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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 
exible), and textile dielectric substrates are taken
into account. 	e performances of small, low-pro�le, 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. 	is information provides a guidance to the selection of the di�erent antenna geometries in terms of bandwidth,
gain, �eld polarization, time-domain response, dimensions, and materials useful for their realization and integration in modern
communication systems.

1. Introduction

	e antenna design for high-speed multimedia connectivity
represents a challenging activity for designers of �xed and
mobile wireless communication systems. In fact, the rapid
growth of mobile systems toward the �
h-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 e�orts are underway to identify new antenna
geometries suitable to satisfy the challenging requirements
of the modern wireless communication systems [1–4]. 	is
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 pro�le), 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. 	is is particularly meaning-
ful in wireless body area networks (WBANs) where high
performances, as well as antenna 
exibility 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).	ese 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 scienti�c 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
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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
A�airs &
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.

	e 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. 	e
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 di�erent
antenna manufacturing technologies being considered are
outlined.

2. Wideband Planar Microstrip Antennas

Microstrip patch antennas (MPAs) were �rst 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-pro�le, 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 signi�cant research
activity has been performed in the last twenty years to identify
new geometries suitable to satisfy those requirements. 	is
required the identi�cation 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]. 	e 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 �rst 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. 	e antenna is printed on a
circular grounded dielectric substrate (DiClad 527), with rel-
ative permittivity �� = 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).	e
antenna has been analyzed using the full-wave FEM-based
HFSS [8]. 	e antenna return loss is principally a�ected by
the distances between the rings, between the �rst ring and
the central radiating element, and by the radius of circular
metal strip. 	e monopole-like radiation characteristics of
the pattern are due to the central position of the excitation
probe as well as to the symmetric �eld con�gurations excited
in each slot through which the emission of electromagnetic
energy occurs. 	e 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). 	e 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 the�-plane
and �-plane, respectively.

A di�erent 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 0.82�0 ×
0.82�0 × 0.0612�0, where �0 is the free-space wavelength at
the antenna central frequency � = 5.38GHz) and dielectric
permittivity �� = 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 �rst teeth of the zig-zag slots (see
Figure 2). 	e 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 �rst 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 �nite-di�erence time-domain (FDTD) scheme,
together with the surface equivalence theorem employing
the free-space dyadic Green’s functions, has been adopted to
compute the �eld 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 �-plane. 	is
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 polytetra
uoroethylene
(PTFE) dielectric substrate of permittivity �� = 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). 	e e�ects 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 o�ers 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 so
ware Anso
 based on the Method
of Moments. 	e 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 �rst time
wideband monopole antennas arranged orthogonally on a
metal ground plane. Even though their vertical size can
prevent their integration into handset devices, di�erent 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-pro�le
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 signi�cant 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]. 	ese formulas are derived assuming that
the electromagnetic �eld, �rst 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 pro�le 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 di�erent design solutions, intended for
UWB applications related to imaging and communication,
are considered (see Figure 5). In particular, the �rst 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. 	e antenna gain varies
between 4 and 8 dBi in the frequency range between 1 and
10GHz. 	e monopole, of length of about 76.2mm (�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). 	e
black dot point indicates the pin of the coaxial probe. Dark gray monopole and light gray dielectric substrate.

where �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 (2�0 × 2�0). 	e structure, fed by a
coaxial probe, is spaced from the ground plane of 0.64mm to
increase the operating band. 	e antenna was analyzed and
designed using a homemade so
ware based on the full-wave
FDTD numerical technique.

A similar design solution, but having a wider bandwidth,
has been proposed in [24].	is solution adopts a leaf-shaped
monopole having three circular holes, mounted vertically on
a grounded dielectric slab of dimensions 80mm × 80mm,
with dielectric constant �� = 3.5 and thickness of 1.5mm
(see Figure 6). 	e 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%). 	e antenna
gain ranges between 3.6 and 4.7 dBi in the frequency band
between 3 and 9GHz.	e applications for which the antenna
is proposed are of commercial and military nature. 	e
antenna was analyzed by means of the full-wave FIT-based
CST Microwave Studio [25]. 	e 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 signi�cantly 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. 	e performances of the antennas were analyzed
by means of the full-wave FIT-based CST Microwave Studio
[25]. 	e results of the measurements performed on the
antenna prototypes are found to be in good agreement with
the numerical computations.

A modi�ed 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. 	e 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 �eld integral equation (EFIE) from which the
antenna surface current distributions have been derived. 	e
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. 	e �rst 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). 	e top edge of the radiating element is rounded
to improve the high-frequency performance of themonopole.
	e geometrical parameters a�ecting 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.

	e second monopole antenna, having a staircase pro�le
of its contour (see Figure 8(b)), presents a larger tapering
region close to the feeding strip.	emonopole of dimensions
68mm × 69.5mm, presenting an air gap of 1.8mm, is placed
vertically on a ground plane of size 500mm × 500mm. 	e
radiation diagrams show a frequency behavior similar to
those of the �rst monopole antenna even if the presence of
a staircase pro�le 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
0.19��, which is much lower than the height of the �rst
antenna 0.24�� (�� 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]. 	e 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.	e frequency behavior of the parameter VSWRwas
simulated by means of a homemade so
ware based on the
MoM technique, using a �nite-gap voltage-feed source and
a wire-grid mesh with piecewise sinusoidal basis functions.
	e 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 pro�le of the monopole is able to increase
signi�cantly the antenna bandwidth.	emonopole 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 �eld, has been presented in [28]. 	e 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: 	e PICA broadband antenna [23]. 	e design solutions (a) without holes and (b) with holes in the monopole are shown in the
�gure. Dark gray monopole and medium gray ground plane.

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

of dimensions 150mm × 150mm. 	e 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). 	e experimental
measurements con�rm 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. 	e 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]. 	e 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. 	e 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]. 	e 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 3.2�0, where �0 is the free-space wavelength relative
to the central working frequency). 	e antenna gain ranges
between about 3.1 and 5.8 dBi. 	e cross-polarization levels
are similar to those of a rectangular monopole. 	e radiation
phenomena occur near the lower edge of the monopole. 	e
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. 	e 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-pro�le devices. Moreover, supporting the
circular polarization it may be useful to realize radio base sta-
tions for indoor applications. 	e antenna has an impedance
bandwidth ranging between 1.05 and 2.55GHz (FBW = 87%)
in which the axial ratio AR < 3 dB. 	e 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. 	e 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. 	e 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]. 	e 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]. 	e 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. 	e 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. 	is result is achieved through the
adoption of a U-shaped resonant strip (� = 2.03GHz) and
an inverted W-shaped resonant slot (� = 2.39GHz). 	e
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 pro�les. 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 ×
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Figure 10: A planar metal plate monopole antenna employing a
trident-shaped feeding network [28]. 	e 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]. 	e additional
metal plate, placed orthogonal with respect to the main rectan-
gular metallization, is employed to reduce the �eld 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. 	e
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 signi�cant papers
concerning the aforementioned design aspects is provided.

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

4.1. UWBAntennas. 	eUWB 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-pro�le 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 �� = 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 pro�le, while
an empirical formula is introduced to determine the lower
cut-o� frequency of the impedance bandwidth. 	e antenna
analysis and design have been performed using the full-wave
FEM-based HFSS [8].	e 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. 	e 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).

	ree di�erent 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]. 	ese 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 �rst antenna, of dimensions
30mm × 30mm, consists of an elliptic monopole excited by
a tapered microstrip line and equipped with a trapezoidal
ground plane. 	e second radiating structure, of dimensions
15mm × 30mm, is obtained by removing the le
 half part
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Figure 13: Con�guration 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 �
h-
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.
	is kind of �eld polarization although useful in many
applications cannot be very e�ective 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 le
 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]. 	e electromagnetic
characteristics of the antenna have been derived using the
full-wave FEM-based HFSS [8]. 	e 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. 	e 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. 	e
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 shi
 of about 90∘, while a notch placed under
the monopole is used to increase the antenna impedance
bandwidth. 	e radiation patterns are mainly le
 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. 	e 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
�eld (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). 	e
antenna, of dimensions of 45mm × 40mm × 1.6mm, is
printed on a FR4 substrate with a relative permittivity �� =
4.4, loss tangent 0.024, and thickness 1.6mm. 	e full-wave
FEM-based HFSS [8] was adopted to analyze the antenna.

	e slit is adopted to increase the frequency band where
the radiated �eld is circularly polarized, while the stub is used
to restore the antenna impedance bandwidth perturbed by
the presence of the slit. 	e antenna gain ranges between 1
and 2 dBi, while the e�ciency 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). 	e gap in the loop signi�cantly in
uences
the bandwidth of the AR but not that of the impedance.
	e 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 re
ector, 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 a�ecting signi�cantly the
operating band of the antenna.

A di�erent 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. 	e 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).	e 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. 	e
full-wave FEM-based HFSS [8] has been adopted to deter-
mine the antenna characteristics. 	e circular polarization
is obtained by means of a suitable design of the S-shaped
monopole and of the external metallic frame. 	is frame
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(a) (b)

Figure 14: Con�guration 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
�eld, along with that sustained by the monopole, is suitable
to support a circular polarization in the band of interest.
	e radiation e�ciency 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. 	is
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 e�ective 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]. 	e 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. 	e radiating
structure is a suitably modi�ed 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. 	e antenna is realized on a dielectric
substrate of thickness 1.524mm having a relative dielectric
permittivity 3.48. 	e antenna size is approximately 0.19�0 ×
0.16�0 at the lower working frequency. 	e antenna char-
acteristics have been evaluated by using the full-wave FIT-
based CST Microwave Studio [25]. 	e antenna presents a
simulated impedance band ranging from 0.40 up to 9.51 GHz
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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)). 	e measured impedance bandwidth
ranges from 1.0 to 24.1 GHz useful for satellite navigation
applications, wireless LANs, and ultrawideband systems.

	e 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 pro�le), 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]. 	e 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. 	e 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]. 	e
radiation patterns show that in the �-plane the antenna has
nearly omnidirectional radiation pattern at lower frequencies
(from 1GHz to 5GHz), while the �-plane radiation pattern
shows a typical �gure-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%). 	e antenna, printed on a FR4
substrate having �� = 4.4, has dimensions of about 18mm ×
20mm × 1.6mm (0.47�0 × 0.53�0 × 0.04�0, where �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 a�ected 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 a�ected
by the surface currents and therefore it has limited impact
on the bandwidth. On the contrary, a higher current level
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(d) (e) (f)

Figure 19: Printed antennas with trapeziform ground planes [74]. Di�erent geometries of the monopole and of the excitation systems are
shown in the �gure.

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. 	e reader interested in this

subject can �nd 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]. 	e 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. 	e antenna band
ranges from 3.8 up to 15.90GHz (FBW = 135%), while the
maximum gain reaches 5.9 dBi. 	e increase of the operative
band, introduced by the zig-zag pro�le 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 e�ective 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 e�ect of the
sawtooth shaping becomesmore e�ective at high frequencies.
	e 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.
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Figure 21: A monopole antenna making use of a zig-zag shaping
of the upper edge of the ground plane [76]. 	e adopted zig-zag
pro�le allows performing a more e�ective 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 �eld 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]. 	e antenna, which covers
the frequency band ranging from 2 up to 11 GHz, has been
proposed for UWB applications. A FR4 substrate, having �� =
4.6, tan 
 = 0.02, and thickness 1.6mm,has been employed to
realize the antenna. 	e overall dimensions of the monopole
antenna are of about 30mm×22mm corresponding to about
0.65�0 × 0.48�0, where �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 �lters [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 �lter arms or their gap regions
determine a capacitive e�ect. 	e resonance frequency of
the �lter can be tuned by varying these two geometrical
parameters. 	e 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 in
uence the width and the center frequency
of the notched bands.

4.4. PrintedMonopoles with DGS. 	e 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.	is pro-
cedure, known in the literature as defected ground structure
(DGS), has led to the development of di�erent geometries of
slots and notches. 	e 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 speci�c 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 modi�es the surface
current distributions with a remarkable impact on the
antenna radiative performances [37]. Di�erent e�orts 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 o
en 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 �ltering structures is illustrated in [78].
	ese 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.
	e antenna was analyzed and designed using the full-
wave MoM-based IE3D [87]. 	e 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 di�erent 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]. 	e antenna is printed on
a FR4 substrate, of dimensions 30mm × 28.8mm, with
dielectric permittivity �� = 4.4, loss tangent of 0.02, and
thickness 1.58mm (see Figure 25). 	e antenna was analyzed
using the full-wave FEM-based HFSS [8].	emeasured 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 �lters 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 �gure. 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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Figure 24: A microstrip monopole antenna with a defected ground structure [37]. 	e presence of the U-shaped DGS structure and of the
stub is evident in the �gure. 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]. 	e presence of the DGS structures is evident in the
�gure. 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-�eld 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-pro�le antennas are generally con
icting
requirements that lead to a trade-o� between the bandwidth
and the antenna size. For this reason, many e�orts 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)).

	e structure has a dimensions of about 22mm×24mm×
1.6mm (0.52�0 × 0.57�0 × 0.04�0, where �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. 	e 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. 	ese 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 (0.41�0 × 0.41�0, where �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. 	e antenna, formed by a p-
shaped slot excited by a rectangularmonopole, is printed on a
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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 (0.03�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).

	e 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. 	e antenna responses
to UWB signals reveal a low distortion of the radiated �eld
with values of the �delity factor ranging within acceptable
limits (>0.5).

As the bandwidth of printed wide-slot antennas is mainly
a�ected 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 di�erent orders of the binomial function (� =
1, 2, 3, 6, 12, and in�nite). In particular, when � = 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 = 6 N = 12 N → ∞

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

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

	e proposed antennas are fabricated on a 35mm
× 40mm dielectric Arlon TC600 substrate of thickness
0.787mm and relative permittivity �� = 6.15. 	e 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 �-plane show cross-polarization
levels that are lower than −30 dB due to the symmetry of
the structures. On the other hand, in �-plane antennas are
asymmetric and thus cross-polarized components are higher.
However, when � increases the structures exhibit a reduced
cross-polarized �eld level in the �-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. 	is can
be disadvantageous if a radiating system, having a high-gain
and compact dimensions, has to be integrated into a low-
pro�le 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]. 	e �rst antenna is printed on a dielectric
substrate ROGER RO3600 of dimensions 36mm × 36mm ×
1.27mm, dielectric permittivity �� = 6, and loss tangent
0.002. 	e second one is printed on a liquid crystal polymer
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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, �� =
3.1, and tan 
 = 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 
at-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.
	e antenna gain ranges between 0.7 and 5.5 dBi, while the
relative group delay is stable and acceptable within the UWB
frequency spectrum.	emain characteristics of the antennas
have been derived using a homemade so
ware based on a
�nite-element boundary integral formulation that employs
tangential vector �nite 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).	ese 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. 	ese 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 
exible substrate that is
more conformal and less prone to surface degradation. Such
dielectric substrate has dimensions of about 51mm×45mm×
0.38mm, dielectric permittivity �� = 2.17, and tan 
 =
0.0009. 	e antenna is excited by a suitable tapered transmis-
sion line to achieve an adequate 50Ω impedance matching
within the UWB band. 	e two structures, which have been
analyzed by means of a homemade locally conformal �nite-
di�erence 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. 	is feature is also enhanced by the rear shaped
planar re
ector.	e 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.
	ese 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 di�erent planar dipole antenna geometry has been
introduced in [98]. 	e 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. 	e 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.
	e antenna is excited with a wideband balun composed
of a Chebyshev three-section transformer connected to a
50Ω microstrip line. 	e feeding line and the impedance
transformer are printed on a grounded dielectric slab having
dielectric permittivity �� = 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 a�ected 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]. 	e
printed dipole is realized on a dielectric substrate RT/Duroid
5880 having thickness of approximately 0.254mm, dielectric
relative permittivity �� = 2.2, and tan 
 = 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 (0.5�0 ×0.5�0 ×0.34�0, where �0
is the free-space wavelength at� = 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 �-plane and
69∘ for the�-plane in such a way that the desired symmetry
of the radiation pattern is restored. 	e 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.	e 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 e�ects, or high
resolution UWB radar for objects detection and imaging
applications. To this end, directional UWB antennas making
use of suitable re
ective 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-pro�le directional self-grounded bow-tie antenna
for UWB applications has been presented in [73]. 	e
antenna, which covers a frequency range of 2–15GHz with
about −10 dB re
ection coe�cient, 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.	e antenna
of dimensions 54mm × 58mm × 24mm, whose geometry
is shown in Figure 33, assumes the so-called seagull-over-
sea con�guration. 	e metallic arms are connected together,
forming the metal re
ector of the antenna, while a suitable
balun, connected at the feeding point and housed behind
the re
ector, 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∘. 	ese 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]. 	e 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). 	ese 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. 	is
transition, mounted vertically on the center of the ground
plane, is printed on a dielectric substrate with �� = 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.	e overall size of the structure including the re
ector
is 60mm × 50mm × 12.4mm. 	e full-wave FEM-based
HFSS [7] was adopted to analyze and design the antenna.
	e 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.	e 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). 	e 
anged cavity is observable in the
�gure. Dark gray upper metal face, medium gray bottom metal face, and light gray dielectric substrate.

Feeding point

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

higher frequencies. 	e cross-polarization levels are below
−20 dB in thewhole frequency band.	e 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 re
ector.

A UWB low-pro�le antenna for low UWB frequencies
applications (1–3GHz) presenting directional characteristics
and high front-to-back ratio is presented in [54]. 	ese
characteristics can be useful in ground-penetrating radar,
microwave detection and imaging, and radio base stations.
	e 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 
are are printed.

Two circular segments having a suitable radius are incor-
porated in each bow-tie arm to increase the e�ective edge
length of the 
are. 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. 	e 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. 	e 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]. 	e vias used to connect the
antenna to the balun are indicated in the �gure.

70mm × 60mm × 15mm corresponding to about �e�/3 ×
�e�/4 × 0.07�e� , where �e� is the e�ective wavelength at the
lower operative frequency. 	e 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 �- and �-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. 	e
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
signi�cant 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-con�gured directional UWB antenna [55]. 	e two structures (a) and (b) used to achieve a cross-
con�guration antenna are shown in �gure. 	e radiation process takes place in the region between the monopole and rounded ground
plane.

quality by mitigating the multipath fading e�ects [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]. 	e antenna is
printed on a FR4 substrate of size 28mm × 44mm (size
28mm × 88mm for the four-element cross-con�guration)
having thickness 1.4mm, �� = 4.4, and tan 
 = 0.025. 	e
antenna characteristics have been carried out using the full-
wave FIT-based CST Microwave Studio [25].

	e radiator consists of a circular monopole, excited by
a CPW line shi
ed with respect to the symmetry plane of
themonopole, surrounded by a suitably shaped ground plane
acting as re
ector (see Figure 36). 	e re
ector pro�le and
its asymmetry with respect to the feeding line give rise in an

antenna radiation beam oriented in the orthogonal direction
(right/le
) of the feeding line. In fact, the pro�les of the
monopole and the ground plane realize a sort of pseudo-
Vivaldi antenna in the region where the ground plane is
rounded. 	ese features can be used to achieve a cross-
con�guration composed of four monopoles. 	is con�gura-
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. 	e 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.
	erefore, in addition to UWB applications it can also be
adopted for Bluetooth/Wi-Fi and WiMAX applications.
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Feeding point

(a)

Metal cavity

(b)

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 di�erent 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 (TE10,TE01) of a cavity with
square cross-section. 	e 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.
	e 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. 	e 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 �elds. Gains of about 10 dB, with
similar beamwidth in the�- and �-plane, and high front-to-
back ratios are achieved.

A di�erent 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). 	is 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.	e

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

8. Metamaterial Antennas

Metamaterials are arti�cial structures composed of periodic
or nonperiodic subwavelength macrocells, whose their e�ec-
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 arti�cial 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.
	e overall dimensions of the radiating structures are of
35mm × 35mm × 1mm. 	e full-wave FEM-based HFSS
[8] was adopted to analyze and design the antennas. 	e
�rst antenna consists of a rectangular monopole loaded by
means of an electric-LC (ELC) structure placed under the
monopole. 	is 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. 	e CSRRs are located near the regions where the magnetic
�eld 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 in�-
plane and an 8-shaped radiation pattern in the �-plane.

A transparent antenna useful for short-rangeUWB appli-
cations making use of metamaterials was presented in [101].
	is 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
�lms (AgHT-4).	is �lm, 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 �lter 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 arti�cial 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 �eld 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 signi�cant 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. 	ese results are similar with those observed
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Figure 40: A metamaterial UWB antenna [102]. 	e 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 �gure. Dark gray upper
metal face, medium gray bottommetal face, and light gray dielectric
substrate.

in the transparent antennas. 	e 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 di�erent geometry was
presented in [102]. 	e 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. 	e antenna consists of four
unit cells, which exhibit negative equivalent permeability and
permittivity, attached to the upper edge of a triangular patch.
	ree 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. 	e 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, e�ciency,
and adequate capability of pulse handling. 	e 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
in�-plane and an 8-shaped radiation pattern in the �-plane
are observed. 	e 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. 	e
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 
exible wearable antennas is
spreading among the scienti�c community. Indeed, wearable
devices, exhibiting smaller pro�les and lesser sti�ness than
the printed technological counterpart, can easily allow the
civil defense, the police forces, the �re�ghters as well as the
sportsmen, and so forth to focus directly on their speci�c
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, o�-body, and
in-body communications sceneries were regulated by the
IEEE 801.15 standard [109].

Because of their relevance, in this section a
er 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. 	erefore, for the
sake of brevity the characteristics of the commonly employed
materials for the realization of textile and 
exible 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. 	e dielectric mate-
rials used to realize wearable antennas are mostly a�ected
by di�erent 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 de�ned as follows:

MR =
�cond − �dry
�dry

, (1)

where�cond is the weight of the material at equilibrium a
er
conditioning in a climate chamber and �dry 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 classi�ed as hydrophobic, 
eece is a water-
repellentmaterial [110]. However, it is not waterproof. Its low-
loss tangent makes it very suitable for high-gain and high-
e�ciency applications [125]. Fleece fabric is normally used for
sportswear and leisurewear.
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Table 2: Nonconductive fabrics characteristics.

Nonconductive fabric �� tan 
 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 �rm 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-e�ectiveness, and low thickness (about 0.7mm)
[126]. However, when under wet conditions or a
er fully
immersion in water, a degradation of UWB signals can be
observed [127].

Felt is o
en used for textile antennas as it is 
exible,
so
, and comfortable. Antennas employing felt substrates
exhibit lower return loss values with respect to those using

eece, foam, and conventional FR-4 substrates. In addition,
monopole antennas realized with the 
eece substrate show
the wider fractional impedance bandwidth [128].

Cotton is an easy-care textile, strong, durable, and more
cost-e�ective 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 
exible patch antenna, some conductive fabrics, whose
characteristics are reported in Table 3, have been analyzed
for di�erent kind of applications and under several environ-
mental conditions. Among them, four kinds of conductive
materials can be identi�ed:

(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)
	ickness (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 ta�eta
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.
	e base layer is copper, while the outer layer, made of nickel,
is robust against corrosion. 	is technology combines the
properties of these metals with the lightweight, permeability
breathability, and 
exibility of a nonwoven textile. Nickel/
Copper Polyester Nonwoven textile o�ers excellent surface
conductivity (<0.07Ω/square), shielding e�ectiveness, 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 di�erent 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 Scienti�cMedical) 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 
exibility [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 
ame 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 o�ering 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., Swi

Textile Metallizing, LLC, Marktek Inc., Shieldex, and Metal
Textiles Corporation [138].

9.1.3. Embroidered Textiles. 	e so-called e-textiles are usu-
ally made of conductive yarns embroidered in warp and
we
directions, 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 we
 in the
ground plane can induce a local anisotropic behavior or
abrupt changes in the current paths. 	erefore, 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 di�erences 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. A
er
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 e�ciency, less 
uc-
tuations of the re
ection coe�cient, and a more restrained
resonant frequency shi
. 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 
exible, lightweight, thin textile antennas
were investigated for life-vest andmaritime emergency appli-
cations. 	e conductive materials have been characterized

Figure 41: A triple band e-textile antenna [143]. 	e black dots
indicate the feeding points. Dark gray upper conductive polymer
�bers (e-�bers) 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 e�ciencies 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-�ber was
used as a conductive patch of dimensions 60mm × 100mm
opportunely sewed to a polymer-based substrate (PDMS:
�� ≃ 3, tan 
 < 0.001) to realize a triple band e-textile
antenna (see Figure 41) covering the GSM, PCS, and WLAN
(2.4GHz). 	e 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-
�bers 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 a
er repeated 
exing 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]. 	e 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. 	e analysis and design of the
antenna have been performed using the full-wave FIT-
based CST Microwave Studio [25]. 	e antenna is realized
using Shieldit Super as conductor and felt as dielectric
substrate. 	e Shieldit Super from Less EMF Inc. (Latham,
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Table 4: Conductive inks characteristics.

Conductive ink Resistivity (�Ω-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 	ermal/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 �lm (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 o�-bodyWBAN communications [144].	e three
patches and the parasitic one forming the wearable antenna are
indicated in the �gure. 	e 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 
exible 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.

	e 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. 	e operating frequencies
of the main radiators are designed to be closely spaced,
enabling a combined wideband resonance for the ATA-FGP.
	e 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. 	e 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 di�erent 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.
	e 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 con�guration (see Figure 43).
A step is introduced in the ground plane near the 50Ω CPW
feeding line to enhance the antenna impedance bandwidth.

	e 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. 	e overall dimensions of
the antenna are 80mm × 61mm × 4.51mm, corresponding
to about 0.85�0 × 0.65�0 × 0.05�0 at the lowest operating fre-
quency of 3.18 GHz.	e 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. 	e 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 
exible solar harvesting system, consisting of a

exible solar cell, a power management system, and energy
storage, has been presented in [146].	e antenna, working in
the 2.4–2.4835GHz industrial, scienti�c, 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. 	e proposed antenna consists of two layers
of conductive material consisting of copper polyester Ta�eta,

with a surface resistivity 0.18Ω/m2, separated by a layer of
expanded rubber protective foam with �� = 1.49, loss tangent
0.016, and thickness 3.94mm. 	e backed cavity is realized
by using a row of equally spaced 
at 
ange copper tube
eyelets along each side of the rectangular cavity. 	e cavity
is split into two halves (see Figure 44) by a nonresonant
rectangular slot. 	e 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 
exible solar cell is placed on the upper

part of the �rst 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. 	e 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 in
uence of the human body, and
the 
exible structuremake the proposed antenna particularly
suitable for wearable applications. 	e 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], �lters [156], and oscillators [157]. Although
DRs were mainly conceived for said applications, in the
early 1980s–1990s Long and others [158] proposed for the
�rst time the use of dielectric resonators as high-e�ciency
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 � 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].
	e 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

(b)

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. 	e conductors employed to connect the solar cell and PMS are indicated in the
�gure. 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 re
ection coe�cients [164] and of the
radiation diagrams [165]. 	ese 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].

	e 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 signi�cant 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 o�ering 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
scienti�c 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 speci�c resonant modes characterized by low values of
the antenna �-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
�� = 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.	e antennas belonging to thementioned
class may be advantageously used to operate in indoor
environments, as well as on access points of satellite terminal
receivers. 	e 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).
	e antenna analysis and design were carried out by means
of the full-wave FIT-based CST Microwave Studio [25].

A di�erent design solution has been proposed in [194].
	is solutionmakes use of three cylindrical resonators having
di�erent dimensions and dielectric permittivities, stacked
along the symmetry axis (boresight direction). 	e 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].

Re�ector

Microstrip line

3

2

1

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

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

	e band widening is obtained by merging the funda-
mental resonant frequencies of the threeDRswhose dielectric
materials are the Rogers RT/Duroid 6010 with ��1 = 10.2,
the Rogers RT/Duroid 6006 with ��2 = 6.15, and Rogers
RT/Duroid 5880 with ��3 = 2.2. To increase the antenna
gain the stacked DRs are surrounded by a cylindrical metal
re
ector. 	e antenna, whose ground plane dimensions are
120mm× 120mm (about 2.3�0 × 2.3�0) and whose height is
equal to about 0.65�0 (where �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. 	e analysis and design have been performed
using the full-wave FEM-based HFSS [8] and FIT-based
CST Microwave Studio [25]. 	e radiation diagrams show
a good angular behavior with a very limited level of cross-
polarization along the boresight direction (−40 dB). 	e
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



International Journal of Antennas and Propagation 31

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 pieces

ECCOSTOCK 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 �lters and combiners,
broadcast satellite receivers, and

WiMAX �lters

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 �lters, phase shi
ers and tuning elements,

and sputtering targets

From DR-30 to DR-80
29.5–46.5 ± 1% Base stations, �lters 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 �lters,
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.	e 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). 	e 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.
	is information can be bene�cial whenever it is necessary
to compact the communication system conferring to the DR
a �ltering [196] and radiant behavior [1].

In addition to geometry and to dielectric materials, the
antenna excitation system may have a signi�cant 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 �� = 9.8 (adopted dielectric
material TMM10i), and with a metal plate placed on the top
surface of the DR, has been proposed in [197]. 	e 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. 	e air-region,
forming the spacer, behaves as a magnetic wall on which is
mounted the dielectric resonator loaded with a top metal
surface. 	e electromagnetic analysis was performed using
the full-wave FEM-based HFSS [8]. 	e 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.
	is result was achieved realizing a bevel on the exciting
monopole, which allows an e�ective impedance matching
with the coaxial line (see Figure 49). 	e dimensions of the
ground plane are about 50mm×50mmwhile the total height
of the DRA is of about 15mm. 	e structure has dimensions
of about 0.48�0×0.48�0×0.14�0, where �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 signi�cant 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 �nally 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]. 	e 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. 	ree di�erent DRAs, of relative dielectric
permittivity 10 and tan 
 = 0.02, having increasing heights,
are used to excite modal con�gurations 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. 	e ground plane of the DRA is approximately
100mm × 150mm (3.3�0 × 5�0, where �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 (�0).

In addition to the use of techniques aimed at the excita-
tion of suitable higher ordermodes, the use ofmetal re
ectors
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
re
ector 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 re
ector 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]. 	e materials chosen to realize the DR (�� = 3)
and the dielectric lens (�� = 4) belong to the ECCOS-
TOCK� HiK 500F family, featuring a loss tangent less than
0.002 in the frequency range 1–10GHz. 	e antenna has
a diameter of about 114mm (equal to about 2.6�0 at the
central working frequency) and a height of about 48mm (�0).
	is 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 e�ect 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

Re�ector

DR

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

pulse signals. 	e 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. 	e 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-pro�le 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 �� = 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].
	e antenna, of size 40mm × 40mm × 15.2mm (0.41�0 ×
0.41�0 ×0.16�0, where �0 is the free-space wavelength at � =
3.1GHz), analyzed by means of the full-wave commercial
so
ware 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 (0.124�0 × 0.31�0 × 0.062�0,
where �0 is the free-space wavelength at 3.1 GHz), suitable for
handheld devices, has been recently proposed in [196]. 	e
antenna, having UWB characteristics, ensures low emissions
in theWiMAX andWLAN frequency bands, so reducing the
electromagnetic interferences (EMIs) with such systems.

	e radiating structure, composed of two identical rect-
angular DRA of permittivity �� = 10 and tan 
 = 0.002, is
excited by a microstrip feeding line, realized on a RO3003
having �� = 3 and thickness 0.75mm, equipped with
three teeth. 	e �lters employed for the rejection of the
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Metal screen

Dielectric insert

(a) (b) (c)

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. 	e low dielectric permittivity adopted for
the realization of the DRA allows obtaining a wide operating
band (equal to approximately 122%) with limited geometric
dimensions. 	e 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. 	ese techniques employ suitable �lter 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. Speci�cally they consist of suitable resonators that
are strongly coupled (at the resonance frequencies) with the
electromagnetic �eld excited in their neighborhood, thereby
causing a destructive �eld emission. Given their interest in
practical applications, the main �ltering 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]. 	e 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).
	e analysis and design have been performed using the full-
wave FEM-based HFSS [8]. 	e antenna is realized on a
substrate of dimensions 36mm × 34mm × 1mm having a
dielectric relative permittivity of 2.65. 	e 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]. 	e 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 �lter 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. 	e antenna radiation
pattern is omnidirectional in the �-plane, while in the �-
plane two nulls similar to those of typical monopole antennas
are present. 	e 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. 	e full-wave
MoM-based IE3D [87] has been employed to analyze and
design the antenna.

A 
exible UWB antenna for wearable applications, with
a notched band useful to prevent interference with WLAN
communication systems, was presented in [65].	e 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. 	anks
to the resistance of the LCP substrate to bending (up to
about 60∘), to high temperatures, and to humidity, it can be
employed by �re�ghters, sailors, and lifeguards. 	e 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).
	e resonant �lters are shown in the �gure. 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. 	e 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 de�ned by arc of ellipses to
get a better impedance bandwidth.

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

A compact low-pro�le 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]. 	e 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. 	e overall antenna
size is of 29mm × 20.5mm.	e two notched bands are real-
ized bymeans of a triarm �lter 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.

	e 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 
exible band-notched UWB antenna
[65]. 	e H-shaped slot adopted to realize the band-notched
characteristics is indicated. Dark gray metal face and light gray
dielectric substrate.

Monopole

Triarm �lter

Figure 56: Geometry of a compact low-pro�le 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]. 	e 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. 	e

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

Two di�erent 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. Speci�cally, in the �rst prototype, an
arc-shaped slot was inserted in the patch, near the microstrip
line, for broadside gain enhancement in the �-plane at the
higher frequencies of the UWB band. 	e second antenna
(see Figure 58) has the same geometry of the �rst antenna
but with an additional single-wing �lter for a further gain
enhancement. Both antennas have impedance bandwidth
ranging from 3 up to 11 GHz. 	e antenna, realized on a
Rogers 4350B dielectric substrate of thickness 1.524mm,
dielectric permittivity �� = 3.48, and tan 
 = 0.0038, has
dimensions of 25mm × 37mm. 	e full-wave FEM-based
HFSS [8] has been adopted to perform the analysis and design
of the mentioned antennas. 	e measured antenna gain
ranges between 0 and 3 dBi, for the �rst 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
�lter (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 recon�gurable (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]. 	is design solution
can be usefully employed so as to avoid interference when
other communication systems are installed in the same
environment. 	e 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 �lter, 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 �lter element employed
to enhance the broadside antenna gain [63]. 	e multimode reso-
nant �lter is responsible for higher levels of cross-polarized �eld.
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 recon�gurable 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 �lter. 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 �eld 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 �lter from bandstop to a bandpass characteristic.
	is 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 con�rm the numerical results carried
out using the commercial full-wave FEM-based HFSS [8]. In

addition, they also highlight the low impact that the �lter
integrated on the CPW has on the antenna radiation patterns
with respect to those design solutions making use of �lters
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-
ti�ed. 	e electromagnetic performances, the dimensions,
and the materials, as well as the design solutions useful
to improve the antenna bandwidth of monopole (2D and
3D pro�le), 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. 	e 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 �eld useful in UWB applications. 	e
ground plane makes it possible to limit interference
with the sensitive electronic circuitry typically housed
in the antenna back region. 	ey are of simple
realization and avoiding the use of dielectricmaterials
does not exhibit the adverse e�ects caused by surface
waves. 	e 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-pro�le that allows
their use in both �xed (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.
	e 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 �ltering 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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�lters are responsible for an alteration of the group
delay,which can result in a signi�cant distortion of the
radiated signal with the appearance of a pronounced
ringing. 	is 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 �nd new metamaterial
geometries suitable to guarantee stable group delay
and limited ringing e�ects.

(3) Wearable antennas present additional design require-
ments because the user’s body should be shielded
as much as possible from the electromagnetic �eld
generated by the antenna. In fact, the interaction
gives rise to an energy deposition in the user’s body
resulting in decreased e�ciency 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 
exible feeding lines to be easily integrated with
the e-textiles would be desirable.

(4) Dielectric resonator antennas exhibiting 3D pro�le
can be used in radio base stations or terrestrial and
satellite radio links when a high energy e�ciency is
required, as they are not a�ected by metal losses or
surface waves. 	e 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 re
ectors and/or dielectric lenses can ensure
higher gains over wide frequency ranges.

	e analysis of the scienti�c 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 �nd new geometries and
materials for advanced applications of dielectric resonator
and wearable antennas. 	e full-wave commercial tools
required for analysis and design of the considered antennas
are reliable and user friendly. Even though further e�orts
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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