material FR4

“3 mesh�”
spacer

fabric–Müller
Textil

Material Copper

𝑇 [mm] 1.6 15 𝑡 [𝜇m] 35
𝜀
𝑟 4.4 ≈1.05

𝜎 [S/m] 5.96 × 107
tan 𝛿 0.02 ≈0

Human body

Dielectric spacer

Planar antenna

y

xz

15mm

Radiating element

Figure 9: Cross section of planar antenna, dielectric spacer, and
human body.

It is worth remarking that the purpose of the experimen-
tal on-body characterization was to test a realistic situation,
that is, with the antenna placed on a real human body, where
slight distance variations occur due to small bodymovements
due to respiration and spacer compression. The scheme in
Figure 9 is therefore a simple illustrative representation of
the antenna placement on the body, not displaying the above-
mentioned realistic effects.

The reflection coefficient as a function of frequency and
the differential gain pattern on azimuth plane (𝑥𝑧), 𝐺

𝑑
(𝜃)

were determined for all four antennas. The gain pattern
was derived by measuring, by means of an Agilent PNAX
network analyzer, transmission coefficient 𝑆

𝑑1
between the

single output of a standard-gain horn and the differential
terminals of the antenna under test, for different azimuth (𝜃)
orientations, then rescaling themeasured value by calibrating
path loss, gain of the transmitting horn, andmismatch factors
at both ends, in order to obtain the gain pattern. For all
the measurements, particular care was taken to avoid as
much possible interference and scattering as possible from
measurement cables which, for this purpose, were covered
by radiofrequency absorbing material. In addition, ferrite
chokes were placed around the measurement cables in order
to furtherly reduce scattering and undesired coupling with
the antenna.

3.1. Folded Radiating Elements: 𝜌 = 45∘ and 𝐷 = 3 cm. The
measured reflection coefficient and azimuth gain pattern at
𝑓 = 3GHz, for the smaller antenna with folded radiating
elements, on human body, are shown in Figures 11 and 12,
respectively. One can see how the reflection coefficient, com-
pared to the open-space measurements, is affected by small
variations due to the proximity with human body. However,
the reflection coefficient remainsmore than acceptable, being
𝑆
11
< −10 dB in the frequency band from 2.85 to 4.53GHz.
The measured differential gain pattern at 𝑓 = 3GHz (i.e.,

about the lowest resonance frequency), shown in Figure 12,
exhibits a main lobe in the half space oriented away from
the human body (i.e., −90∘ < 𝜃 < +90∘). The maximum
gain for 𝜃 = 0∘ is about 4.14 dBi, which is increased by
an amount of about 2.7 dB with respect to the open-space
case, for which the maximum gain was about 1.43 dBi. It is
worth noting that, in this case, the human body is acting as
a reflector, producing an increase of the maximum gain and
directivity.Thebackscattering gain is largely attenuated by the
human bodywhich absorbsmost of the power radiated by the
antenna.

Thereby, this antenna is also capable of operating when
worn by a human body, for UWB off-body wireless com-
munications in the lower portion of the UWB frequency
spectrum (e.g., 3–5GHz).

3.2. Folded Radiating Elements: 𝜌 = 45∘ and 𝐷 = 4 cm.
Figures 13 and 14 show the measured differential reflection
coefficient and the azimuth gain pattern of the larger version
of the antenna with folded elements (i.e., with 𝐷 = 4 cm).
Similar to the folded antenna with 𝐷 = 3 cm, the reflection
coefficient and consequently theVSWRundergo a slight vari-
ation due to the presence of the human body. In particular,
we have 𝑆

11
< −8.3 dB and VSWR < 2.1 in the lower portion

of the UWB band from 3 to 5GHz, which indicates more
than acceptable performance of this antenna when worn on
human body. Moreover, 𝑆

11
< −10 dB in the bands from 2.3

to 2.7 GHz and from 3.3 to 5GHz. Concerning the measured
gain pattern of the on-body antenna shown in Figure 14, at 𝑓
= 2.5GHz, this has a main lobe directed away from the body
with a maximum of about 1.5 dBi in broadside direction.

The maximum gain is increased of about 3.5 dB when
compared to open-spacemeasurements, indicating reflection
from the human body. This antenna variation, similar to the
antennawith larger folded elements, is potentially suitable for
on-body operation in UWB off-body communications in the
lower UWB spectrum and 2.4GHz ISM band.

3.3. Antipodal Radiating Elements: 𝜌 = 180∘ and 𝐷 = 3 cm.
Theon-bodymeasured reflection coefficient and gain pattern
at 𝑓 = 1.2GHz, compared to the open-space results,
for the smaller antipodal antenna are shown in Figures 15
and 16, respectively. The reflection coefficient is affected by
slight variations due to the proximity to the human body.
In particular, −10 dB 𝑆

11
band becomes slightly narrower,

extending in the frequency band from 1.08 to 1.37GHz, and
the resonance frequency decreases by about 10MHz to value
of 𝑓 = 1.21 GHz.
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(a) (b)

Figure 10: Photographs of the experimental setup. (a) Planar differential antenna placed on a spacer and then on the chest of the human
body, along with the antenna reference system. (b) Standard-gain horn antenna.
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Figure 11: On-body measured 𝑆
11
and VSWR versus frequency of

the folded planar differential antenna with 𝜌 = 45∘ and𝐷 = 3 cm.

The gain pattern, shown in Figure 16, measured at 𝑓 =
1.2GHz, is prone to severe attenuation of the backscattering
due to the human body and has a maximum value of about
0.5 dBi, that is slightly larger than value of −0.3 dBi obtained
for the open-space case. Finally, in the on-body operation,
this antenna remains capable of operating reliably in 1.2 GHz
lower L-band for GNSS applications.

3.4. Antipodal Radiating Elements: 𝜌 = 180∘ and 𝐷 = 4 cm.
The experimental results for the bigger version of the planar
differential antenna with antipodal elements (𝐷 = 4 cm) are
shown in Figures 17 and 18.

The differential reflection coefficient, shown in Figure 17,
indicates a resonance frequency of about 874MHz, slightly
decreased with respect to the open-space case, and 𝑆

11
<

−10 dB (or VSWR < 1.92) in the band from 820 to 954MHz,
slightly narrower than the open-space band. The proximity
to the human body worsens slightly the impedance matching
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Figure 12: Measured differential gain pattern at 𝑓 = 3GHz in the
azimuth plane (𝑥𝑧) for the folded planar differential antenna (𝜌 =
45∘,𝐷 = 3 cm).

performance with respect to the open-space measurements.
In spite of all, the body-worn antenna is still capable of
providing a good coverage of the 868MHz ISM band.

As for the gain pattern in 𝑥𝑧 plane, Figure 18 shows
that the gain pattern at 𝑓 = 868MHz of the antenna worn
on body is affected by a reduction of the maximum gain,
which amounts to about −1 dBi, 2 dB lower than the value
of about 1 dBi in open space. Moreover, the backscattering
of the gain pattern is, similar to all other antennas, severely
attenuated by the human body.This antenna variation, in on-
body operation, still exhibits the characteristic performance
suitable for its potential usage in the Ultra High Frequency
(UHF) band at 915MHz for Radiofrequency Identification
(RFID).
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the folded planar differential antenna with 𝜌 = 45∘ and𝐷 = 4 cm.
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Figure 14: Measured differential gain pattern at 𝑓 = 2.5GHz in
azimuth plane (𝑥𝑧) for the folded planar differential antenna (𝜌 =
45∘,𝐷 = 4 cm).

4. Conclusions

Four different variations of planar differential antennas, for
wide and narrow band applications, differing in dimensions
and orientation of the radiating elements, were experimen-
tally characterized when worn on the chest of a human body.
Measurements were performed of the differential reflection
coefficient and horizontal gain pattern of the antenna, with a
distance of 15mm between antenna and human body. Results
were compared with those obtained with the antenna in open
space and the following observations could be made.

Concerning the impact on the performance, the presence
of the human body has a clear effect on reflection coefficient
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Figure 15: On-body measured 𝑆
11
and VSWR versus frequency of

the planar differential antenna with antipodal radiating elements (𝜌
= 180∘,𝐷 = 3 cm).
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Figure 16: Measured differential gain pattern at 𝑓 = 1.2GHz in
azimuth plane (𝑥𝑧) for the antipodal planar differential antenna (𝜌
= 180∘,𝐷 = 3 cm).

and gain patterns. In particular, as for the gain pattern,
the proximity to the human body produces, for all antenna
variations, a severe attenuation of the backscattering portion
of the gain pattern, towards the back side of the wearer,
due to absorption of the radiated power by the human
body. Moreover, for 3 of the 4 antennas, the maximum gain
measured on-body for the lowest resonance frequency, is
affected by a small increase with respect to the open-space
case, indicating that the human body acts as a reflector. For
the larger (𝐷 = 4 cm) version of the antenna with antipodal
elements only, the maximum gain results in a reduction of
about 2 dB with respect to the open-space measurements.



8 International Journal of Antennas and Propagation
S 1

1
(d

B)

VS
W

R

−25

−20

−15

−10

−5

0

5

0

2

4

6

8

10

12

VSWR on-body
S11 on-body

VSWR open space
S11 open space

2 3 4 51
Frequency (GHz)

Figure 17:Measured and simulated 𝑆
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of the planar differential antenna with antipodal radiating elements
(𝜌 = 180∘,𝐷 = 4 cm).
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Concerning reflection coefficient, the presence of the human
body results in small variations of the characteristics, with the
most noticeable effect being a slight lowering of the resonance
frequencies. The reflection coefficient performance remains
more than acceptable for operation at the frequencies of
interest.

In conclusion, the performance of all antennas remains
more than acceptable when they are worn at 15mm of
distance from the chest area of a human body. This proves
the potential for future wearable implementations of all
considered prototypes, in particular for short range off-body
communications, with applications such as monitoring of

vital signs or body area network personal communications.
Moreover, the four antenna variations allow the coverage of
several frequency bands of interests, such as the lower portion
of the UWB from 3 to 5GHz, the 868MHz and 2.45GHz
ISM bands, the 1.2 GHz band (lower L-band) for the Global
Positioning and Navigation Satellite System (GNSS), and
the UHF band at 915MHz for Radiofrequency Identification
(RFID).
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[10] T. Kellomäki, “On-body performance of a wearable single-layer
RFID tag,” IEEE Antennas andWireless Propagation Letters, vol.
11, pp. 73–76, 2012.

[11] X. Li, L. Zwirello, M. Jalilvand, and T. Zwick, “Design and near-
field characterization of a planar on-body UWB slot-antenna
for stroke detection,” in Proceedings of the IEEE International
Workshop on Antenna Technology (iWAT ’12), pp. 201–204,
Tucson, Ariz, USA, March 2012.

[12] H. Liu, X. Y. Liu, and Y. Fan, “A miniaturized differentially
fed dual-band fractal antenna for in-body communications,” in
Proceedings of the 2015 IEEE MTT-S International Microwave
Workshop Series onAdvancedMaterials and Processes for RF and
THz Applications (IMWS-AMP), Microwave Workshop Series,
pp. 1–3, Suzhou, China, July 2015.

[13] A. Iftikhar,M.M.Masud,M.N. Rafiq, S. Asif, B. D. Braaten, and
M. S. Khan, “Radiation performance and Specific Absorption
Rate (SAR) analysis of a compact dual band balanced antenna,”
in Proceedings of the IEEE International Conference on Elec-
tro/Information Technology (EIT ’15), pp. 672–675, Dekalb, Ill,
USA, May 2015.

[14] J. Lanza, L. Sánchez, L. Muñoz et al., “Large-scale mobile sens-
ing enabled internet-of-things testbed for smart city services,”
International Journal of Distributed Sensor Networks, vol. 2015,
Article ID 785061, 15 pages, 2015.

[15] A. Zanella, N. Bui, A. Castellani, L. Vangelista, and M. Zorzi,
“Internet of things for smart cities,” IEEE Internet of Things
Journal, vol. 1, no. 1, pp. 22–32, 2014.

[16] C. Feránndez-Prades, H. Rogier, A. Collado, and M. M.
Tentzeris, “Flexible substrate antennas,” International Journal of
Antennas and Propagation, vol. 2012, Article ID 746360, 2 pages,
2012.

[17] F. Zito, D. Pepe, and D. Zito, “UWB CMOS monocycle pulse
generator,” IEEE Transactions on Circuits and Systems. I. Regular
Papers, vol. 57, no. 10, pp. 2654–2664, 2010.

[18] D. Pepe and D. Zito, “22.7-db gain-19.7-dbm 𝐼𝐶𝑃1dB UWB
CMOS LNA,” IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 56, no. 9, pp. 689–693, 2009.

[19] X. L. Quan, R. L. Li, Y. H. Cui, and M. M. Tentzeris, “Analysis
and design of a compact dual-band directional antenna,” IEEE
Antennas and Wireless Propagation Letters, vol. 11, pp. 547–550,
2012.

[20] C.-K. Wu, T.-F. Chien, C.-L. Yang, and C.-H. Luo, “Design of
novel S-shaped quad-band antenna forMedRadio/WMTS/ISM
implantable biotelemetry applications,” International Journal of
Antennas and Propagation, vol. 2012, Article ID 564092, 12
pages, 2012.

[21] A. Dierck, A. H. Rogier, and F. A. Declercq, “A wearable active
antenna for global positioning system and satellite phone,” IEEE
Transactions on Antennas and Propagation, vol. 61, no. 2, pp.
532–538, 2013.

[22] T. Kaufmann, D. C. Ranasinghe, M. Zhou, and C. Fumeaux,
“Wearable quarter-wave folded microstrip antenna for passive
UHF RFID applications,” International Journal of Antennas and
Propagation, vol. 2013, Article ID 129839, 11 pages, 2013.

[23] F. Alimenti, M. Virili, G. Orecchini et al., “A new contactless
assembly method for paper substrate antennas and UHF RFID
chips,” IEEE Transactions onMicrowaveTheory and Techniques,
vol. 59, no. 3, pp. 627–637, 2011.



Research Article
Band-Notched UWB Antenna with Switchable and
Tunable Performance

WeiWu, Yun-Bo Li, Rui-YuanWu, Chuan-Bo Shi, and Tie-Jun Cui

School of Information Science and Engineering, Southeast University, Nanjing 210096, China

Correspondence should be addressed to Tie-Jun Cui; tjcui@seu.edu.cn

Received 21 April 2016; Revised 19 June 2016; Accepted 23 June 2016

Academic Editor: Renato Cicchetti

Copyright © 2016 Wei Wu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A band-notched UWB antenna is presented, which can switch between two notch bands and tune the central frequency
simultaneously. It is the first time that the switchable and tunable behaviours are combined together in band-notched UWB
antennas. In the band-notched structure, PIN diodes are used to switch the lower and upper frequency bands, while varactors
could vary the central frequency of each notch band continuously. Measurement results show that the notch bands could switch
between 4.2GHz and 5.8GHz when the state of varactors is fixed, and the ranges of tuning are 4.2–4.8GHz and 5.8–6.5 GHz when
the state of PIN diodes is ON and OFF, respectively.

1. Introduction

UWB communication (3.1–10.6GHz) has attracted much
attention in recent years owing to its high data rates, great
channel capacity, and low power dissipation [1]. As a nec-
essary component in the system, UWB antenna has been
widely investigated. There are many shapes of the radiator,
such as circle, rectangle, cup, and pyramid [2–5]. Besides,
according to the relative position between the radiator and
the ground, the UWB antenna could be classified into the
coplanarwaveguide (CPW) top-radiator-bottom-ground and
stereoscopic structure [4–6].

Nevertheless, parts of UWB spectrum would overlap
with other communication systems, such as WiMax (3.3–
3.8GHz), WLAN (5.15–5.85GHz), or X-band satellite com-
munication links (7.9–8.4GHz) [7], which would cause elec-
tromagnetic interference. Generally, there are two ways to
produce notch bands. One is adding stubs beside the feeding
line or ground to produce notch bands [8–10], while the other
is making slits in the feeding line or radiator [11, 12]. Of
course, the combination of these twomethods could produce
multiple notch bands.

Afterwards, under the tendency of self-adaptive tech-
nologies and smart antennas, the concept of reconfiguration
has been introduced into antennas, where PIN diodes and

varactors are common means to realize smart functions.
As a specific term, the UWB antenna with reconfigurable
notch bands has been observed recently. In general, these
designs could be classified into two categories according to
the function. One is to produce switchable notch bands with
PINdiodes [7, 13, 14]. In fact,modifying theONorOFF status
of the diodes, the electrical path length of the surface currents
changes and consequently the resonant processes responsible
for the formation of the notch bands. Another category is
using varactors to produce continuously changeable notch
bands, so-called tunable notch bands [15, 16].The capacitance
of varactor varies continuously when the reverse bias voltage
changes, leading to the resonance moving on the frequency
spectrum. PINdiodes or varactors appliedwith stubs and slits
could produce various band-notched UWB antennas.

In this paper, it is the first time that PIN diodes and
varactors are combined together. The notch bands of the
UWB antenna are not only switchable but also tunable. In the
design, stubs with a pair of PIN diodes and varactors consist
of band-notched structure. The ON and OFF states of PIN
diodes are controlled by reverse bias voltages of 5V and 0V,
which makes two notch bands (the lower and upper) switch-
able. Once the state of PIN diode is fixed, the continuously
varying reverse voltage from 0V to 15V would make the
notch band scannable in a certain range on the spectrum.
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Figure 1: Geometry of the proposed switchable and tunable band-notched UWB antenna: (a) antenna structure, top view (left) and side view
(right); (b) photo of fabricated prototype; (c) detailed band-notched structure.

Measurement results show that the notch band could be
switched between 4.2GHz and 5.8GHzwhen reverse voltages
on varactors are fixed at 0V, and the tuning ranges are
4.2GH–4.8GHz and 5.8GH–6.5GHz under the ON and
OFF states of PIN diodes.

2. Antenna Design

As is illustrated in Figures 1(a) and 1(b), the design is
fabricated on a 1mm thick FR4 (𝜀

𝑟
= 4.3; tan 𝛿 = 0.002)

substrate, where the dimension is 26mm × 36.6mm. On the
bottom layer, the ground with two cutting triangles for better
impedance matching is printed.The band-notched structure,
the feeding line, and the UWB circular monopole antenna
are printed on the top layer. Among them, the band-notched
structure is located beside the feed line. Detailed antenna
parameters are listed in Table 1.

Figure 1(c) shows the detailed band-notched structure.
The capital letters A and B appearing in Figure 1(c) refer to
PIN diodes and varactors, respectively. In the PIN diodes the
current will go through or it will be cut off, when the reverse
bias voltage is 5 V or 0V, which corresponds to the ON or
OFF state. As for varactors, the capacitancewill decrease from
2.37 pF to 0.46 pF when the reverse voltage increases from
0V to 15V. Besides, the meander line has been adopted to
reduce the size of the inductance necessary for the excitation
of the resonance process, while the shorting pins are used to
suppress the high-order notch bands.

3. Study of the Notch Band Characteristic

In the design, varactors SMV1231-079LF and PIN diodes
SMP1320-079LF which are all from Skyworks Solutions are
applied. In the numerical simulation, the varactors and the
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Table 1: Optimized parameters of the proposed antenna.

Parameter
𝐿 𝑊 𝑔

𝑙
ℎ
𝑐
𝑅 𝑊

𝑡
𝐿
𝑡

gap 𝑤
𝑓
𝑙
1
𝑙
2
𝑙
3
𝑤
𝑐1
𝑤
𝑐2
𝑤
𝑐3

gapm 𝑑 2𝛼
Unit (mm) 36.6 26 14 7.6 11 6 2.6 0.1 1.9 4.4 0.5 2 0.1 0.2 0.4 0.1 1.5 80

Table 2: Effective parameters of the circuits.

Type Bias voltage (V) 𝐶 (pF) 𝑅 (Ω) 𝐿 (nH)

Varactor
0 2.37 1.65 0.7
8 0.54 0.09 0.7
15 0.46 0.005 0.7

PIN diode 0 (OFF) 0.25 0.8 0.427
5 (ON) 38.91 0.015 0.774

Port 2Port 1

Cp

Ls

Rs

(a)

Terminal

Port 1 Port 2

LCR

SMV1321-079LFZ = 50Ohm

Vbias

(b)

Figure 2: Extraction of effective parameters of the PIN diode and
the varactor: (a) the spice model of the varactor; (b) circuit model of
extraction, which is used to extract the effective circuit parameters
of the varactor based on its spice model.

PIN diodes have been replaced, within the operating band, by
equivalent circuits composed by a series RLC circuit. All the
numerical simulations are conducted in HFSS 15. The exact
circuit parameters are listed in Table 2, which are extracted
from their spice model by using Advanced Design System
2009, as is shown in Figure 2. In the following simulation, the
effective RLC circuits will represent the varactor and the PIN
diode for simplicity.

The equivalent circuit of the band-notched structure
is shown in Figure 3. The circuit consists of two series-
connected impedances. One of the impedances 𝑅

𝑝1
+ 𝑗𝑋
𝑝1

or 𝑅
𝑝2
+ 𝑗𝑋
𝑝2

describes the effect of the PIN diode in the
ON or OFF state, while the other is the variable impedance
describing the electric behaviour of the varactor diode under
changing reverse bias voltage. Besides, the rest RLC of the
circuit produced by other notch band structures are also

Rp1 + jXp1

R� + jX�

≡

Rp2 + jXp2

Port 1

Port 1

Port 2

Port 2

Figure 3: Equivalent circuit of the band-notched structure.

added into 𝑅V + 𝑗𝑋V for simplicity. When the resonance of
series circuit happens, signal will not transfer from port 1 to
port 2 but will pass through the circuit to the ground, as if
port 2 is shorted, and this is the reason that the notch band
shows up on the UWB spectrum.

It is clear that the resonant frequency of the notch band
will decrease when neither or both of the inductance and
capacitance increase in the band-notched structure. Owing
to the series connection of the elements forming the band-
notched structure depicted in Figure 3, the PINdiode acts like
a switch at which the equivalent capacitance values ranging
between 0.25 pF and 38.91 pF are associated, as is shown in
Table 2. To put it in another way, in this design, ON state of
PIN diodes and 0V reverse bias voltage on varactors corre-
sponds to the lowest resonance (series connection of 38.91 pF
and 2.37 pF), while OFF state of PIN diodes and 15V reverse
bias voltage on varactors represents the highest resonance
(series connection of 0.25 pF and 0.46 pF). That is, the PIN
diode determines whether the resonance of notch band is in
the lower or upper band, and varactors realize scanning in a
range of spectrums once the state of PIN diode is fixed.

4. Results and Discussion

Figure 4 shows the distribution of the surface current on the
feedline and the band-notched structure when the state of
PIN diodes is ON and OFF, while the bias voltage is fixed
at 0V. It can be seen that, at band-notched frequencies, the
energy is trapped in the notch band structure rather than
passing through the feedline.

As is illustrated in Figure 5, a notch band shows up on the
basis of UWB spectrum. The measurement of the reflection
coefficient is obtained when PIN diodes work at ON or OFF
state, while the reverse voltage on varactors is fixed at 0V. It
is clear that the resonant frequency of notch band is 4.2 GHz
when PIN diodes are at ON state, while the central frequency
is 5.8GHz when PIN diodes are at OFF state. When the PIN
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Figure 4: Distribution of the surface current on the feedline and the
band-notched structure: (a) at 4.2GHz when the state of PIN diodes
is ON and bias voltage is 0V; (b) at 5.8 GHz when the state of PIN
diodes is OFF and bias voltage is 0V.
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diodes are ON, the electric length of resonance is relatively
longer, which would lead to a lower resonant frequency.

Once the states of PIN diodes are fixed, the varying
reverse voltage on varactors would produce a continuously
changeable notch band. As demonstrated in Figure 6, when
the bias voltage on varactors changes from 0V to 15V, the
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Figure 6: Measured reflection coefficient of the proposed recon-
figurable band-notched UWB antenna with the reverse voltage on
varactors varying from 0V to 15V: (a) the state of PIN diodes is ON;
(b) the state of PIN diodes is OFF.

central frequency of resonance varies continuously from 4.2
to 4.8GHz and from 5.8 to 6.5GHz under ON andOFF states
of PIN diodes, respectively.The reason is that the capacitance
of varactors ranges from 2.37 pF to 0.46 pF under 0V–15V
reverse voltage, which yields the shifting resonance of notch
bands.

Figures 5 and 6 together confirm the function of switch-
able and tunable band-notched UWB antenna, and the
change of the notch band on spectrum fits the prediction
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Figure 7: Measured normalized radiation patterns in YOZ plane and XOZ plane at two different frequencies: (a) YOZ plane at 4GHz; (b)
XOZ plane at 4GHz; (c) YOZ plane at 8GHz; (d) XOZ plane at 8GHz.

of the equivalent circuit very well. That is to say, the PIN
diodes work as a switch to choose the lower or upper notch
frequency, and varactors produce the tunable performance.
It should be noted that using the low loss varactors would
improve the notch band performance.The normalized radia-
tion patterns at 4GHz and 8GHz when the PIN diodes are

OFF and the bias voltage on varactors is 0V are shown in
Figure 7, which look like patterns of the monopole antenna:
with 8-shape in 𝑦-𝑧 plane and omnidirectional performance
in 𝑥-𝑧 plane. It is clear that the band-notched structure does
not affect the omnidirectional radiation behaviour of UWB
antenna in 𝑥-𝑧 plane (H-plane).
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5. Conclusion

A novel UWB antenna with switchable and tunable notch
bands has been presented. The ON and OFF states of PIN
diodes can control the switch between lower and upper
notch bands, while the reverse bias voltage on varactors can
realize the tunable behaviours. Under the tendency of smart
antennas andwearable devices, after combiningwith adaptive
algorithm behind, the reconfigurable band-notched UWB
antenna will fit more complicated circumstances.
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A wideband slot antenna for mobile phone applications is proposed. The antenna has two slots with open ends etched on the
opposite edges of the ground plane.Themain slot, of total length of 59mm, is composed of a rectangle connected to a circle having
radius of 5mm. Another slot, having a rectangular shape with width of 2.8mm and length of 26mm, is employed to enhance
the antenna bandwidth. The slots are fed by means of a rectangular monopole connected to a circular patch joined to a bent 50Ω
microstrip transmission line forming two right angles. To obtain a wideband impedancematching, the upper edge of themonopole
and a part of the feeding line evolve along the top edge of the two slots. To reduce the antenna size, the upper part of the board above
the slot (just 3mm from the slot) is folded vertically to the ground plane.Themeasured bandwidth of the antenna is 0.698–1.10GHz
and 1.64–2.83GHz covering LTE700/2300/2500, GSM850/900/1800/1900, and UMTS bands.

1. Introduction

Antennas for modern smart mobile phones are characterized
by a low profile and multiple frequency bands. The widely
used frequency bands for mobile communication include
LTE700 (698–787MHz), GSM850 (824–894MHz), GSM900
(880–960MHz), GSM1800 (1710–1880MHz), GSM1900
(1850–1990MHz),UMTS (1920–2170MHz), LTE2300 (2305–
2400MHz), and LTE2500 (2500–2690MHz). The conven-
tional mobile phone antennas include three basic types
of PIFAs (planar inverted-F antennas), printed monopole
antennas, and printed slot antennas. With several limitations
concerning the antenna size, it is not easy to design an
antenna to cover the frequency bands 698–960MHz and
1710–2690MHz simultaneously. Several techniques based
on conventional handset antennas, including the impedance
matching circuit using lumped components [1–3], the

reconfigurable antenna using PIN diodes [4–7], and the
tunable antenna using tunable capacitors [8], have been
employed for the antenna design. These techniques involve
lumped components or DC feeding system, which increase
the complexity of the design and the realization cost.

In this paper, we address the design of a printed slot
antenna for mobile phones. The most popularly used slot
antennas adopt rectangular shape as the basic unit to form the
desired shaped slot [9–14]. The antenna in [9] is composed
of two open-ended slots cut at the same edge of the system
ground plane. One of the slots has a rectangular shape and
the other has an L shape. The bandwidth of the antenna is
narrow and consequently only the frequency bands of the
GSM850 and GSM900 are covered in the lower frequency
band. The antenna in [10] consists of a C-shaped and an L-
shaped slot occupying a 21 × 45mm2 area on the ground
plane. The slots in [9, 10] are both fed by 50Ω microstrip
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Figure 1: Configuration of the proposed antenna. (a) Bottom view. (b) Top view. (c) Side view. (d) 3D view.

line with straight shape.The slot antennas proposed in recent
years employ suitable techniques for the excitation of the
radiating slots [11–14]. Two monopoles connected to a 50Ω
microstrip line to feed two rectangular slots opened at the
same edge of system board are proposed in [11]. L-shaped
feeding structures are adopted to feed rectangular slots in
[12, 13]. A simple printed monopole slot antenna and a C-
shaped strip connected orthogonal to the bottom edge of
the system ground plane are proposed in [12] for pentaband
operation of a mobile handset. A simple printed monopole
slot antenna with two parasitic shorted strips for pentaband
wireless wide area network operation in a slim mobile phone
is presented in [13], while in [14] a monopole with multiple
branches and a parasitic ground strip with an L-shaped open
slot are employed to realize an antenna for a multiband
mobile handset.

A mobile antenna employing a circular radiating slot,
having a frequency band ranging between 1.73 and 11 GHz,
obtained by slightly modifying the UWB antenna presented

in [15], was proposed in [16]. A better performance is
achieved by the antenna presented in [17], which, adopting
an electromagnetic band gap (EBG) structure integrated in
the ground plane, allows covering the frequency band of 1.53–
11 GHz. Finally, inverted L-shaped slot and feeding structures
have been employed in [18] to cover the 0.69–0.97GHz and
2.3–3.32GHz frequency bands.

In this paper, a novel slot antenna formobile phone appli-
cations is presented. The antenna consists in a new version
of the antenna presented in [18] featuring a smaller size and
a wider bandwidth. The antenna is composed of two slots.
The main slot, whose shape is a combination of a rectangle
and of a circle, presents smaller width compared with the
one in [18]. An additional slot having rectangular shape is
employed to excite a resonance at the higher frequency band.
The two slots are fed with a bent shape structure to obtain
wideband impedance matching.The upper part of the board,
at a distance of 3mm above the slot, is folded vertically to
the ground plane to reduce the antenna size. As a comparison
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in Table 1, the sizes and the bandwidths of the slot antennas
available in the literature together with those proposed in the
paper are reported.

2. Antenna Design

2.1. Antenna Configuration. The configuration of the pro-
posed antenna is shown in Figure 1. The antenna is printed
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on a 0.8mm thick FR4 substrate with relative dielectric
constant of 4.4, loss tangent of 0.02, and size of 60 × 115mm2.
Two open-ended slots, called slot 1 and slot 2, are etched at
the opposite edges of the ground plane. Slot 1 with 10mm
width and total length of 59mm is composed of a rectangle
connected to a circle. Slot 2 has a rectangular shape with
2.8mmwidth and 26mm length.The two slots are excited by
a rectangular monopole connected to a circular patch joined
to a bent 50Ωmicrostrip line.The circular patch and slot have
the same radius of 5mm, and the same center coordinates
in the 𝑦𝑧-plane. The footprints on the ground plane of the
monopole and of the bent part of the feeding microstrip line
are located within the slot regions (see Figure 2). The upper
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Figure 6: Simulated current distributions at 0.9GHz. (a) Magnitudes of the surface current distributions on ground plane and top layer. (b)
Vector representation on ground plane. (c) Vector representation on top layer.

Table 1: Comparison of the performance of the published slot antennas.

Reference PCB size (mm ×mm) Slot size (mm ×mm) Metal strip size (mm ×mm) Bandwidth (MHz)
[9] 40 × 100 15 × 40 / 822–962, 1670–2670
[10] 45 × 121 21 × 45 / 778–1070, 1674–2741
[11] 60 × 110 15 × 51 / 795–1035, 1700–2205
[12] 60 × 115 15 × 50 10 × 60 750–1040, 1635–2485
[13] 60 × 115 3.5 × 40 7 × 60 800–1300, 1710–2325
[14] 60 × 105 15 × 59 / 660–1065, 1665–3000
[18] 60 × 115 20 × 59 / 690–970, 2300–3320
Proposed 60 × 115 14.3 × 60 3 × 60 698–1100, 1640–2830

part of the board, at a distance of 3mm above the slot, is
folded vertically to the ground plane to reduce the antenna
size. The antenna has been designed following the design
steps indicated in Figure 2 as Ant1, Ant2, Ant3, Ant4, and the
proposed antenna.

2.2. Ant1 and Ant2 Analyses. Ant1 has a radiating slot
whose geometry consists in an open-ended rectangle and

a closing semicircle. The slot is fed with a 50Ω microstrip
line joined to a circular patch. Figure 3 shows the effect of
slot length on |𝑆

11
| of Ant1. The numerical simulations were

performed using the full-wave commercial software Ansys
High Frequency Structure Simulator (HFSS) based on the
finite-element method. It is seen that Ant1 obtains a wide
bandwidth in the upper frequency band with a slot length
of 𝑠
1
= 20mm. A longer slot results in lower resonance
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Figure 7: Simulated current distributions at 2GHz. (a) Magnitudes of the surface current distributions on ground plane and top layer. (b)
Vector representation on ground plane. (c) Vector representation on top layer.
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Table 2: Resonant frequencies and bandwidths of Ant1 andAnt2 for
different values of the slot lengths 𝑠

1
.

Antenna 𝑠
1
(mm)

Antenna first
resonant frequency

(GHz)

Bandwidth of
the first resonant
mode (GHz)

Ant1 20 2.6 2.2–4
Ant1 25 2.16 1.9–2.5
Ant1 40 1.48 /
Ant1 59 0.95 /
Ant2 59 0.9 0.82–1.23

but worse |𝑆
11
|. Table 2 gives the resonant frequencies and

bandwidths of the first resonant modes for different values of
the slot length 𝑠

1
. The resonant frequency shifts to the lower

frequencies and the bandwidth decreases as the parameter
𝑠
1
increases. From Figure 3, it appears that, in the cases of
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Figure 9: Photographs of the fabricated antenna. (a) Front view. (b) Back view.
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proposed antenna.

𝑠
1
= 40 and 59mm, the parameter |𝑆

11
| at the first resonant

frequencies is worse than −6 dB.
To cover the lower band below 1GHz, a long slot with a

length of 59mm is preferred. Impedance matching structure
is required to reduce |𝑆

11
| of the first resonant mode. To

this end, the feeding structure of Ant1 has been modified
by adding a rectangular monopole to the end of the circular
patch, giving rise to the antenna configuration identified as
Ant2. In this design configuration the footprint of rectangular
monopole falls inside the rectangular slot with its termination
pointing toward the open end of the rectangular slot. In this
way some current flow is excited around the slot realized on
the ground plane. The optimized bandwidths for Ant2 are
0.82–1.23GHz and 2.43–3.83GHz.The left cutoff frequencies

Figure 11: Antenna within the microwave anechoic chamber. The
measurement setup adopted to measure the antenna radiation
patterns can be observed.

for lower and upper bands are still too high to cover LTE700,
GSM1800/1900, andUMTS.Thus, another slot (slot 2) having
rectangular shape is added at Ant2 to adjust the bandwidth.

2.3. Ant3 Analysis and Ant4 Design. Ant3 is obtained by
adding slot 2 directly below the main radiating slot of Ant2.
Ant4 is finally obtained by moving the location of the
microstrip line to the left side and bending it so that it results
distributed along slot 2 (see Figure 2). Figure 4 shows the
comparison of |𝑆

11
| of the three antennas. It is seen that

Ant3 has worse |𝑆
11
| and narrower bandwidth than Ant2.

The adoption of slot 2 worsens the antenna’s matching. A
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Figure 12: Measured radiation gain pattern (dBi). (a) 𝑥𝑦-plane. (b) 𝑥𝑧-plane. (c) 𝑦𝑧-plane.

wider bandwidth and a frequency left-shifting are obtained
simultaneously by a modification of the feeding microstrip
location. The simulated −6 dB bandwidths of Ant4 cover the
frequency bands 0.71–1.12 GHz and 1.70–2.73GHz.

Figure 5 shows the effect of the feeding position 𝑝 on
the parameter |𝑆

11
|. It is seen that, by shifting the microstrip

feeding line from the right corner (𝑝 = 53.2mm) to the center
of the board (𝑝 = 30mm), the −6 dB bands move to lower
frequency. Moreover, a further shifting of the feeding line
(𝑝 = 25mm) results in a narrower bandwidth of the higher

frequency band. Therefore, 𝑝 = 30mm is chosen being the
optimal value.

The surface currents excited at 0.9GHz and 2GHz on the
metal surfaces of the monopole and of the ground plane are
shown in Figures 6 and 7. From these figures it appears that on
the monopole a significant level of surface current is excited
at both frequencies, while the current flowing along the edges
of slot 2 is for exciting a slot field useful to the compensation
of the reactive component of the antenna input impedance
with a consequent widening of the antenna bandwidth [19].
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Finally, a higher surface current level is excited on the ground
plane at the frequency of 0.9GHz.

2.4. The Proposed Antenna Design. To reduce the antenna
size, the upper part above the main slot is folded vertically to
the board obtaining the final configuration of the proposed
antenna. In order to determine the extension of the fold,
identified by the parameter ℎ

2
, the frequency behavior of

the parameter |𝑆
11
| has been investigated (see Figure 8). It

is seen that folding the board has negligible effect on the
antenna bandwidth. However, at frequencies around 2.5GHz
the parameter |𝑆

11
| becomes a little bit worse as the folded

parameter ℎ
2
is increased. To balance the performances of

size reduction andwide bandwidth, ℎ
2
= 3mmand ℎ

1
= 2mm

are chosen.

3. Experiments and Discussion

Theproposed antenna, whose prototype is shown in Figure 9,
was fabricated and measured. The simulated and measured
values of the parameter |𝑆

11
| are shown in Figure 10. The

measurements were performed with an Agilent vector net-
work analyzer N5224A in an ordinary laboratory without
any microwave absorbers. As shown in Figure 10, there is a
slight disagreement between measurement and simulation,
which is mainly caused by the SMA connector adopted to
excite the antenna.The measured bandwidths at −6 dB are in
the frequency bands 0.698–1.10GHz and 1.64–2.83GHz, thus
covering the LTE700/2300/2500, GSM850/900/1800/1900,
and UMTS bands.

The radiation patterns were measured in a microwave
anechoic chamber. The measurement environment is shown
in Figure 11. Figure 12 shows the measured radiation pattern
in the𝑥𝑦-,𝑥𝑧-, and𝑦𝑧-planes at 0.787, 0.88, 1.99, and 2.5GHz.
The patterns are omnidirectional in the 𝑥𝑧-plane and near-
omnidirectional in the 𝑥𝑦-plane. The maximum gains at the
four frequencies are 1.53, 2.91, 3.36, and 0.85 dBi, respectively.
The antenna meets the directional requirement of mobile
phones.

4. Conclusion

A low profile printed antenna formed by two slots and
a suitable monopole used as exciter has been proposed.
A circular shape has been adopted in the slot and in
the feeding structures. To match the antenna, the feeding
microstrip line has been folded keeping the folded sections
parallel to the slots. The measurements performed on the
antenna prototype confirm that the antenna is suitable to
cover the LTE700/2300/2500, GSM850/900/1800/1900, and
UMTS bands with near-omnidirectional radiation patterns.
In conclusion, on the basis of the electrical characteristics, the
small size and low profile, the antenna becomes suitable for
smart phone applications.
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The analysis and design of a small planar multiband antenna operating in the 4G frequency bands are presented. The numerical
and experimental results demonstrated that the proposed antenna satisfies the requirement of 6 dB return loss for the impedance
bandwidth of the LTE700/LTE2300/LTE2500 and WiMAX3500 bands. The gains at 750MHz/2.3 GHz/2.6GHz/3.5 GHz are
2.1 dBi/4.9 dBi/4.7 dBi/4.3 dBi, respectively. The measured radiation patterns verify the suitability of the antenna to be employed in
mobile phones.The dimensions of the radiant patch are 49× 10mm2.The proposed antenna can be easily fabricated and customized
to various 4G mobile phones as a compact internal antenna.

1. Introduction

With the rapid development of the fourth-generation (4G)
mobile communication technologies, the mobile phone
antennas have received substantial attention because of the
wide applications made available in such systems [1–4]. In
fact, these antennas, which are an important part of mobile
phone terminals, affect the overall performance of these com-
munication systems. The usual mobile phone antennas have
been proved unable to meet the 4G wireless communication
requirements of the multiband and broadband applications
[5–7]. In the last few years, a variety of small Long Term
Evolution (LTE) mobile phone antennas have become the
hot topic of the communication industry research [8–11]. To
address the difficulties of integrating antennas in 4G mobile
phones, many efforts have been made to expand the perfor-
mance of the antennas in the LTE bands [12–16]. However,
these design solutions generally require large size or volumes,
which may be not compatible with the new generation of
mobile phone applications. Because of the extremely limited
volume of amobile terminal, it is very important to synthesize
compact multifunctional and broadband antennas. In the
near future, these consumer electronic devices will be capable
of integrating multibands protocols (LTE, WiMAX, etc.) into
one single communication system. Thus, the antenna for 4G
mobile phones must be compact size and low profile.

In this paper, a multiband antenna for a 4G mobile
terminal application is proposed. The antenna is made
by means of compact multiresonator planar elements that
occupy a size of 49 × 10 × 1.6mm3. It covers multibands
which include the LTE700 (698–787MHz), LTE2300 (2305–
2400MHz), LTE2500 (2500–2690MHz), and WiMAX3500
(3390–3600MHz) operations. Good radiation characteristics
within the operative antenna frequency band are obtained.
Details of the proposed antenna design and of the related
parametric analysis are presented and discussed in the next
sections. With the attractive features described above, the
proposed antenna is a promising candidate for wireless
devices.

2. Antenna Configuration

The geometry of the proposed LTE-printed antenna is
depicted in Figure 1. The antenna has a planar structure and
a simple configuration consisting of two horizontal-U rings,
a feed, a shorting line, and a ground plane. It is fed by a
50Ω minicoaxial line connected between the feeding point
(point A) of the driven monopole and the phone-display
ground point (point B). The proposed antenna is fabricated
on a commercially available FR4 substrate having thickness of
1.6mm, relative permittivity of 4.4, and loss tangent of 0.024.
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Figure 1: Geometries of the proposed antenna.

The system ground plane of the antenna has dimensions of
108 × 60mm2.The area where the ground plane is not present
has dimensions of about of 49 × 10mm2.Thus, the size of this
antenna is suitable for mobile phone applications.

The values of the design parameters shown in Figure 1
were evaluated by means of an extensive parametric anal-
ysis performed using the commercial software HFSS. After
completing the optimization process the dimensions of the
proposed antenna have been set as follows: 𝐿 = 120mm,
𝐿1 = 4.5mm, 𝐿2 = 11mm, 𝐿3 = 2mm, 𝐿4 = 20mm,
𝐿5 = 3mm, 𝐿6 = 34mm, 𝐿7 = 16mm, 𝐿8 = 20mm,
𝐿9 = 108mm, 𝑊 = 60mm, 𝑊1 = 3mm, 𝑊2 = 4mm,
𝑊3 = 4mm,𝑊4 = 2.5mm, and𝑊5 = 1.5mm. Based on the
optimized design dimensions, a prototype of the proposed
antenna depicted in Figure 2 was realized and tested.

3. Parameters Study

Figure 3 shows the frequency behavior of the antenna
reflection coefficient for different lengths of the geometrical
parameter 𝐿2 when the other parameters are kept constant
to their optimized values. From Figure 3 it appears that the
length 𝐿2 mainly controls the second antenna resonance
frequency 𝑓

2
. In particular, it is found that as the length 𝐿2

increases, the second resonance frequency 𝑓
2
moves upward.

From the figure, one can also see that the resonant fre-
quency is of 2.6GHz and the impedance bandwidth is 2.148∼
2.697GHz, thus covering the LTE2300/LTE2500 frequency
band, when the length 𝐿2 is of 11mm. Therefore, the length
of the parameter 𝐿2 is set to 11mm.

Figure 2: Photograph of the fabricated antenna with short feeding
cable.
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Figure 3: Simulated return loss characteristics for the proposed
antenna for various values of 𝐿2.

Figure 4 illustrates the frequency behavior of the antenna
reflection coefficient when the length of the parameter 𝐿7
varies from 15mm to 17mm when the other parameters
are kept constant. From this figure it appears that the third
resonance frequency𝑓

3
moves downward as the length of the

parameter 𝐿7 is increased. The length of 𝐿7 mainly controls
the third resonance frequency 𝑓

3
for the 3.5 GHz WiMAX

band. As is shown in Figure 4, when 𝐿7 is equal to 16mm, the
resonant frequency is of 3.53GHz while the antenna band-
width is in the frequency range 3.392∼3.632GHz. Therefore,
the length of the parameter 𝐿7 is set to 16mm so as to assure
a resonance frequency at 𝑓

3
.

A different behavior of the reflection coefficient with
respect to the variation of the geometrical parameter 𝐿8 is
observed in Figure 5. In fact, when this parameter increases
from 18mm to 22mm, while maintaining the other structure
parameters to the values of the optimized design, both
the first resonance frequency 𝑓

1
and the third resonance

frequency 𝑓
3
move downward. In particular, when 𝐿8 is

of 20mm, the first resonance frequency 𝑓
1
and impedance



International Journal of Antennas and Propagation 3

L7 = 17mm
L7 = 16mm
L7 = 15mm

−36

−30

−24

−18

−12

−6

0

Re
tu

rn
 lo

ss
 (d

B)

1 2 3 4 50
Frequency (GHz)

Figure 4: Simulated return loss characteristics for the proposed
antenna for various values of 𝐿7.
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Figure 5: Simulated return loss characteristics for the proposed
antenna for various values of 𝐿8.

bandwidth are 0.74GHz and 0.590∼0.823GHz covering
LTE700, respectively.Thus, the parameter 𝐿8 is set to 20mm.

Finally, in Figure 6 the simulated return loss of the
proposed antenna for the different values of the widths
𝑊5 is shown. As in the other cases the other antenna
geometrical parameters are kept constant. From Figure 6 it
can be seen that both the first resonance frequency 𝑓

1
and

the third resonance frequency 𝑓
3
move upward as the width

𝑊5 increases. In particular, when the width of 𝑊5 equals
1.5mm, the first resonance frequency is 0.74GHz and the
impedance bandwidth defined by 6 dB return loss is 0.590∼
0.823GHz, thus covering the LTE700 frequency band. At
the same time, the third resonance frequency is 3.5 GHz and
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Figure 6: Simulated return loss characteristics for the proposed
antenna for various values of𝑊5.
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Figure 7: Simulated and measured return loss versus frequencies of
the proposed antenna.

the impedance bandwidth is 210MHz (3.39∼3.60GHz) at
the 3.5 GHz WiMAX band. Therefore, the parameter 𝑊5 is
chosen to be𝑊5 = 1.5mm.

4. Results and Discussions

An antenna prototype (see Figure 2) designed using the
geometric parameters obtained by means of the parametric
analysis presented above has been realized and measured.
The proposed antenna has been measured using an Agilent
PNA 8362B Network Analyzer in a frequency range from
45 to 5000MHz. Figure 7 compares the frequency behav-
ior of the simulated and measured return loss (reflection
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Figure 8: Surface current distributions on the radiating patch at (a) 0.75GHz; (b) 2.6GHz; and (c) 3.5 GHz.
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Figure 9: Surface current distributions on the proposed antenna at (a) 0.75GHz; (b) 2.6GHz; and (c) 3.5 GHz.
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Figure 10: Measured radiation patterns of the proposed antenna for the LTE operation frequencies at (a) 0.75GHz; (b) 2.6GHz; and (c)
3.5 GHz.

coefficients) of the proposed antenna. All frequency bands
are covered within the 6 dB of return loss, which is a
widely used standard in the mobile phone antennas. The
discrepancy observed between the computed and measured
values of the reflection coefficient is due to the substrate and
realization tolerances, as well as to the effect of the SMA
connector and of the soldering points. When the antenna
is carefully realized the measured impedance bandwidth is
of 230MHz (0.59GHz∼0.82GHz, 32.6%) for the LTE 700
(698–787MHz), of 550MHz (2.15 GHz∼2.70GHz, 22.68%)

for the LTE2300 (2305–2400MHz) and the LTE2500 (2500–
2690MHz), and of 230MHz (3.40GHz∼3.63GHz, 6.54%)
for the 3.5 GHz WiMAX.

Thenumerical simulationswere performed using the full-
wave commercial software HFSS. This software was used
to evaluate and verify the three resonant frequencies 0.75,
2.6, and 3.5GHz, which mainly depend on the lengths of
the different current paths along the two horizontal-U rings.
Figures 8(a)–8(c) show the surface current density excited
along the two horizontal-U rings antennas at the three
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resonant frequencies 0.75, 2.6, and 3.5GHz, respectively.
In Figure 8(a), the lowest band surface current density
distribution along the two input antenna ports at the resonant
frequency of 0.75GHz is shown. A larger surface current
density flows along the first horizontal-U ring when the
resonant frequency is 2.6GHz as it is observed in Figure 8(b).
However, larger surface current densities flow along the
second horizontal-U ring when the resonant frequency is
3.5 GHz as is shown in Figure 8(c). Figures 9(a)–9(c) show
the surface current density excited along the radiating patch
and on the ground plane at the three resonant frequencies
0.75, 2.6, and 3.5GHz, respectively.The emission phenomena
take place along the U rings, at the patch corners, and at the
substrate truncations where the conversion of surface waves
into volume waves occurs [17]. In conclusion, the maximum
amplitude of the surface current distribution excited on
the antenna at the three resonant frequencies is located in
different parts of the radiating structure.

Figure 10 shows the measured far-field radiation patterns
in the 𝐸 plane (𝑥-𝑧 plane) and 𝐻 plane (𝑦-𝑧 plane). Figures
10(a)–10(c) show the radiation patterns at 0.75GHz, 2.6GHz,
and 3.5GHz, which are the resonance centre frequencies,
respectively. That is to say, the proposed printed antenna
covers three LTE bands and oneWiMAX band. As evidenced
by the radiation patterns it appears that the proposed antenna
displays nearly omnidirectional radiation characteristics in
the𝐻 plane, and monopole-like radiation pattern character-
istics in the 𝐸 plane at the considered frequencies. Moreover,
since the planar radiating structure is realized on a single side
printed circuit board is easy to manufacture.

5. Conclusions

A planar antenna for 4G mobile communication systems
has been presented, realized, and tested experimentally. The
obtained impedance bandwidth across the operating bands
can reach about 356/413/237MHz for the LTE bands and
210MHz for the WiMAX band while the peak gains are
about 2.1/4.7/4.3 dBi and 4.3 dBi, respectively. Good radiation
characteristics across the operative bands have been also
confirmed. The proposed antenna has a planar structure so
it is easy to fabricate at low cost by printing it directly on the
flexible printed circuit board of the mobile phone. Therefore,
the proposed antenna meets the challenging requirements of
the modern mobile phone communications.
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A coplanar waveguide fed dual-band circularly polarized rectangular slot antenna is presented.The proposed antenna consists of a
rectangular metal frame acting as a ground and an S-shaped monopole as a radiator. The spatial distribution of the surface current
density is employed to demonstrate that the circular polarization is generated by the S-shaped monopole which controls the path
of the surface currents. An antenna prototype, having overall dimension 37 × 37 × 1mm3, has been fabricated on FR4 substrate
with dielectric constant 4.4.The proposed antenna achieves 10 dB return loss bandwidths and 3 dB axial ratio (AR) in the frequency
bands 2.39–2.81 GHz and 5.42–5.92GHz, respectively. Both these characteristics are suitable for WLAN andWiMAX applications.

1. Introduction

The rapid development in wireless communications with
different standards has resulted in a huge demand for multi-
band antennas. Coplanar waveguide (CPW) fed slot antennas
exhibit attractive features for multiband applications because
of its favorable characteristics, such as wide bandwidth,
light weight, low profile, less sensitivity to manufacturing
tolerances, and easy integration with microwave integrated
circuits. Circular polarization (CP) antennas have attracted
much attention in the design ofwireless systems since they are
more effective in receiving and transmitting signals having
arbitrary directions and polarizations. In addition, they can
limit themultipath effect caused bywalls and ground surfaces
[1].Moreover, the circular polarization provides bettermobil-
ity and a field propagation less sensible to weather condition.
Both these characteristics may prove useful in WLAN and
WiMAX applications.

Several single-fed dual bands design solutions for the
excitation of the circular polarization have been recently
proposed in the literature [2–11]. Some of these solutions
consist in the realization of an asymmetrical four-arm struc-
ture [7] or in spiral slots integrated in the ground plane
[8]. A CPW-fed circular fractal slot antenna for dual-band

applications has been presented in [9]. However, only few
designs of coplanar waveguide single-fed dual-frequency slot
antennas for circular polarization have been reported in
literature [9–11]. In any case, all the mentioned antennas have
a complex structure. In this paper, a novel design of a CPW-
fed CP antenna with dual-band operation is introduced.
The proposed antenna is formed by a rectangular metallic
frame, acting as ground plane, inside which an S-shaped
monopole is placed. The S-shaped monopole changes the
path of the currents making the antenna more compact
and suitable to excite a dual-band CP operation. The field
vector composition, based on the surface current distribution
flowing on themonopole and on themetal frame, is employed
to explain the excitation of the dual-band CP operation. The
antenna can find applications in wireless communication
systems such as wireless routers and wireless access points.
Details concerning the antenna design and experimental
results are presented and discussed.

2. Antenna Configuration and Analysis

2.1. Configuration of the Proposed Antenna. Figure 1 shows
the geometry and the photograph of the realized antenna.
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Figure 1: Geometry and photograph of the proposed antenna.

The antenna is printed on a low cost FR4 substrate having
thickness 1mm, dielectric constant 4.4, and loss tangent 0.02.
The area of the antenna is 𝐿

1
× 𝐻
1
. 𝐿
2
and 𝐻

2
are the width

and height of the rectangle slot. The S-shaped monopole,
composed of 6 straight metal sections of width 𝑊

2
and

the lengths of 𝑆
1
, 𝑆
2
, 𝑆
3
, 𝑆
4
, 𝑆
5
, and 𝑆

6
, respectively, is fed

by the coplanar waveguide. The CPW, designed for a 50Ω
characteristic impedance, consists of a stripline having width
equal to 2mm and a gap of 0.25mm, respectively. The feed
line is terminated with a standard SMA connector.

The full-wave commercial software Ansys HFSS has
been adopted to determine the antenna performances. After
completing the optimizing process the following antenna
parameters were derived: 𝐿

1
= 37mm, 𝐻

1
= 37mm, 𝐿

2
=

28mm,𝐻
2
= 27mm, 𝑃

1
= 5.5mm, 𝑃

2
= 2.5mm, 𝐺 = 2.5mm,

𝑊
1
= 2mm, 𝑊

2
= 1.5mm, 𝑆

1
= 9mm, 𝑆

2
= 12.5mm, 𝑆

3
=

21mm, 𝑆
4
= 11mm, 𝑆

5
= 22.5mm, and 𝑆

6
= 5mm. With

these parameters an antenna with an impedance band in the
frequency ranges 2.27–2.81 GHz and 4.94–6.08GHz and with
an axial ratio below 3 dB in the 2.39–2.98GHz and 5.42–
5.92GHz frequency bands, respectively, is obtained. These
features ensure the coverage of the frequency bands WLAN
andWiMAX.

2.2. Antenna Evolution and Dual-Band Operation. Figure 2
illustrates the topological changes necessary to modify a
straight monopole (Antenna Type I) into a more com-
pact antenna having the desired dual-band characteristic
(Antenna Type III), while Figure 3(a) shows the related 𝑆

11

parameters.
In general, the length of monopole antenna is usually

about a quarter-wavelength. Notice that the fundamental
resonance frequency of Antenna Type I is of about 2.5 GHz,
while the high-order resonant modes are employed to excite
the circular polarization in the proposed S-shaped monopole

Type I Type II

Type III 
(proposed)

S

S

S

Figure 2: The evolution of the proposed antenna.

antenna (see Figures 8 and 9). When the antenna is oper-
ating at its resonant frequency, the imaginary part of its
impedance becomes about zero. The simulated results of
the input resistance and reactance of the three types of the
antenna are shown in Figures 4(a) and 4(b). The surface
currents of Antenna Type I have many null points due to
the high-order modes, which will cause a deterioration of
the radiation pattern. The current distribution along the S-
shapedmonopole (Antenna Types II and III) is different from
that flowing on the straight monopole (Antenna Type I),
exciting in this way a circularly polarized field whose AR,
along the positive 𝑧-direction for Antenna Types II and III,
are reported in Figure 3(b). By analyzing Figure 3 it can be
observed that Antenna Type III is the one that presents the
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Figure 4: The simulated input (a) resistance and (b) reactance of Antenna Type I and Type II and the proposed antenna (Type III).

best performance and consequently is the one that has been
realized. The excitation of the circular polarization and the
effect of the ground parameters on the antenna performance
will be discussed in the next sections.

2.3. Parametric Study. In order to investigate the effects of
various parameters on the antenna performance, an extensive
parametric analysis has been performed. To this purpose
each antenna parameter was changed keeping the others to

a constant value. Unless specified, the fixed parameters were
chosen so to coincide with those of the optimized design.

The length of each stub 𝑆
𝑖
(𝑖 = 1∼6) of the S-shaped

monopole is the key parameter of the antenna performance.
As an illustration, the frequency behavior of the 𝑆

11
parame-

ters and that of the axial ratio computed along the positive
𝑧-direction, for different lengths of the parameters 𝑆

4
and

𝑆
5
, are shown in Figure 5. 𝑆

4
+ 𝑆
5
is set to be a constant

according to the evolution of Type I to Type II. There is no
obvious frequency shift of 𝑆

11
, but impedance matching is
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Figure 6: The simulated (a) 𝑆
11
and (b) axial ratio for different 𝐿

2
values of the proposed antenna (Type III).

deteriorated at the lower band and improved at the upper
band as the length 𝑆

5
decreases. 𝑆

4
= 11mm and 𝑆

5
= 22.5mm

are the optimum design for the AR.
As mentioned above, the parameters of the rectangular

slot (𝐿
2
, 𝐻
2
), which can be seen as a ground extension of

Antenna Type II, can affect the impedance and AR band-
width of the antenna. A parametric analysis is performed
to evaluate the influence of these parameters on antenna
characteristics. Figures 6 and 7 show the frequency behavior
of the 𝑆

11
parameters and AR along the positive 𝑧-direction

for different values of the antenna geometrical parameters

𝐿
2
and 𝐻

2
. It can be seen that 𝐿

2
and 𝐻

2
, which affect the

impedancematching of the antenna, have a great effect onAR
at the lower frequency but less effect at the upper frequency.
According to these simulation results 𝐿

2
= 28mm and 𝐻

2
=

27mm are chosen as the optimal value.

2.4. Circular Polarization Analysis. To excite the circular
polarization, the antenna must radiate fields of equal mag-
nitude that are orthogonal in space and in time. In order to
illustrate how the circular polarization is achieved, the simu-
lated surface currents distributions at 2.5 GHz and 5.75GHz,
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Figure 8: Simulated surface currents distributions at orthogonal phases (a) 0∘ and (b) 90∘ at 2.5 GHz of the proposed antenna.

when the phase of the exciting signal is 0∘ and 90∘, are shown
in Figures 8 and 9, respectively. The analysis based on the
current vector composition employed in [11] is adopted to
identify the polarization state of the radiated field. However,
since the adjacent surface currents with the same intensity
and opposite directions do not provide contribution to the
far field, they are not taken into account. From the analysis of
Figures 8 and 9 it is clear that the dominant radiating vectors
on the antenna surface excite a right-hand polarized field
along the positive 𝑧-direction at the considered frequencies
of 2.5 GHz and 5.75GHz.

3. Results and Discussion

An antenna prototype has been realized to verify the per-
formances of the proposed antenna. The antenna has been
analyzed using a full-wave commercial software (AnsysHFSS
15). The measures of the scattering parameters have been
carried out by using aWILTRON37269A vector network ana-
lyzer, while those concerning the radiation patterns have been
derived by means of a fully automated anechoic chamber.

The measured and simulated 𝑆-parameters results are
depicted in Figure 10. The antenna presents a simulated
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of the proposed antenna.

bandwidth (𝑆
11
≤ −10 dB) of 21.3% (2.27–2.81 GHz) and

20.7% (4.94–6.08GHz) and a measured bandwidth of 18.5%
(2.31–2.78GHz) and 22.6% (4.99–6.26GHz) in the first
and second operative band, respectively. The simulated and
measured values of the axial ratio (AR < 3 dB) in the
direction of maximum radiation (along the 𝑧-axis direction)
are shown in Figure 11. From Figure 11 it appears that the
proposed antenna exhibits excellent circular polarization. In
particular, simulated axial ratio bandwidths of 21.9% (2.39–
2.98GHz) and 8.8% (5.42–5.92GHz) and measured axial
ratio bandwidths of 19.6% (2.30–2.80GHz) and 8.8% (5.40–
5.90GHz) are observed in the figure. Finally, it can be
observed that the numerical results concerning the operative
bands of the proposed antenna are in good agreement with
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Figure 11: Measured and simulated axial ratio of the proposed
antenna.

the experimental measurements. Therefore, the operative
bands of the antenna, that is, those where both the impedance
and axial ratio requirements are satisfied simultaneously, are
between 2.39 and 2.81 GHz and between 5.42 and 5.92GHz,
respectively.

Figure 12 shows the measured and simulated radiation
pattern for𝑋𝑍-plane and𝑌𝑍-plane at 2.5 GHz and 5.75GHz,
respectively. From Figure 12 it appears that the proposed
antenna radiates right-hand circular polarization (RHCP) in
the positive 𝑧-direction and left-hand circular polarization
(LHCP) in the negative 𝑧-direction. The level of the cross
polarization along the main beam direction is lower than
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Figure 12: Measured and simulated radiation pattern of the proposed antenna. (a) 𝑋𝑍-plane at 2.5 GHz, (b) 𝑌𝑍-plane at 2.5 GHz, (c) 𝑋𝑍-
plane at 5.75GHz, and (d) 𝑌𝑍-plane at 5.75GHz.

15 dB and 8 dB in the lower band and the higher band,
respectively.

The gain of the proposed antenna is measured by using
the comparison method. To this end the gain measurement
was performed combining the vertical and horizontal field
levels measured using a linearly polarized Standard Gain
Antenna. Antenna gains of about 3.3 dBi, in the lower band,
and of about 3.8 dBi, in the higher band, are observed along
the 𝑧-direction (see Figure 13). The radiation efficiency using
wheeler cap method [12] is also incorporated in Figure 13,
which shows an average efficiency of 80% and 83% in the first
and second bands, respectively.

4. Conclusion

A novel dual-band circularly polarized CPW-fed rectangular
slot antenna has been presented. The vector composition
of the surface current distribution has been employed to
demonstrate that the S-shaped monopole is suitable to con-
trol the currents path so to excite the circular polarization.
Finally, the experimental measurements performed on a
prototype have shown that the proposed antenna achieves a
10 dB return loss in the frequency bands 2.31–2.78GHz and
4.99–6.26GHz, respectively, while it exhibits a 3 dB axial ratio
in the frequency bands 2.30–2.80GHz and 5.40–5.90GHz.
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Figure 13: Measured gain and radiation efficiency of the proposed
antenna.

Therefore, it appears as a good candidate for communications
requiring circular polarizations in the WLAN and WiMAX
frequency bands.
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