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A review paper concerning wide-band and ultra-wideband (UWB) antennas used for wireless communication purposes in terms of
the materials as well as a numerical analysis is presented. These antennas which are taken into account are listed as wide-band
microstrip antenna, wide-band monopole antenna over a plate, wide-slot UWB antenna, stacked patch UWB antenna, taper slot
(TSA) UWB antenna, metamaterial (MTM) structure UWB antennas, elliptical printed monopole UWB antenna, and flexible
wearable UWB antenna. The antennas’ performance is compared based on their size and how they can be applicable for
portable communication device applications. This review paper furnishes a proper direction to select varieties of figures in terms
of impedance bandwidth, gain, directivity, dimensions, time domain characteristics, and materials affecting these antenna’s
characteristics.

1. Introduction

Antennas are known as a device which can send and receive
signals. Hence, the speed of this send and receive process is a
challenging interest especially when fast development of
communication technologies matters. On the other hand,
the swift development of the communication systems, both
fixed and portable, required high data rate transition for a
more covering area due to the network user increment. Thus,
they needed a broad bandwidth (BW) to cover mobile and all
wireless services. This can be possible by using wide-band
and ultra-wideband (UWB) antennas with low profile to
reduce the complexity and the fabrication cost [1].

This article provides the state of the art on the field of
UWB antennas designed for wireless communication appli-
cations. It systematically reviews progress of the field within
10 previous years until the latest reported in a thorough over-
view for the advantage of the field readership, especially

critically highlighting the untouched existing gaps that
showed the necessity for new endeavour in exploring novel
answers for these possible research questions. It concludes
research insight for future research directive suggestions such
as how loading can affect and improve the BW for wide-band
and UWB antennas and how it can keep the antenna dimen-
sions miniaturized while the antenna characteristics are not
affecting a lot.

Before start designing the wide-band and UWB antennas,
the design principles, procedures, and antennas’ characteris-
tics should be considered and known. Moreover, the micro-
strip antennas’ design techniques, different structures and
shapes, analysis, and feeding methods apply to improve the
antennas’ characteristics and performances. The microstrip
patch antenna is the best selection for the researcher because
of many advantages such as being a low-cost material,
being lightweight, and also being easy to fabricate. Many
researchers had improved the parameter result to give a
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better performance and efficiency of the patch antenna
design. The parameters that can be considered to improve
are return loss, gain, directivity, and bandwidth [2, 3].

To design and apply the UWB antenna, the related
working BW should be considered according to the Federal
Communications Commission (FCC) and the required fre-
quency bandwidth area. For example, the UWB standard
used in USA and Canada is 3.1-10.6GHz (Table 1) which
is unlicensed and has no restrictions on the BW [4]. In
[5], many UWB antennas were presented and then their
design procedure, techniques, contributions, and perfor-
mances were investigated.

The antenna used for communication applications was
preferred to be of one of the following types: 3D, 2D, and pla-
nar. Choosing these antennas depends on their applications’
requirements [6]; for instance, some of them are going to be
taken for stabile devices and the others for portable devices.
In some other applications like antennas used for mobile
devices and wireless sensors on body networks, the trancie-
vers should be in low profile to consume less area of printing
board. Furthermore, for wireless body networks, antennas
should be more flexible when they have to bend even close
to 90 degrees [7, 8].

Overall, the transceiver systems applied for communica-
tions are listed as follows: wide-band microstrip, wide-band
monopole antenna over a plate, wide-slot UWB antenna,
stacked patch UWB antenna, taper slot (TSA) UWB antenna,
elliptical printed monopole UWB antenna, metamaterial
(MTM) structure UWB antennas, and dielectric resonator
antennas (DRAs). These antennas have been changed based
on the need to improve their performances accordingly.

The dielectric resonator (DR) can be used as an antenna
which is called DRA. DRs are dielectric materials which are
able to resonate at a certain frequency. These structures
showed a high Q-factor and works at certain frequencies. In
order to have radiation from DRA, it should contain a DR,
a ground (GND) plane, and an excitation source [9]. More
details and references in different shapes and performances
are presented in Section 10.

A comprehensive review of recent scientific articles of the
last 10 years was presented in this paper to provide antenna
designers a valuable tool in their designing process and show-
ing techniques in widening BW. This paper was emphasised
mostly on antenna geometries, radiation characteristics, wid-
ening BW techniques, materials, and numerical tools applied
to design the antennas.

The UWB standards in different countries are shown in
Table 1 for a better understanding of UWB working BW in
various countries.

This article is organized in 10 sections. Following an
introduction about communication technology and antenna
importance, some wide-band and UWB antennas are pre-
sented in Section 2 for communication technology. Section
3 illustrates the characteristics of monopole antenna when
they were over a metallic plate. Thereafter, Sections 4, 5,
and 6 demonstrate the wide-slot monopole antennas, the
stacked patch antennas, and tapered slot monopole antennas’
(TSA) specifications. Then, metamaterial (MTM) structure
UWB antennas, printed elliptical monopole UWB antennas,

wearable flexible UWB antennas, and DRA UWB antennas
are presented in Sections 7, 8, 9, and 10, respectively. Finally,
Section 11 concluded and explained which type of UWB
antennas had better performances in terms of the aforemen-
tioned characteristics.

2. Wide-Band Microstrip Antennas

The microstrip radiators were initially introduced in 1953
[4]. Then their properties and features were investigated for
some years, and that was a spark to the microstrip concept’s
development [10]. Microstrip antennas had three definite
parts as patch resonator, substrate, and ground (GND) plane.
Due to the microstrip antennas’ advantages such as being
light, having a low profile, being low-cost, and having ease
of fabrication, the interest on applying these antennas for
industrial and scientific projects enhanced [11]. Optimizing
the antenna parts like the substrate thickness, patch, and feed
line dimensions played a critical role on improving the
antenna’s characteristic. Apart from all these advantages,
microstrip antennas showed a critical drawback and that
was their narrow bandwidth (low fractional bandwidth
(FBW = 7%)). To overcome this drawback, several researchers
performed significant works over the last two decades. Various
geometries have been introduced to satisfy the requirements
of having a broad BW.

Some examples of most recent antennas to design with a
wide BW are presented in this section. An antenna with a
wide bandwidth (BW) and small dimensions along with
an end-fire surface wave printed on a large metallic platform
is also shown (Figure 1) [12]. The radiation pattern was
improved at a higher frequency by a metasurface (MS)
and blind-filled cylinder hole (BFCH) in the ground layer
[13, 14]. Thus, the BFCH helped in maintaining the antenna
dimensions small. Furthermore, to repress the TM01 mode
propagation, any alteration on the reactance of MS array
was effective. After antenna fabrication and measurement,
the improvement on radiation characteristics at a higher
frequency was obviously shown. In addition, an extremely
wide BW of 3.78-18.54GHz with a VSWR < 2 5 and high
end-fire gain was obtained while the antenna dimensions
remained small.

Table 1: UWB standards [1].

Country Frequency bands

America, Canada
3.1-10.6GHz
No restrictions

Europe
3.1-4.8GHz, avoid restrictions
6-8.5 GHz with no restrictions

Japan
3.4-4.8GHz with detect-and-avoid (DAA)

restriction
7.2-10.2GHz with no restrictions

Korea
3.1-4.8GHz with DAA restrictions

7.2-10.2GHz no restrictions

Singapore
6-9GHz no limitations

3.4-4.2GHz with DAA limitations
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A Vivaldi antenna was designed to eliminate the cellular
narrow band problem (Figure 2) [15]. Thus, the antenna cov-
ered most of the LTE bands 0.7-2.7GHz. Unlike the conven-
tional Vivaldi antenna [16] which uses a λ/4 open stub to
feed the antenna, the proposed antenna was cut circularly
with a λ/4 diameter [17] instead to make the antenna a trav-
eling wave type and produce an end-fire radiation pattern.
Therefore, it was designed and printed on a Rogers 5880 sub-
strate with 0.508mm thickness and dielectric constant of 2.2.
The antenna was shortened to the ground using a shorting
pin to act as an open stub with the length of a quarter wave-
length. It was known that pins work better when they were
connected at the edge; thus, it moved closer to the slot to
attain better reflection coefficient results. Finally, two Vivaldi
slots with an angle of 29 degrees were applied while the two
pins shifted next to each other with coupling consideration
between them. In addition, a rectangular slot separated two
Vivaldi slots to improve the isolation.

The far-filled characteristics of the antenna were investi-
gated for both in-phase and out-of-phase. Both efficiency and
gain of the antenna were 7.4 dBi and 78% for in-phase and
4.05 dBi and 80% for out-of-phase. After the simulation, the
antenna’s characteristics were measured, and its performance
was investigated.

A dual-mode planar inverted-F (type) antenna (PIFA) is
designed to enhance the BW (Figure 3) [18]. By using the
rectangular PIFA, all the evenmodes were ignored (to repress
the even modes, the cavity model was used [19]). Afterwards,
the proposed antenna was loaded by two vias to investigate
how the odd modes varied and affected the results. In addi-
tion to the previous parts, the antenna had a shorting wall
on one side of the rectangular patch and a narrow linear slot
on the patch. It showed that parameters like radiating modes,
vias, and width of the radiation patch assisted in enhancing
the BW. After optimizing the PIFA antenna, the results illus-
trated that PIFA’s BW was raised up to 15.3% along with two
in-band resonances. As aforementioned, the proposed anten-
na’s small dimensions were kept. Thus, it can be a good
choice for many applications in which small dimensions
matter such as military and satellite communications.

Another paper designed a dual-band PIFA antenna for
the ISM band at both 433MHz and 2 4GHz (Figure 4) [20].
To achieve a wide BW, both the PIFA antenna and the

ground layer were designed and simulated simultaneously
without increasing the antenna’s dimensions. At first, the
first resonance (433GHz) was achieved by the conventional
PIFA, and then to resonate at the higher band (2.4GHz), a
slot was cut from the patch. In addition, the antenna was sim-
ulated and fabricated on a layer with a 6mm height, 1.3
dielectric constant, and tanδ of 0.044. A textile layer consid-
ered as a metallic layer with conductivity of 1 18 × 105 S/m
and thickness of 0.17mm was pasted at the back with a glue.
Then the patch, shorting wall, and ground fabricated on the
textile substrate before it were fed by an SMA port from
behind. The result showed that the radiation efficiency of
the antenna dropped dramatically when it touches the body
by almost 10%.

A circularly polarized (CP) dielectric resonator fed from
only one terminal is presented in Figure 5 [21]. The proposed
antenna comprised one rectangular and two half-split dielec-
tric resonators with the shape of a cylinder. Moreover, the
antenna was etched on a layer of the FR4 proxy with a per-
mittivity of 4.4 and thickness of 0.8mm. Moreover, a ground
plane which consists of a rectangular slot was located at the
top of the substrate and the two split cylinders surrounded
the rectangular dielectric resonator (DR) symmetrically. All
the DRs were made of ceramic materials with the permittivity
of 12.8. In addition to that, all the DRs were chosen to operate
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Figure 1: Wide bandwidth (BW) end-fire surface wave printed on a large metallic platform [12].
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4.7GHz for the fundamental mode of TEy
111. To obtain the

circular polarization (CP) radiations, two slots were cut from
the orthogonal side to the main slot. This made the slot to
have a shape like that of a stair. To achieve proper results
for the antenna, the dimensions of the slots were optimized
applying the high-frequency simulator according to the finite
element method. The electric field was obtained at three dif-
ferent frequencies 4.75, 5.5, and 6.38GHz with phase angle
changes from 45° to -45° which gives 90-degree differences.
Apart from the fundamental mode of TEy

111, the other pairs
of mode were investigated orthogonally such as TEx

121 and

TEy
121 at 5.36 and 5.65GHz and TEx131 and TEy

131 at 6.27
and 6.57GHz. The results showed that the impedance BW
remained unchanged for both cases of the simulations,
except the axial ratio (AR) which was altered dramatically
as the AR became more than 15 dB for the rectangular slot,
and it was kept below 3dB when it changed to stair-shaped
for a wider BW. Furthermore, the proposed DRA gave the
impedance BW of 43.1% for a frequency range of 4.24-
6.57GHz when it was fed through the rectangular slot. Apart
from that, the proposed CP DRA achieved the impedance
BW of 46.9% and 49.67% for the frequency range of 4.2-
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Figure 3: A dual-mode PIFA designed to enhance the BW [18].
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Figure 4: A dual-band PIFA antenna for the ISM band [20].
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6.79GHz and 4.1-6.81GHz when it was excited through the
stair-shaped slots. It was clearly shown that the radiation pat-
tern was not changed and was stable throughout the fre-
quency band and that both right-hand circular polarization
(RHCP) and left-hand circular polarization (LHCP) radia-
tion patterns were defined and drawn. However, RHCP
showed a stronger radiation pattern by 20 dB. To show the
performance of the proposed antenna, the antenna was opti-
mized by checking the effects of displacement, ratios of the
split cylinder, DR dimensions, side length, and slot length.

Therefore, the proposed antenna achieved an overlap
BW with an acceptable AR and BW of 89% and 2.4-
6.22GHz, respectively, which made it applicable for
UWB applications.

A mm-wave planar antenna with an end-fire radiation
pattern in both E and H planes and acceptable impedance
matching over the working BW (42.3-48.4GHz) was pre-
sented for Q-band communications [22]. The antenna used
a Rogers 5880 substrate with 2.2 permittivity, 0.0009 tanδ,

and 0.508mm height. Moreover, an angled umbrella-
shaped dipole and three pairs of symmetrical directors were
used to feed the antenna and all the directors had the same
size, location, and tilting degree in both sides (Figure 6). Since
the SIW was operating as a natural balun with independency
of the frequency, the parallel strip lines were connected to the
integrated waveguide technology (SIW) walls for feeding.
Besides, the tilting angle of parallel strip lines was optimized
to extend the beamwidth of the E-field. Based on the beam-
width electric field sensitivity of the antenna compared to
the dipole tilting angle and directors’ size, the SIW enabled
the antenna in integrating with a planar circuit with mini-
mum loss [23]. The antenna’s return loss was below –
12.5 dB all over the working BW and showed a good agree-
ment between the fabrication and simulation results. The
cross-polarization level was altered from -7 to 10 dB, and
for higher frequency, it was able to be improved when a thin-
ner substrate was applied [24]. Moreover, the antenna
obtained a maximum measured gain of 5.2 dBi over the
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working BW, simulated gain of 5.5 dBi, and measured radia-
tion efficiency around 82%.

A planar loop antenna achieved seven resonances to
work for handset communication application frequency
bands such as Global System for Mobile Communications
(GSM) 850, 900, DCS1800, PCS1900, UMTS2100, and
LTE2 300/2500 [25]. The proposed antenna had a small size
(60 × 130mm2) designed and printed on a FR4 substrate εr
= 4 4 and 0.02 tanδ and 0.7mm thickness. Apart from the
main system size of 60 × 122mm2, a nongrounded part of
8 × 60mm2 is located at the top side of the substrate. A stub
was used to tune the impedance matching when it integrated
with the system. In addition, the proposed antenna had a
single loop connecting the feed point to the ground plane.
Thus, to feed the antenna (considering the lowest resonant
frequency while maintaining the antenna’s dimensions),
three meandering microstrip lines were integrated in both
sides. Furthermore, to increase the BW at lower bands and
create another resonance at 940MHz, a “π” high-pass filter
was used. Finally, to cover the other two bands GSM 850
and 900, a λ/2 loop was utilised. Afterwards, six modes of
resonant occurred at the frequencies of 0.78, 0.915, 1.66,
2.04, 2.2, and 2.6GHz. Hence, the attained working bands
were GSM 850, 900, DCS, PCS, UMTS 2100, LTE 2300,
and 2500.

A wideband monopole antenna with circular polarization
(CP) which consisted of a 4 × 4 nonuniform H-shaped patch
array was printed on the surface of a substrate with permit-
tivity of 3.38 and thickness of 3.048mm. The H-shaped cells
were to improve the polarization effects. In each step of the
design, the radiation modes were investigated to obtain
proper excitation (Figure 7) [26]. Then, the final design was
fabricated on three layers of substrate. The first two layers
were RO4003 with the thickness of 1.524mm which gave a
total thickness of 3.034mm. In addition to that, the third
layer of RO4003 had the thickness of 0.813mm. The antenna
in [26] illustrated the impedance BW of 38.8% and a high

cross-polarization rejection higher than 15 dB better than
that presented in [27].

Another antenna with a tapered sickle slot shape cut from
the crescent to create band rejections for an in-band WiMax
frequency band (3.4– 3.69GHz) with optimized dimensions
of 57 × 37 5 × 0 8mm3 is a good choice for portable devices.
The substrate used for both of these antennas was FR4 epoxy
0.8mm thickness, εr = 4 4, and 0.017 tanδ. Moreover, both
antennas had around 1dBi gain variation and the max and
min of the gain were 3.2 and 0.7 dBi, respectively. The pro-
posed antenna’s radiation pattern was measured, and it was
noticed that it was stable at all the working bands.

Another wide-band loop antenna was designed for LTE
(long-term evolution) and WWAN (wireless wide area net-
work) of tablet PC [28]. The proposed antenna used a FR4
substrate, with 1.6mm height, loss tangent of 0.02, and total
size of 69 × 10mm2. The proposed loop antenna was
designed at the top and right corner of the GND layer with
a size of 220 × 130mm2. The proposed antenna had wide
BW, low profile, and acceptable radiation efficiency. Due to
the antenna’s high performances, it can be integrated with
an LCD of tablets and laptops. The antenna showed a stable
and consistent radiation pattern over the working BW. The
antenna fabrication method was fit for the printed circuit
technology. Hence, it was a good candidate for LTE antennas
used for transportable devices.

Some more researches have been done to design wide-
band antennas for different applications, for instance, an IR
UWB antenna with low complexity designed at a frequency
band of 0–5GHz with a less required silicon printed area
[29]. The proposed antenna acted as a transmitter which
employed RF/CMOS technology with a capability of signal
control and BW tuning. Furthermore, the system utilised a
very low printing area with an overall size of 0.024mm2 for
the ASK modulation. In addition to that, the antenna had
used a monopole antenna’s working frequency bands of
1.5–3.7GHz.

In another research, an electromagnetic band gap (EBG)
structure was employed to create a broad pass-band and flat
stop-band having a tapered shape and low profile [30].
Besides, to suppress the in-band ripples, a Chebyshev tapered
shape was used. In addition to that, a defected ground struc-
ture (DGS) was applied to enhance the BW of the stop-band
while keeping the EBG patterns’ dimensions low. To attain
higher attenuations and zeros of transmission, a spurline
and open stubs were used. The proposed antenna demon-
strated better performances in terms of low profile, flat
pass-band, and broad pass-band compared to conventional
EBG structures. Furthermore, the results indicated that the
simulated design had a FBW of 93.7%. Some other wide-
band antennas were presented in [31–33].

3. Wide-Band Monopole Antenna over a
Metal Plate

Two antennas, a dual-band high-impedance surface struc-
ture along with a monopole antenna, were designed for
the wireless local area network (WLAN) application. The
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operating frequencies for these antennas were 2.45GHz
and 5.25 (Figure 8) [34]. To design the antenna with high
performances, some electromagnetic (EM) sheets such as
metallic layers, R-cards, and high impedance surface (HIS)
were exploited. The HIS was designed and simulated on the
electromagnetic sheets initially to make two resonances at
2.45GHz and 5.25GHz [35, 36]. The proposed antenna had
a fork-shaped resonator and a coplanar waveguide (CPW)
feed line (50Ω).

In addition, the antenna was fabricated on a FR4 layer
with εr = 4 4 and 1.6mm height. The HIS structure affected
the reflection coefficient result negatively as it became worse
over the working BW.

However, the antenna with HIS produced a wider BW at
the working bands of WLAN. Unlike the reflection coeffi-
cient and BW, the forward radiations were not too much
different between the antennas with and without HIS. But
the backward radiations were dramatically decreased for
antennas with HIS, and antennas’ specific absorption rate
(SAR) was reduced a lot as well. Hence, the proposed
antenna was used to decrease the SAR due to its HIS struc-
ture and R-cards.

A monopole planar antenna with a metal plate and ellip-
tical shape fed with different feedings was presented [37]. The
monopole elliptical antenna was investigated in terms of
reflection coefficient, directivity, and gain over the working
BW. The proposed antenna was designed above the rectan-
gular GND plane with dimensions of 300 × 300mm2. Both
the plate and single feed were integrated together. Afterward,
the feeding strip’s dimensions were optimized to get the per-
fect match. This perfect matching benefitted us with a broad
BW from 1GHz to 14GHz. In addition, when the feed line
was 1.5mm, the BW of 6GHz was achieved and when it
was 2mm, 4GHz BW was achieved. Besides, different
lengths of the feeding line showed varied amounts of gain.
For example, when it was 1mm, 1.5mm, and 2mm, the gain
became 6.11, 6.01, and 6.04 dB, respectively. The same trend

went for the directivity as it was 5.88, 5.79, and 5.82 dBi,
respectively. Hence, it depicted that when the length was
1mm the BW was illustrated to be the widest and the
antenna was able to be applied for UWB applications.

Another metal-plate monopole antenna was designed for
indoor communications like digital TVs (DTVs) which cov-
ered the ultra high-frequency (UHF) band [38]. The antenna
consisted of a rectangular-shaped patch and a square ground
plane along with a gap. In addition to that, the antenna was
fed by an SMA (subminiature version A connector) port
from behind the antenna. To have a wider BW, some param-
eters like monopole antenna dimensions, feeding gap, and
GND size were optimized [39]. Moreover, the complete
explanation of bevel angle effects on the antenna perfor-
mances is presented in [40]. In addition to that, the GND
size had impacts on the reflection coefficient result as a
smaller size of the GND layer enhanced the lower edge of
the lower frequency band. It was seen that the antenna
obtained an omnidirectional radiation pattern with a low
level of cross-polarization.

A trident-shaped antenna was mounted on a square
metal plate with a ground plane size of 150 × 150mm2

(Figure 9) [41]. The proposed antenna used only a single
plate for fabrication and was then fed by the feeding lines.
In addition, the trident-shaped antenna was fed by the feed-
ing strip attached to the central branch and then two side
branches were spaced by a t distance from each other. These
two side branches had the same shape and wide impedance
BW obtained by optimizing them. The total dimensions of
the proposed square monopole antenna were 40 × 40mm2

which assisted in having a wide BW over the band and a
low-frequency edge lower than 2GHz. Besides, by optimizing
and adjusting the effective parameters such as t, h, and d,
the upper end of the working frequency band was attained
to be more than 11GHz. The measured result showed a
promising 10GHz BW from 1.376 to 11.448GHz. Hence,
the achieved wide BW proved that the antenna was a
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promising choice for broadband antennas using the IEEE
802.16a (2–11GHz) standard.

In optimizing the antenna dimensions to get the maxi-
mum possible gain, it was observed that the plate width
affected the antenna gain. Thus, it showed that the antenna
had an increase in gain for lower frequencies up to 6GHz
(4.0 to 7.0 dBi), and this variation increased slightly for
higher frequencies from 6.5 to 7.0 dBi. Moreover, it was
depicted that parameter d had too much effect on impedance
matching as the achieved wide BW for higher frequencies
when it was 1mm.

A monopole antenna with a shape of square cylindrical
was simulated and fabricated on a cross-shaped metal plate
to be used for applications that needed a wideband with an
omnidirectional radiation pattern [42]. The square GND

plane dimensions were 120 × 120mm2, and the antenna
was mounted at the centre of this plate with a feed gap of
2mm. In addition to that, the antenna printed area was small
with 8 × 8mm2 cross section and 28mm length and the
antenna achieved a wide BW of 7.5GHz from 1.855 to
9.415GHz. Since the proposed antenna was symmetrical,
thus an omnidirectional pattern was expected [43]. The
antenna has a similar trend with another research in terms
of the planar square shape and two notches cut from the
antenna to improve the BW [44]. It was observed that both
simulated and measured results were in good agreement. It
was clearly shown that the antenna obtained 7.5GHz BW
to cover the IEEE 802.16e standard (2–6GHz). Finally, the
proposed antenna demonstrated a good and applicable
omnidirectional radiation pattern.

3L

3L

W1

L3

Z

X Z

(a)

gap
HIS

Ant

(b)

Figure 8: Two antennas, a dual-band high-impedance surface structure along with a monopole antenna [34].

Square planar monopole 

Trident-shaped feeding
strip (all widths = 2 mm)

Ground plane (150× 150 mm2) 
Feeding points: A, B, and C

A B C

t

h
d

z

y

x

L

L

(a)

Square planar monopole 
L

t
A Ch

d

Ground plane (150 × 150 mm2) 
Feeding points: A and C

Two-branch feeding strip
(all widths = 2 mm) 

L

z

y

x

(b)

Square planar monopole 

Ground plane (150 × 150 mm2) 

Feeding points: A 

d

A simple feeding strip
(widths = 2 mm) 

A

L

Lz

y

x

(c)

Figure 9: A trident-shaped antenna mounted on a square metal plate [41].
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To obtain a minimum return loss, an antenna with a pla-
nar structure and UWB BW was presented [45]. The
antenna dimensions and the other design parameters were
optimized to achieve an antenna with high performances.
To obtain the best and optimized values for the parameters,
simulated annealing (SA) was used. Then, the finite element
model (FEM) technique was utilised for segmentation and
analysis [46]. To reduce the computation time and accelerate
the process time, a semi-sphere was used instead of a com-
plete one. Furthermore, the proposed antenna consisted of
two copper plates, one for the ground plane and the other
for the antenna itself. The antenna was fed through an
SMA port from behind, and the monopole antenna was sol-
dered to the GND plane (10 cm) and a little gap considered
between them. It was observed that the radiation pattern of
the antenna for θ = ±90° remained stable. Apart from the
radiation pattern, the proposed antenna achieved excellent
return losses (<10 dB) with broad BW 2-20GHz; hence,
the proposed UWB antenna was a promising choice for
UWB applications.

4. Wide-Slot UWB Antennas

To obtain a wide BW, many types of antennas like spirals,
log periodic, and tapered were used [47]. A planar antenna
suitable phased array application was designed here. It
consisted of a circular ring patch with inner and outer radii
of r1 = 4 5mm and r2 = 9mm, respectively, and then fed by
a microstrip line. The total dimensions of the antenna were
42mm × 50mm × 9mm. A coupled S-shaped strip was
printed behind the antenna to attain a voltage standing wave
ratio VSWR < 2 5. In addition, to have a unidirectional
antenna, an absorber was used along with the GND layer.
Both antennas were fabricated on a substrate with εr = 2 2
and h = 1 6mm. An acceptable VSWR was achieved over
the working BW from 6GHz to 18GHz for both unidirec-
tional and bidirectional antennas. Moreover, the maximum
gain was varied from 1.3 to 3.6 dB for the bidirectional
antenna and -2.5 to 1.5 for the unidirectional antenna over
the working BW. Thus, the proposed antenna was used for
communication applications and electronic warfare (EW)
antenna arrays.

A shape-blending algorithm was used to design an
antenna with a wide slot to have a wide BW (Figure 10)
[48]. The proposed antenna comprised a wide rectangular
shape slot and a stub for tuning and then fed by a CPW feed
line. The proposed antenna was mounted on a substrate with
εr = 2 2 and 0.787mm height and loss tangent of 0.0009.

The return loss result of the antenna was mostly suffered
by the tuning stub’s dimensions and shape. Other parameters
like the width W affected the impedance matching. In addi-
tion, the tuning stub shape was dependent on the blending
coefficient t as it increased the BW. To validate and check
the antenna performances, six prototypes of the slot antenna
were fabricated and measured by varying the stub shape. The
proposed antenna showed an omnidirectional radiation in
the H plane. However, this pattern changed to bidirectional
in the E plane. In addition, the measured and simulated
impedance BWs were 126.4% and 138%, respectively. Due

to the low profile and simple structure, it was a promising
structure for wide-band applications.

Another wide-slot microstrip antenna was designed for
UWB applications (Figure 11) [49]. The proposed antenna
was simulated and printed on a layer with εr = 2 65 and
1mm height. The antenna comprised three slots, one ellipti-
cal and two circular located at the bottom of the substrate.
These slots produce new current paths.

Furthermore, they were assumed as tools for better
impedance matching and antenna dimension reduction. A
circular patch located on top of the substrate and above
the elliptical slot was used to increase the BW by coupling
with them. To improve the BW further, two semicircular
slots and four quasitriangular slots were cut from the patch.
All the dimensions and values were optimized to get the best
values. The result illustrated that the slot with an elliptical
shape has large effects on the low-frequency edge. However,
more added slots reduced the low frequency. Thus, the
antenna dimensions were too large without the slots as
400 × 400mm2. After measurement, a wide BW in the range
of 0.34GHz to 10.28GHz was achieved. Furthermore, the
antenna had almost an omni-pattern in the E plane and
bidirectional pattern in the H plane at low frequency. When
the frequency was enhanced, the electrical length of the
antenna increased and so did the nulls in patterns. In addi-
tion to that, the radiation pattern of the antenna was sym-
metric and stable over the working BW and it was
bidirectional at low frequency and omnidirectional at high
frequency. Hence, the proposed antenna was a promising
device for UWB applications.

A circular slot antenna was fed by the CPW method to
have tunable dual-band notches along with frequency recon-
figurable properties. Then, its characteristics were verified by
fabrication and measurement to show that it was applicable
for UWB applications [50]. The antenna comprised a circular
resonator, a circular slot, and a CPW feeding. Moreover, the
antenna was simulated on a layer with εr = 2 65 and h = 1 5
mm thickness. Afterward, the T-shaped stepped impedance
resonator (T-SIR) or the parallel stub-loaded resonator
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Figure 10: A shape-blending algorithm was used to design an
antenna with a wide slot [48].
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(PSLR) were employed to get the band notch characteristics.
Both the T-SIR and the PSLR were employed at the same
time to obtain the two stop bands. In addition, to obtain
the configurability of the antenna, three switches named
SW1, SW2, and SW3 were used. Using TSIR, 5.5GHzWLAN
was given and PSLR gave a notch band at 8GHz. To apply
these switches, a metal bridge showed the on-state and off-
state when it is not implemented [51–54]. Hence, implemen-
tations of the switches helped to attain the ultra-wide BW
operating from 27GHz to 12GHz. Furthermore, the pro-
posed antenna had a monopole antenna’s omnidirectional
radiation pattern in both E plane and H plane. Thus, the
antenna was suitable for UWB applications.

A circularly polarized (CP) slot antenna with an elliptical
shape fed by CPW presented in [55] was used for UWB
applications. The designing procedure started with a design
of the conventional elliptical patch antenna fed by CPW.
After optimization of the antenna, the overall dimension of
the antenna became 40 × 40mm2. The antenna mounted
on an epoxy FR4 layer has εr = 4 4, 0.025 loss tangent, and
1.59mm thickness. The antenna got 6.66GHz impedance
BW for 3.67-10.33GHz. But the antenna’s gain was too low
at this stage as 1.2 dBi. To improve the antenna perfor-
mances, the conventional patch converted to a planar slot
antenna which patch acted as a widened tuning stab. After
converting, a band notch occurred from 3.66GHz to
5.53GHz. To obtain a CP characteristic, two stubs with the
shape of a triangle were used at both the lower and upper
right corners of the slot. The proposed CPW-feed printed slot
antenna’s working BW improved to almost 9.88GHz and
136% FBW. Furthermore, the antenna’s maximum gain
improved as well to 4.31 dBi at 4.45GHz. The antenna got
the same radiated power in forward and backward directions,
and the antenna proved that it was useful for UWB applica-
tion along with WLAN/worldwide interoperability for
microwave access (WiMax) applications.

A microstrip slot antenna which had the ability of recon-
figurable frequency along with switchable band notches for
ultra-wideband applications was designed and fabricated
(Figure 12) [56]. The proposed antenna printed on both
sides of a cheap FR4 layer was used with 0.8mm height, tanδ
of 0.018, and permittivity of 4.4. Furthermore, the antenna

comprised a modified square-shaped and L-shaped slot
cut from the GND layer and a feeding line. Two PINs
were applied to attain the frequency reconfigurable ability
which connected the patch to the GND. In addition to
that, the antenna was switchable for four states. For fur-
ther improvement, the square patch was converted to a
fork-shaped patch along with two trips with the shape of
a triangle over the working BW of 3-13.6GHz. Besides,
the two inverted L-shaped strips created a band rejection
at 4.51-5.7GHz. Thereafter, the L-shaped slot was utilised
to eliminate the band rejections just created. The proposed
antenna obtained a BW of 3.8-13.5GHz. Thus, the pro-
posed UWB antenna was able to be used for the WiMax
band. The obtained BW was achievable only when both
of the diodes on otherwise band notches would be
occurred. The antenna attained a dipole-like and omnidi-
rectional radiation pattern E and H plane, respectively
[57]. Therefore, the proposed antenna had no complex
configuration and low profile, suitable in a variety of wire-
less systems.

Another simple-structure, low-profile, low-cost antenna
was designed for UWB application [58]. The antenna con-
sisted of a tapered microstrip feed line and a ring-shaped
monopole. The antenna was printed on a layer of Rogers
5880 with εr = 2 2 and h = 0 787mm. Besides, the antenna
had a maximum size of 16 × 12 × 0 787mm3. For further
improvement on the BW, the conventional microstrip feed
line converted to a tapered microstrip feed line as BW
enhanced up to 25GHz. Although there were more tech-
niques for feeding the antenna, the tapered method was used
due to its simplicity and better performances. The antenna
showed a simulated wide BW from 6.5GHz up to 25GHz.
Furthermore, the measured results illustrated the working
BW of 1-13.5GHz. Omnidirectional and bidirectional pat-
terns were achieved in the H and E planes, respectively, and
the antenna demonstrated a gain of 2-2.9 dBi in the fre-
quency range of 6-22GHz. Based on the results, the antenna
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Figure 11: A wide slot microstrip antenna with three slots, one
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presented an acceptable radiation pattern and BW needed for
UWB applications.

A compact antenna with characteristics of two band
notches fed by the CPW technique is presented in [59]. To
reduce the interference of the antenna, two U-shaped slots
and one rectangular slot were applied to obtain the character-
istics of band notch function through CPW feeding. Then,
the antenna became suitable for UWB application except
two working bands of 5-6GHz and 7.7-8.5GHz for the X-
band. It was printed on a layer with εr = 2 65, tan δ = 0 002,
and 1.6mm height. In addition to that, the antenna had total
dimensions of 21 × 28mm2. When the patch resonator’s
dimensions were increased, the band notch at a higher band
was removed and the notch at the lower band shifted slightly.
Moreover, the omnidirectional and quasi-omnidirectional
patterns were achieved on the x − y plane and x − z plane,
respectively, and it was stable over the working BW as com-
pared to wire dipole antennas.

5. Stacked Patch Antenna

Since the time delay responses were important in designing
UWB antennas, a new method of designing small-sized cir-
cularly polarized (CP) slot antenna was presented [60]. The
proposed antenna arrays were designed with considerations
of focal distance in the aperture’s diameters. Furthermore,
the trade-off between the spillover loss and aperture effi-
ciency was assumed. The spillover loss was reduced when
aperture f /D decreased while the aperture efficiency was
acceptable. The design procedure was divided into zones
which was identical. First, the aperture was calculated. Then,
the other parameters such as unit cell dimensions, permittiv-
ity, substrate loss tangent, and patch size and number came
into consideration. After fabrication, the proposed TTD
miniaturized-element frequency selective surface- (MEFSS-
) based CP reflect array was experimentally characterized
and investigated. The proposed antenna was operated at
the X-band, and it provided a wide band and a true time
delay over 40% of BW. When the antenna was fed by an off-
set version, it provided right-hand circular polarization
(RHCP) beams for a maximum direction of 45 degrees. In
addition, the antenna got the fidelity factor more than 91%
for BW higher than 40%.

A stacked patch antenna was designed with a small size
for UWB purposes [61]. When a patch was fed by the coaxial
line, its BW decreased due to the high Q-factor. It was known
that when the substrate thickness increased, the Q-factor
reduced and the BW enhanced. When the coaxial length
did not increase, the folded-patch feed technique was applied
to solve the quality (Q) factor problem [62]. The stacked
antenna comprised a patch with a T shape, a shorting wall
(7 5 × 10mm2, able to reduce the overall size), a GND layer,
and a folded patch feed with an angle of 35 degrees. In
addition, the antenna’s dimensions were 15 × 17 × 10mm3

printed at the centre of the GND layer with dimensions of
60 × 60mm2. In the design procedures, a thick antenna with
a height of 10mm was used, but the probe length was only
3mm. The T shape and the patch dimensions were optimized
to get the highest performances of the antenna. The antenna

showed a measured BW of 107.46% and simulated BW of
107.25%. Furthermore, the proposed antenna presented
more improvement as compared to the conventional folded
one and got smaller dimensions compared to some other
articles. Then the antenna was measured and the gain
showed a gradual increase to 5.8 dBi at 7.5GHz, and after
that it started reducing. The proposed antenna radiation pat-
tern made it applicable for indoor wireless communications.

A folded patch fed stack antenna was presented for UWB
applications [63]. The patch located at the centre of a GND
layer with dimensions of 80 × 80mm2 and a shorting wall
made of copper connected the upper patch to the GND layer
to decrease the antenna dimensions and increase the imped-
ance BW. The simulated VSWR was in the range of 3.47–
10.14GHz, and the measured one was 3.75–9.86GHz
(90%). In addition, it obtained 90% FBW with dimensions
of 15 × 15 × 10mm3 and maximum gain of 4.36 dBi attained
in the x − z plane over the frequency band. Therefore, the
antenna was capable of working for UWB applications.

A UWB antenna with a wide slot was presented to be
used for a populated static array developed at Bristol Univer-
sity for breast cancer detection [64, 65]. A wide-slot antenna
fed by a fork-shaped resonator was replaced with the previ-
ous antenna. Then it was printed on a substrate with permit-
tivity of 10.2. This permittivity was used due to a reduction in
the interference caused by the permittivity difference of tissue
and the antenna’s substrate. Furthermore, the antenna which
was a slot fed by the microstrip line was used to ignore the
inductance caused by the coaxial probe. The patch layers
became sandwiched to achieve the lower end of the UWB
antenna. After using the finite-difference time-domain
(FDTD) analysis of the proposed antenna, the antenna
attained radiation efficiencies of 88%, 97%, and 97% at
4GHz and 97% at both 6 and 8GHz, respectively. The forked
microstrip feed line splits the impedance of 50Ω to 100Ω.
Furthermore, the fork feed and some cavities used consisted
of an absorber line and a brass enclosure to extend the oper-
ating BW. The antenna achieved radiation efficiencies of
60%, 80%, and 90% at 3GHz, 6GHz, and 9GHz, respectively,
along with an impedance BW from almost 4GHz to 10GHz
which was adequate for UWB applications. In addition to
that, the antenna got acceptable time domain characteristics
like low distortion over the BW. However, the antennas got
the same amount of the gain, but the directivity of antenna
with a wide slot was slightly different. Eventually, the wide-
slot antenna performed well over the entire frequency band.
Thus, the wide slot antenna was a promising case for UWB
communications and the result confirmed that.

A rectangular microstrip patched stack antenna was cut
by a U-shaped slot along with another patch with different
dimensions printed on a separated layer presented in [66],
and then its characteristics were investigated. In addition to
that, the antenna fed through a coaxial probe was used due
to its low spurious radiations and it was known as one of
the popular techniques. The quasi-Newton was used to opti-
mize the patch and the transmission line dimensions to
achieve the perfect matching between the feed line and the
patch. Furthermore, the antenna comprised two layers of
dielectric with dimensions of 90 × 80mm2 as the underneath
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layer’s patch and the upper layer had dimensions of 39 4 ×
29 4mm2 and 26 5 × 18mm2, respectively. After optimizing
the antenna and patch dimensions, the U-shaped slot was
cut from the patch to affect the coupling between the slots.
As increasing lot dimensions enhanced the coupling, so did
the overall impedance matching. Therefore, the U-shaped
slot controlled the coupling. Both substrate and the GND
layer had the same dimensions. To characterize the probe
feeding technique, a Gaussian pulse was used for UWB trans-
mission in frequency 3-10GHz [66]. Then a slot was applied
to cover the BW partially for the frequency range of 3.60–
5.44GHz. The reflection coefficient result showed two reso-
nances, one for the slot and the other one for the upper patch.
However, the top patch’s width controlled the higher reso-
nance frequency while the U-slot affected both the lower
patch and the resonance. To attain a wider BW, some param-
eters such asU-slot dimensions, position of the feeding point,
and probe radius were optimized. The antenna achieved a
cross-polarization magnitude level of 16 dB, a wide beam-
width of 108 degrees in the E plane, a wider BW of 56.8%,
and a directional pattern over the frequency range. Hence,
the antenna was suitable for UWB applications which needed
a directional pattern.

6. Taper Slot UWB Antenna

A linear tapered slot Vivaldi antenna altered the appropri-
ate dimensions on the edge to adjust the mutual coupling
(Figure 13) [67]. The proposed antenna had a copper layer
with the thickness of 0.017mm at both sides, printed on a
substrate of Roger TTM3 with the permittivity of 3.27 and
0.3807mm thickness and nil tangent loss. The antenna
consisted of a slot cut from one side of the antenna on a
substrate layer. The taper slot was for high-frequency
matching initially, and the wide end of it was for the
lower-frequency matching.

Furthermore, the taper shape was a compound of three
lines: one for high frequency and the other two for the linear
low frequency. When the linear lines increased, the taper
slot got an exponential shape and the beam became nar-
rower, and when the arrays were corrugated, the coupling
reduced [68]. The antenna achieved a maximum length of
72.92mm at a cutoff frequency of 3GHz. Moreover, it
achieved VSWR < 2 over the working band of 3.1-20GHz.
Furthermore, the proposed antenna had a FBW of 146%
over the operating band. Besides, the tapered slot antenna
was able to receive signals from one direction and a good
agreement was achieved between the beamwidth and the
side lobe of the antenna. The antenna proved that it was
applicable for UWB applications and it was able of integrat-
ing simply with circuits.

Another tapered slot antenna was designed for UWB
communications [69]. Due to the dimensional tolerance
and its infinite BW, the taper slot antenna was fabricated.
The antenna’s BW increased by optimizing the physical
dimensions of the radiator. Besides, by cutting rectangular
slits from the radiator, the impedance BW improved and
the printed area of the antenna reduced by 15.5%. The
antenna was fabricated on a FR4 layer with εr = 4 7, tan δ

of 0.019, and 1.6mm thickness [70]. The impedance BW
of the antenna met the UWB requirements of having
VSWR < 2 for frequency bands of 2.33-6.46GHz and
8.84-11.32GHz. After inserting the rectangular slits, the
antenna obtained an impedance BW of 3.64-10.84. More-
over, stable matching characteristics were achieved after the
slits were used. In addition to that, structure 1 got 3.26-
6.99GHz and the second structure attained a BW of 3.55-
12GHz. When both the simulation and measurement results
were in good agreement, the antenna’s pattern analysis was
started in both planes. At 3GHz, the beamwidths were 130
degrees and 77 degrees in the E and H planes. The first struc-
ture had a 3 dB beamwidth of 85° and 77° at 4GHz and 78°

and 65° at 5GHz in the E and H planes. Moreover, the second
one had a beamwidth of 140° and 75° at 3GHz, 95° and 110°

at 4GHz, 84° and 64° at 5GHz, 62° and 55° at 6GHz, 55° and
68° at 7GHz, 42° and 90° 8GHz, and 41° and 85° at 9GHz in
the E and H planes, respectively. Therefore, the first antenna
got a wider BW. The total printed area of the antenna was
4200mm2 for the first structure and 3550mm2 for the second
one. After analysis, the antenna proved that it had the ability
to work for location recognition.

A quarter-wave Chebyshev transformer was applied to
get the impulse responses and performances of a UWB taper
slot antenna [71]. The presented tapered slot antenna was fed
by a transmission line, and the BW was restricted due to the
following reasons: the microstrip feed line, the cavity termi-
nation made at the back, the antenna dimensions, and the
taper slot. To attain a wider BW, a Chebyshev mathematical
approach was used to make a model of the slot line and
smooth the design steps. The transformer was designed for
maximum possible reflection coefficients. Besides, it gave
equal pass-band ripples in the working band. The antenna’s
radiation characteristics and E-field components for both
polarization were considered. It was obvious that the trans-
mitted pulse was changed along with its parameters such as
peak value, pulse width, and ringing value. Moreover, the
antenna showed a good performance with low distortion in
the 3 dB half-power beam and maximum peak obtained to
design the CS points for the cubic line and the outer CS
points. However, the exponential shape got a better peak
compared to cubic spline because of more gain in the fre-
quency domain, and the taper design with a cubic spline
got a lower ringing [72]. The proposed technique in this
research had the benefit of helping in optimizing the antenna
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Figure 13: A linear tapered slot Vivaldi antenna [67].
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to get a reflection coefficient result and obtain a low-profile
antenna. In addition, it was concluded that the antenna pre-
sented here was suitable for UWB applications since it
attained the highest amplitude, narrowest pulse width, lowest
phase distortion, and minimum ringing.

A new Vivaldi antenna design was used using stepped
connections between the slot and the tapered patch [73].
The proposed printed antenna was mounted on a FR4 layer
0.8mm height [74]. Besides, the proposed antenna used a slot
line transition structure for excitation along with two expo-
nential tapered shapes. These exponential shapes were con-
nected to the slot lines at both sides of it. Furthermore, the
stepped shape was used for better matching. After cutting
the slot line as the stepped lines, a perfect match occurred
between feed and lines when the gap was optimized. The pro-
posed antenna attained a broad BW of 3.1-15GHz with
VSWR < 2. Thus, the proposed antenna became suitable for
UWB applications. In addition to that, the antenna obtained
a maximum gain of 5.1 dBi at 5GHz and 8.2GHz at 9.2GHz
and it achieved a radiation efficiency of 70%. Furthermore,
the antenna had a stable unidirectional radiation pattern in
both E and H planes and an end-fire main lobe in the y
-direction. Besides, the 1.3 ns group time delay with the toler-
ance of 0.5 was obtained at the main direction of the antenna.
It was clearly noticed that both simulation and measurement
results were in good agreement.

Another tapered slot antenna fed by CPW with notch
bands was proposed for UWB applications [75]. First, a
monopole-type antenna UWB antenna with a single end
called antenna A was designed; it was comprised of a circular
patch and a tapered-slot GND. Then, it was fed through the
tapered slot which made many resonances and more modes.
Afterward, to improve the matching, a rectangular slot was
cut from the circular patch. Furthermore, antenna A had
the size of 30 × 28mm2 and the working BW of 2.86-
12.4GHz. On the other hand, antenna B used a symmetrical
circular slot along with a differential tapered slot. These cir-
cular patches were connected through CPW feed lines.
Antenna B got a size of 30 × 35mm2. In addition, antenna
C got sharp notch bands when two open-ended stubs were
put inside the tapered slot GND symmetrically, and then
two slits were printed on two patches with symmetrical cir-
cles. Both antenna A and antenna B obtained a very low
cross-polarization in the H plane, and antenna C achieved a
BW of 2.27-12.3GHz along with the band notches in BW.
The proposed antennas achieved anH plane omnidirectional
radiation. Since both the simulated and measured results
were in good agreement, it proved that it was a good choice
for UWB applications.

A new design of tapered slot antenna with a shape of
antipodal was designed [76]. The antenna was printed on
an FR4 substrate with a 1mm height and then fed by a trans-
mission line for more impedance matching. However, this
feed line was considered as balun. In addition to that, it was
connected to large and curvy fins to improve the reflection
coefficient results and the tapered angle was optimized to
get a better directivity [77]. Then, to obtain better antenna
characteristics, the fins were folded. These fins increased
the surface current and more resonances. Furthermore, when

the substrate thickness increased, the reflection coefficient
results reduced from 1 to 4GHz. It was noticed that the
folded TSA attained fewer reflection coefficient results than
did the conventional TSA especially at lower bands. Due to
the acceptable results such as wide BW 1-11GHz, uninfluen-
tial group delay, and lower back radiation pattern, the pro-
posed TSA antenna was a good choice for UWB applications.

Another exponential-shaped TSA with a late time ring
was designed for UWB applications [78]. The antenna was
printed on a FR4 plate with εr and height of 4.4 and 1mm,
respectively. The antenna became more compact after cut-
ting two corners of it. The antenna was assumed as a mixture
of both electronic resonator (ER) and magnetic resonator
(MR) because of having tapered lines, arc 2 and slot 1, and
MR for having the loop which contained arc 1 and slot 2.
In addition, the MR impacts were considered by the current
distributions. The two resistive elements connected the loop
to the ground through vias. Then, a five-section Chebyshev
transformer was used to have better impedance matching.
Finally, it was fed through a microstrip line and the width
of this line was optimized for a wider BW. Although the
antenna was bended to a quarter, still the dimensions were
200 × 170mm2. The antenna attained a working impedance
BW of 0.65-6GHz with VSWR < 2. Moreover, the antenna’s
radiation pattern was like a dipole antenna’s radiation pat-
tern in both E and H planes and it achieved a stable gain of
3 dBi for higher frequency and the maximum gain of 8 dBi
at 5.5GHz. Hence, the antenna assumed to be a good candi-
date for radar systems or wireless communication systems
due to its low-profile dimensions.

A high gain, wide BW, and end-fire radiation pattern
TSA Vivaldi antenna were presented in [79]. The proposed
antenna consisted of an aperture with 8 degrees on one side
and then fed through two tapered lines by a 50Ω SMA port.
Furthermore, the antenna was mounted on a Rogers 4003
layer with dielectric constant of 3.55, tan δ of 0.0018, and
0.8mm thickness and the final dimensions of the antenna
as 100 × 60mm2. The antenna operated in a wide BW from
6GHz to 18GHz with VSWR < 2. The applied aperture
improved and increased the radiation efficiency at higher fre-
quencies. Therefore, when they opened the aperture, the
operating BW of 6-18GHz started covering from 2.99 to
23.6GHz. However, the applied method in this paper
decreased the ripples and the picks of the reflection coeffi-
cient result of the antenna, and it showed an increase in
cross-polarization level. Hence, the new model was utilised
to decrease the side lobe level (SLL) and the antenna’s front/-
back ratio and obtained a symmetric BW in both E and H
planes. Thus, the antenna with these fantastic characteristics
was applied for UWB applications.

A Y-shaped TSA antenna with corrugated edges was
designed with enhanced BW [80]. The antenna was designed
on a substrate with dimensions of 145 × 80 × 1mm3. Then,
the antenna gain was enhanced by using two slots as com-
pared to the single one. Afterward, these two slots were sep-
arated by a V-shaped metal surface to improve the directivity
of the antenna. Furthermore, it reduced the power at higher
modes, the surface current extended when the Y-shape was
applied, and the exponential curve was used next to the
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Y-shape corrugated to focus the energy. In addition, a direct
short-circuit method was applied to widen the BW and
ignore the surface waves especially at higher frequencies.
As a result, the working impedance BW of the antenna
was from 2.5 to 28GHz, the antenna’s gain was bigger than
10 dB from 3.5GHz to 25GHz, and it got 3 dB for lower
bands. Hence, the antenna was a very good choice to be
applied for UWB applications.

7. Metamaterial (MTM) Structure Antennas

Metamaterials (MTMs) are used widely in communication
technology and applications. A low-profile UWB antenna
used a right/left- (CRLH-) handed metamaterial structure
applied on a composite for wireless communication applica-
tions (Figure 14) [81]. The proposed MTM structure com-
prised three MTM unit cells, a rectangular patch which
was cut by two I-shaped slots and a spiral shape inductor
that was connected to GND through a via hole. Then, the
proposed CRLH MTM used a shunted inductance and a
series capacitor.

To make a series capacitance and shunted conductance, a
gap and a thin microstrip line were connected to GND
through a via. To achieve the capacitance and the inductance,
an electromagnetic band gap (EBG) was used. Thereafter, the
I-shaped gaps played as the series capacitance (Cl) and spiral
gaps played as shunted inductance (Ll). Due to the impor-
tance effects of Cl and Ll, they were not avoided. The antenna
was mounted on a Rogers RT/duroid 5880 layer with h =
1 6mm, εr = 2 2, and loss tanδ 0.0001 with the total dimen-
sions of antenna which were 15 × 7 87 × 1 6mm3. The
antenna attained a wide BW from 3GHz to 10.6GHz, a frac-
tional BW of 111%, and a gain of 6.30, 8.56, and 9.41 dBi at
frequencies of 5, 8, and 10.5GHz, respectively. Moreover,
the radiation efficiency was 75.40% at 5GHz, 94% at 8GHz,
and 99.93% at 10.5GHz.

A planar MTM structure was integrated with a low-
profile high-gain microstrip patch antenna for UWB appli-
cation [82]. The proposed antenna was printed on an FR4
substrate with dielectric constant of 4.4, 1.6mm height,
and total dimensions of 27 6 × 30 8mm2 which had a
smaller size in comparison with works in [83, 84]. The patch
resonator contained unit cells of π-shaped slots cut from the
square-shaped patch and cross-shaped cells which cut from
the GND. The back radiations were reduced, and forward
radiation patch was improved. Furthermore, to have a better
impedance matching, some tapered slots at the end of the
microstrip line were used and then fed through the SMA
port. Due to the uncovered section of the working BW
according to the FCC, the unit cell was cut from the square
patch to make it resonated based on the FCC along with
improvement in impedance BW. Thus, the proposed
antenna had a broad BW from 3-12GHz and FBW of
119%. Because of the surface current distribution at higher
and lower frequencies and the left-handed characteristics,
the radiation moved in horizontal direction towards the x
− y plane but the vertical direction. The antenna obtained
a gain ranging from 1.8 dBi to 5.8 dBi over the UWB range
and a 75-95% radiation efficiency over the band. Therefore,

the antenna was a promising device for the proposed antenna
which can be used for UWB applications.

An MTM-based low-profile antenna was designed for
UWB applications [85]. The MTM cells of the antenna was
integrated with the patch and the GND layer. Furthermore,
to improve the impedance BW, a slot was cut from the patch
near the feeding point. Like the previous research, the pro-
posed antenna had a horizontal radiation after integration
with the patch and the GND layer. In addition, the proposed
antenna was printed on a FR4 layer with εr = 4 4, 0.8mm
height, and overall dimensions of 0 8 × 27 6mm2. To cover
the ultra-wideband based on the FCC, a MTM unit cell was
etched from the patch near the feed. Thus, it covered all the
UWB range based on the FCC and it obtained the working
BW 3GHz up to 14GHz and the FBW of 129%. It was
observed that the antenna attained the maximum radiation
efficiency of 94% at 3.5GHz. Any other way, at higher fre-
quencies due to the loss in substrate, the radiation efficiency
was reduced. Furthermore, the antenna got a maximum gain
of 7.2 dBi at 13GHz with a directional pattern. Therefore, the
proposed antenna was assumed as a potential device for
UWB applications.

A new design of theMTM structure was designed and fed
by the CPW technique [86]. An MTM structure was con-
structed when a SRR and wire were combined properly,
and an MTM considers a mixture of two different materials
with negative ε and μ. The MTM lens unit cell had the
dimensions of 12 × 10 × 2mm3, and the MTM lens was
located parallel to the antenna and at the front of the antenna
and at the known distance for better impedance matching.
Furthermore, the MTM structure and the SRR were printed
on a Rogers substrate. Both gain and directivity of the
antenna were increased by 48.77% and 48.12%, respectively,
and the radiation efficiency of the antenna improved by
2.65% at higher bands [86].

An MTM structure was designed and fabricated on two
planar antennas [87]. The MTM structure consisted of slits
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Figure 14: A low-profile UWB antenna used a right/left- (CRLH-)
handed metamaterial [81].
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with an H shape and inductors with a spiral shape which cut
from the radiation patch. Then, a pin connected the spiral to
the metallic plane. The method applied in this research
reduced the antenna dimensions dramatically compared to
the ordinary antenna. Afterward, the antenna was fed by a
microstrip line from the left side and then the matched load
of 50 Ω was used on the right side of the antenna. The total
dimensions of the surface area were 5 4 × 36 9mm2 on a total
size of 15 × 6 9 × 0 8mm3 fabricated on a Rogers Ro4003
layer with εr = 3 38 and 0.8mm height. Other than the com-
pactness, the antenna obtained a wide BW of 1.2-6.7GHz for
VSWR < 2 and FBW of 139%. The antenna had the 6.8 dBi
gainmax and efficiency of 86%. Furthermore, in terms of the
time domain consideration, the antenna got 0.25 ns over
the BW of 8GHz. The other T-shaped antenna was printed
on a Rogers RO4003 layer with 3.38 permittivity and
0.8mm height and then fed from both left and right sides.
This antenna had the same design procedure. The proposed
T-shaped antenna attained the impedance BW of 1.1-
6.85GHz for VSWR < 2 with FBW of 144%. The maximum
gain and radiation efficiency of the antenna were 7.1 dBi
and 91%, respectively. Therefore, both proposed antenna
exhibited acceptable and applicable characteristics which suit
them for the UWB communication applications such as
mobile communications.

8. Printed Elliptical Monopole Antenna

A new design of the UWB monopole elliptical patch was
presented for UWB applications [88]. The elliptical patch
was printed on a FR4 with εr = 4 7 and h = 1 6mm, and
the overall size of the antenna was 30 × 35mm2. Further-
more, the GND layer had a rectangular shape which made
it unsuitable for UWB antennas (Figure 15). Thus, the
antenna height was an effective parameter for impedance
BW of the antenna. Besides, GND should be optimized to
get a good impedance matching. Initially, the antenna got
unacceptable BW for UWB applications based on the FCC,
but it improved in later steps. After the improvement, the
frequency band was shifted to a higher band. Thus, the max-
imum gain changed around 2dBi at 0 degree and 7dBi at 90
degrees. In addition to that, the antenna was directional
except around 8GHz in which directivity was decreased.
Based on the antenna’s working BW of 2.9 up to 16GHz
and the measured BW of 3.1-12GHz, the antenna was able
to work for UWB applications.

A UWB BW was presented by an elliptical planar
antenna with a single substrate layer [89]. The proposed
antenna comprised only one layer of FR4 substrate with
0.8mm height and εr = 4 4, and the rectangular GND layer
had a size of 15 × 20mm2. The space between the radiation
elements was adjusted for better impedance matching. Fur-
thermore, some slots were cut from the ground to improve
the reflection coefficient result of the antenna. In addition
to that, the simulated gain over the ultra BW was around
1.39 dBi in boresight. However, the antenna achieved
gainmax and gainmin (dBi) of 4.16 and 1.39, respectively. The
omnidirectional pattern of the antenna was improved by

using two orthogonal monopoles. The antenna matched
easily and was directly applied for UWB applications.

Another UWB dipole antenna with a semi-elliptical
shape fed by a microstrip line was designed for UWB com-
munications [90]. This article was an extended version of
research presented as follows: both the major and minor axes
were interchanged to ease the size reduction process. More-
over, it was found out that most of the energy went through
the tapered slot between the radiator and it got the same
radiation as the conventional elliptical patch antenna. There-
fore, the band notches were removed from the working band
by cutting a portion of the radiation patch. To achieve better
coupling and impedance matching, the radiation patch was
trimmed at its higher edge towards the z-direction. After
using the tapered shape and considering a gap between
them, the antenna was fed by a 50Ω microstrip line. More-
over, the antenna had a wide impedance BW of 3.05-
11.5GHz for VSWR < 2 while the measured impedance
BW was slightly different from the simulated one. Further-
more, the radiation pattern was omnidirectional in the x − y
plane. Based on the performances of the antenna, it was suit-
able for UWB applications.

A new hybrid design of monopole antenna fed by a
microstrip antenna was presented in [91]. The proposed
antenna comprised an uncompleted GND, the main and par-
asitic patch in an semi-elliptical shape to obtain a tapered-
like structure. The antenna was printed on an FR4 substrate
fed by a 50Ω microstrip line with overall dimensions of 25
mm × 28mm. In addition, the main patch provided the f r
and the semi-ellipse patch was utilised as a parasitic resona-
tor. The lower edge of BW was reduced when a parasitic
plane was used at the back. Furthermore, the parasitic patch
acted as a filter since it is related to the band notch. To get
other in-band resonances, both main and inverted patches
were located separately due to the narrow stub’s high imped-
ance. The attenuation level increased with h, and the trun-
cated GND acted as an impedance matching circuit. In
addition to that, the small alterations in gap width between
GND and the main patch affected the reflection coefficient
result of the antenna. Moreover, the FBW of the antenna
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Figure 15: A new design of a UWB monopole elliptical patch was
presented for UWB applications [88].
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enhanced from 57% to 120% and the frequency shifted
when the parasitic layer was used at the back. Further-
more, the antenna achieved a working BW of 2.7-11GHz
for VSWR < 2. On the other hand, the antenna acted as a
conventional monopole printed antenna at the lower and
middle parts of the BW, while the pattern of the antenna
tilted a bit in the E-plane and the cross-polarization
enhanced in the H-plane. The antenna got a gain range of
0.2-2 dBi for the frequency at 3GHz to 10GHz. Besides, both
the simulated and measured gain changed in range of 2 to
3.5 dBi. Therefore, the proposed UWB antenna attained an
acceptable radiation characteristic to be assumed as device
for UWB applications.

An extremely wide BW printed antenna was presented in
[92]. To amend the impedance matching of the antenna, the
vertical current distribution increased and the horizontal
current degraded by using multiple feed lines. The wide-
band characteristic performances of the antenna were
obtained by optimizing the elliptical patch and the GND. In
addition, both patch and the GND were mounted on the
same side of a substrate with permittivity of 3.48 and
1.524mm height. The antenna was fed by a modified TSA
CPW in between the GND layers, and then the elliptic patch
applied three metallic branches: one central and two side
branches. Afterward, all the semicircular branches, the
tapered CPW, and the elliptical antenna were integrated
together. The proposed antenna achieved a wide BW of
24.5GHz with a ratio of 50 : 1 and an omnidirectional radia-
tion pattern at a lower frequency band in theH plane while it
got a radiation pattern of a dipole-like radiation pattern in
the E plane radiation pattern. In addition to that, the radia-
tion efficiency of the antenna was stable at lower frequencies
and dropped to 76% at higher frequencies. Therefore, the
proposed antenna was capable of integrating with any type
of patch-type antenna.

For further studies of the planar UWB antenna, a simple
technique of approximation for elliptical patches with a poly-
gon step edge was presented in [93]. For each iteration, it was
found out that the polygon was required to have the same
dimensions to the elliptical patch. Thus, initially the curved
edge elliptical patch was considered as rectangular. Then, it
tried to find an optimum point for finding its coordinate to
make the patch and the polygon similar in dimensions. To
verify the correctness of the proposed method, exemplary
numerical simulations were performed. To validate the
approximation method, a balun circuit was designed for both
circular and second-layer polygon. Thus, a compact rectan-
gular balun was used similar to what was presented. Both
antennas were printed on a Taconic RF-35 substrate with
the height of 0.762mm. An impedance BW of the UWB-
type antenna achieved 3.1GHz to 10.6GHz which showed
the same impedance BW as low frequencies but at higher fre-
quencies. Furthermore, they obtained an angular difference
from 30 to 60 by maximum of 10 dB. Hence, the results con-
firmed that a circular or elliptical patch was capable of being
approximated by a polygon.

A practical demonstration of a broadband log periodic
antenna was presented in [94]. It was known that in log peri-
odic antennas, dimension scaling was periodic and changing

with the logarithm of frequencies. The proposed antenna
comprised a square patch mounted on an FR4 layer with
εr = 4 4 and 1.6mm height, then the antenna was fed by
a coaxial cable with 50 ohms. The logarithmic factor was
optimized to get VSWR < 2 for the working BW. To
improve the results, the substrate’s height enhanced. First a
rectangular patch was used, but due to the low BW it was
changed to an elliptical patch. Thus, a wider BW was
obtained. VSWR < 2 for the frequency band of 2.3- 6GHz.
Furthermore, the replacement improved both gain and
directivity while it decreased the side and back lobes. Finally,
it was proved that by choosing a proper material, the pro-
posed replacement achieved a wider BW.

Due to the importance of the wireless body area network
(WBAN) in UWB applications, a compact and miniaturized
elliptical patch fed by the CPW technique was presented in
[95]. Both patch and the feeding line were printed on the
same side of the board with h = 0 695mm, the gap between
the GND and patch was optimized. The antenna had
dimensions of 15 × 10mm2 for patch and total dimensions
of 35 × 45 × 2mm3. Furthermore, the antenna was used
for a human body tissue with the dimensions of 45
mm × 55mm × 26mm. It used three layers of skin, fat, and
muscle, and their electronic properties were presented. The
antenna achieved a wide BW of around 12GHz in the range
of 2.39-14.43GHz with VSWR < 2. The antenna’s power
radiated mostly in the left and right hand towards 107
degrees, and it got an omnidirectional radiation pattern. In
addition to that, the antenna presented directivity, gain,
and radiation efficiency of 5.218 dBi, 5.132 dB, and 97%,
respectively. Due to the wide BW, a very small number of sig-
nals reflected to the source. To investigate the effect of the
human body, a three-layered phantom was developed. After
integration of the antenna with the human body, the antenna
got a directive pattern especially at higher frequencies.
Thus, the antenna was used for wireless body area network
(WBAN) applications.

9. Flexible Wearable Antennas

A low-profile, compact-size, planar flexible antenna was
designed on a natural rubber substrate for UWB applications.
It was the first time that a rubber with natural properties was
used as a substrate for UWB antennas and applications. This
UWB antenna was simulated for WBAN as a revolution of
the sensor network (Figure 16) [96].

The antenna fed by the CPW technique as both resonator
and GNDwere on the same layer; therefore, feeding’s charac-
teristics gave performances such as wider BW, improved
matching, and ease of integration with active devices. The
proposed antenna was built on FR4 with 1mm height, εr =
4 4, and 0.02 tanδ with an overall size of 42 × 46mm2 with-
out metallization. The design procedure started by choosing
the lower and higher edges of the antenna with a shape of a
rhomboid. Moreover, the rubber substrate had 1.2mm thick-
ness with εr = 9 3897 and tanδ of 0.015 and dimensions of
42 × 34mm2, with no metallic layer behind the antenna.
The antenna achieved a wide BW of 3.1GHz to 10.6GHz
as lower and higher ends of the UWB band. Moreover, the
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antenna obtained VSWR < 2 for all the working BW and
indicated a good impedance matching. The antenna achieved
a maximum gain of 1.7 dB and 8 dB on the FR4 substrate and
rubber substrate, respectively. An omnidirectional radiation
pattern was obtained for both the antenna and the 90%
radiation efficiency. Being more precise, the antenna with
the FR4 substrate had 97% efficiency and 93% of the rubber
substrate. Therefore, the antenna met the UWB application
requirements to be applied for WBAN.

Another UWB wearable antenna for on-body applica-
tions was investigated for indoor environment. The proposed
antenna was designed for the range of 3-10GHz comprising
a compact, low-profile TSA antenna [97]. The total dimen-
sions of the antenna were 27mm × 16mm with a gain range
of −2 to 2 dBi and radiation efficiency of around 80% and
63% in free space and on the body, respectively. In the
measurement procedure, the antenna was located on the
shoulder, elbow, and wrist for the limbs. These places were
chosen based on the ease of use and daily activity. In
addition, the mobile stations were put in different distances
for each wearable antenna. After optimizing the distances,
it was noticed that the best result was obtained when the
distances were from 0.5 cm to 1.5 cm. Because of the wide
BW and high radiation characteristics, the proposed UWB
antenna was a good choice for WBAN application.

A high-fidelity UWB antenna was designed for on-body
applications using textile substrate. The antenna had an
octagonal patch and was fed by the CPW technique [98].
Furthermore, to exceed the BW, the octagonal patch used
the bevel method [99]. Thus, the antenna got the initial
maximum dimensions of 40 23 × 45 18mm2 after optimiza-
tions. Besides, the antenna had an operating BW of 2 to
12GHz with an initial bidirectional radiation pattern which
considered as a drawback for this application. Hence, to
evade the body effects on the antenna performances, a
full-layered GND was applied to act as a reflector. Then, a
parasitic patch was used to meet the compact antenna
requirements along with BW increase. Therefore, the final
design of the antenna was a multistacked antenna fed by
CPW and a full-layer reflector. As aforementioned, the
antenna used two substrate layers and three metallic layers
and final dimensions of 80 × 61 × 4 51mm3. Since the mea-
sured radiation pattern showed a radiation away from the
body, the low level of coupling was obtained. The antenna

achieved the 7.2 dBi gainmax at 9GHz. In addition to that,
the antenna had a gain lower than 5dBi for a frequency
band less than 5GHz. Furthermore, the antenna attained
the maximum and minimum SAR values of 1.21W/kg at
3GHz and 0.52W/kg at 7GHz, respectively. The antenna
had the working BW of 7.82GHz suitable for UWB and
WBAN applications.

Another UWB-flexible antenna was designed for a wear-
able application working band of 3.7–10.3GHz which was
tolerated for the human body [100]. Two arc-shaped patch
antennas were printed on a polyglycerol monostearate
(PGMS) layer with εr = 2 7 and variable tanδ from 0.02 to
0.07 designed for UWB applications. Furthermore, the
antenna reused conductors like nickel– copper–silver-
coated nylon ripstop with a thickness of 0.13mm because
of high conductivity as a patch layer and another layer of
0.08mm used for the GND layer [101]. The results showed
an impedance matching in band of 3.7–10.3GHz for stable
VSWR < 2. The full layer of GND helped to have a good
radiation efficiency and avoid the effect of the body on the
antenna. In addition to that, the proposed antenna illus-
trated SFF of 0.88, 0.77, and 0.72 in free space. After mea-
surement on the body at 6GHz, a wide BW, maximum
gain of 4.53 dBi, and total efficiency of 27% achieved. A
SAR factor of the antenna was less than 2W/kg with input
power of 0.5W. Therefore, the antenna’s time domain per-
formance illustrated that the antenna was suitable for
UWB applications.

A new printed flexible wearable antenna was designed for
UWB applications [102]. Due to the circular and elliptical
patch performances towards the conventional patch, an ellip-
tical shape was used as an initial shape of design [103].
Hence, the antenna used an elliptical patch fed by CPW tech-
niques with a material of PANI/MWCNTs with 110μm
height for the GND layer and kapton substrate with permit-
tivity of 3.48 and 0.002 loss tangent. After simulation, the
antenna was put on a cloth for further investigations and
any movements were checked. Then the crumpling and un-
crumpling impacts were studied well. The antenna showed
a wide BW with a good reflection coefficient result near
30 dB when it was bended towards the y-axis. The antenna
bending created two in-band resonances at 2.2 and
5.3GHz. The designed in-band frequencies for both crum-
pled and un-crumpled were 1.9, 2.45, 5.4, and 5.8GHz.
Besides, the antenna presented omni- and bidirectional pat-
terns in E and H planes, respectively. The crumpled antenna
had a cross-polarization similar to a dipole antenna with
minimum gain at 0 and 180 degrees and maximum at ±90
degrees. Therefore, the antenna showed promising results
for wireless communications especially when it integrated
on clothes.

An antenna with textile material as substrate and semi-
elliptical GND shaped antenna was printed for UWB com-
munications [104]. The antenna had high Rr next to 50Ω
and low Rs close to 0. The antenna was designed and fabri-
cated on nonwoven polyester with dimensions of 80 0 ×
70 0mm2, and it comprised a resonator with triangular shape
fed by a microstrip line. A square-shaped cut from the GND
layer was used to amend the BW. After optimization of

Figure 16: A low-profile, compact-sized, planar flexible antenna
designed on a natural rubber substrate [96].
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antenna dimensions, it was noticed that it was capable of
working as a tuneable multiband antenna. Thus, the antenna
showed impedance BW of 3.4 to 11.6GHz, and more
resonances at 1.4 to 1.6GHz, 1.85 to 2 4GHz, and radiation
efficiency of 60%. Furthermore, the antenna had an omni-
direction in the E-plane with a low level of cross-
polarization. Based on the presented result, the proposed
antennawasapplicable forGPS,PCS-1900, IMT-2000/UMTS,
and WiFi.

A textile wearable UWB antenna was presented for
WBAN applications [105]. Shieldit Super as a conductor
and a felt substrate with thickness of 0.17mm were used.
The felt substrate had height of 3mm, 1.45 permittivity,
and loss tangent of 0.044. Furthermore, the antenna used
four radiators, A and B as patches, and a parasitic patch
which operated from 3.4 to 10.2GHz. In this design, the
capacitive coupling had most effects on the BW of the
antenna [106]. The antenna obtained the measured BW of
3.6-10.3GHz and a maximum gain of 7.75 dB at 10GHz.
Then to measure on the body, a sample with dimensions
of 131 × 121 × 44mm3 and relative permittivity of 50.8
was used. In each step of the measurement, the location of
the antenna on the body and the gap between the body
and antenna were optimized to get the best result. The full
layer of GND improved the SAR layer and played as a
reflector, and after placing ATA-FGP on the body, the
antenna’s radiation efficiency reduced by 1.2%. Due to using
a quite large ground layer, the coupling and consequently
the SAR level decreased.

A compact and low-profile flexible wearable antenna was
designed to integrate with electronic components [107]. Due
to the need of an omnidirectional pattern and high-
performance radiation characteristics of the antenna for
most of the applications, a UWB antenna was designed in
this paper. The proposed antenna was printed on a DuPont
Kapton polyimide substrate with thickness of 50.8μm, per-
mittivity of 3.4, and overall dimensions of 30mm × 33mm,
and then the antenna was fed by the CPW technique to have
a low cost since both the radiator and the GND were on the
same layer. Furthermore, the proposed antenna achieved a
simulated operating BW from 2.3GHz to 15.2GHz and
3.1–12.9GHz measured one. Thus, the proposed antenna
covered the required BW of UWB standard. Besides, the
radiation pattern of the antenna maintained its omnidirec-
tional pattern for most of the band. Therefore, due to the
antenna’s advantages like flexibility, mechanical robustness,
small size, and acceptable radiation pattern, it worked for
UWB applications.

A band notch TSA wearable UWB antenna was designed
in [108]. The proposed antenna used a liquid crystal polymer
(LCP) layer with εr = 2 9 and 0.05mm and 0.018mm height
for the substrate and the conductor, respectively. The sub-
strate had significant characteristics such as ultra-thin, flexi-
ble, light, and cheap with 0.004 low water absorption factor,
0.002 dissipation factor, and low permeability. Thus, the
antenna was applicable for any environment with physical
robustness. The tapered slot had a significant effect in BW
widening along with two ellipses which improved the match-
ing [109]. The proposed antenna had total dimensions 26 ×

16 × 0 068mm3. However, to avoid the interference at a
higher WLAN frequency band (5.15–5.35GHz), it was cut
out of the BW by making an H-shaped slot close to the feed-
ing. Furthermore, the antenna’s performances were investi-
gated in different bending angles of 15°, 30°, 45°, and 60°.
The proposed antenna covered all UWB frequency ranges
except 5.25GHz. Both simulation and measurement results
were in good agreement, and the antenna showed improve-
ment in degraded factors. In addition to that, the proposed
antenna had an omni pattern and dipole-like pattern for H
and E planes with a stability over the BW. Although the
antenna showed reduction in radiation efficiency after inte-
gration with the body, it achieved a reasonable gain of 2-
3 dBi and maximum efficiency of 99% at 9GHz. Therefore,
the proposed antenna illustrated promising results in free
space and on body integration even under harsh conditions
of bending and it proved that it was a good choice for indoor
UWB communication applications.

Although many other review papers and books exist that
presented the importance of UWB antennas and their appli-
cations, the presented paper here tried to offer a good guid-
ance for the readers with concise and detailed information
[1, 109–115].

10. Dielectric Resonator Antenna (DRA)

Dielectric resonator antennas (DRAs) have been assumed as
a promising variant of conventional antennas since 1983 [9].
Many DRAs exist for various applications like communica-
tions [116, 117]. DRA was used for many purposes such as
making and improving the band notch to ignore the inter-
ference in a frequency band using high-permittivity slabs
[118]. Besides, DRAs showed good performances in creating
compact-sized antennas [119].

In the case of making band notch applying DRA,
many works were performed with different structures
and shapes. Table 2 shows some recent DRAs along with
their performances.

11. Conclusion

A comprehensive review concerning broadband, multiband,
and UWB antennas for wireless communication systems
was performed in this paper. Geometries, materials, design
solutions, and numerical tools adopted for the analysis and
design were investigated. Several types and shapes of anten-
nas useful for communication applications were presented.
The electromagnetic performances, the dimensions, and the
materials, as well as the design solutions useful to improve
the antenna bandwidth of monopole (2D and 3D profile),
printed planar antennas, metamaterials, tapered and wide
slot antennas, and elliptical patch printed and wearable
antennas were presented here. The investigation was carried
out in this review paper; the following are general con-
siderations concerning the presented antennas’ challenges
(Table 3).

When monopole antennas are located on a metallic plate
as a GND, this GND layer emits energy throughout the spa-
tial region; thus, while designing the antenna the shape and
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the geometry should be considered. In addition, it was shown
that when the antenna is excited from more than one port,
the antenna’s performances such as operating BW, polariza-
tion, and signal integrity especially for the UWB antenna
were improved.

In addition to that, the GND plane restricted the interfer-
ence with the sensitive electronic circuitry existing in the
antenna’s back region and the inherent 3D geometry limits
their use to applications concerning base stations as well as
automotive or avionic systems for high-speed vehicles.

Many antennas were designed to have a wide BW by
applying different shapes and techniques such as using
meta-surfaces and blind-filled cylinder holes to improve the
radiation pattern along with the increase in BW. Moreover,
it showed that cutting the Vivaldi antenna and creating a slot
between three parts of its patch could improve the BW and
change the antenna with a narrow band to a wide band.
Besides, it was able to increase the radiation characteristics
of the antenna. In addition to that, techniques like using vias
to shorting walls, split ring resonators to improve the BW
and CP performance, periodic structures like EBG and
DBG, and SIW as balun were used to improve the wideband
antennas’ performances.

Wide-slot antennas were used widely in applications that
need a wide BW. To obtain a wide BW and acceptable
VSWR, an absorber was used with the GND layer. Further-
more, a combination of elliptical and circular slots from the
GND layer and triangular slots from the patch was used to
have a better tool for impedance matching and BW. Another
improvement in BW and antenna performance was obtained
using TSIR and PSLR. Some methods were performed to
reduce the antenna’s dimensions and create a stack antenna.
For instance, a TTDMESS-based CP reflect array was used to
decrease the antenna’s dimensions. In designing a procedure
of stack antennas, optimizing the layer’s thickness affects the
Q-factor and the BW.

The TSA antennas were applied for UWB communica-
tion applications since a long time ago. The slot is usually
cut based on the low and high frequency of the antenna.
By optimizing the exponential slot dimensions, the cou-
pling can be taken care of. Moreover, cutting the slot from
the patch shows improvement in BW in the UWB
antenna. In addition to that, a Chebyshev mathematical
approach is designed to model the slot and smoothen
the design steps.

Printed monopoles exhibit a low profile that allows
using both fixed (base stations, automotive systems, etc.)
and mobile terminals (smartphones, tablets, glasses, laptops,
wearable computers, etc.), as well as a simple integration
with the RF circuits. The use of dielectric materials implies
the presence of surface waves; therefore, the use of thin
dielectric materials having low dielectric permittivity is
strongly recommended. Furthermore, the dielectric mate-
rials used as substrate should be chosen carefully to avoid
the unwanted coupling between the antenna and the
medium (like body). When designing the UWB antennas
was important, the interference among the frequency bands
such as WLAN and WiMax became critical. Hence, many
techniques could be applied to filtering these bands like
making notches on the patch or the GND layer. But it
should be noticed that these filters are responsible for an
alteration of the group delay, which can result in a signifi-
cant distortion of the radiated signal with the appearance
of a pronounced ringing. Therefore, the designing procedure
should be done carefully. These problems are more tangible
when the MTM structure is utilised due to the achieved elec-
tromagnetic performances. To overcome these drawbacks,
additional research activities should be performed to find
new metamaterial geometries suitable to guarantee stable
group delay and limited ringing effects.

When an elliptical shape is chosen for patches, the
antenna can be a simple antenna working as an UWB
antenna without adding any complexity to the antenna like
loading the antenna. The elliptical patch UWB antenna
can be optimized in the minor axis of the patch to get a
wider WB. The space between the ground at the back
and the junction of the transmission line and the patch
is another parameter which is important in obtaining the
wide BW.

Wearable antennas require additional design parameters
that should be considered. For instance, when they are inte-
grated with the human body, the user’s body should be
shielded as much as possible from the electromagnetic field
generated by the antenna. This interaction increases energy
deposition towards the user’s body which causes degraded
efficiency and changing the radiation patterns. To solve this
problem, a full GND layer is useful. Moreover, for the wear-
able antennas, development of dedicated transitions, connec-
tors, and flexible feeding lines to be easily integrated with the
e-textiles would be desirable.

Table 2: DRAs’ comparisons.

Antenna Dimensions BW References

Bi-cone DRA 7.58 cm3 2.8-7.38GHz [120]

U-shaped DRA 30 × 42mm2 2.65-10.9GHz [121]

MIMO DRA 29 × 29 × 5mm3 4.98-6.08GHz [122]

Balanced dual-segment cylindrical DRA 23 × 23mm2 6.4- 11.736GHz [123]

Compact UWB DRA 12 × 30 × 6mm3 3.22-4.06 and 4.84-5.96GHz [124]

UWB DRA cognitive radio 150 × 150mm2 2.4–12 and 2.3-4.5GHz [125]
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Table 3: A brief comparison of applied UWB antennas for communication applications.

Antennas Advantages Disadvantages Prototypes

Stacked patch
antenna [60]

Good radiation characteristic
Allowing a suitable time-domain characteristic

Directive
Complicated
structure

Feed line

Patches

𝜀1

𝜀2

𝜀3

𝜀4

h1

h2

h3

h4

W

h = 4

Slot

Ground
plane

𝜆0

Vivaldi antenna
[67]

Can yield a large bandwidth
Complicated
structure

Lmt
MS-fed vivaldi: bottom view.
(note the L-shaped matching stub

Antipodal vialdi: bottom view

SmcHti
Hto

Wg

𝜃s

Wide-slot
antenna [48]

Can obtain a wide impedance bandwidth if the
distance between the radiating arms and ground
place is selected properly

Large size at the
frequency band

of interest

dw

z

W

y

x
hs

W

gd

L1
I

L

W1

Taper slot
antenna [67]

(i) High gain at high frequency
(ii) Symmetric beamwidths

High cross-
polarization level

z

y
x

g

L

W r I1 I2 I3

Printed elliptical
monopole
antenna [88]

(i) Wide bandwidth can be achieved
(ii) Simple structure
(iii) Size suitable array design
(iv) Height—few mm
(v) Easily mounted on ordinary plastic casing
(vi) Broadside radiator with an omnidirectional
radiation pattern
(vii) 3D radiation pattern

B

A

Ground
in black

Li
L

wf

W

Lg

H

h

Er
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