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ABSTRACT This paper investigates the design and practical implementation of a novel Super Wide
Band (SWB) antenna on a flexible substrate. The antenna is designed on the Ultralam 3850 substrate having
a compact dimension of 60 × 40 × 0.1 mm3. This antenna has an operating frequency band from 1.74 to
100 GHz with a bandwidth (BW) ratio of approximately 57.47:1. Such an extended frequency coverage
makes this antenna operable in a wide variety of wireless application areas, including 5G and the Internet
of Things (IoT). The simulated performance of the designed antenna is analyzed here with respect to
different antenna parameters, including reflection coefficient, radiation pattern, gain, efficiency, and surface
current. The proposed antenna prototype is fabricated, and experimental validation is provided through the
measurement using a programmable network analyzer (PNA).

INDEX TERMS Super Wide Band, SWB, WBAN, IoT, ratio bandwidth (BW), mmWave, LTE, 5G,
massive MIMO, textile antenna, advanced antenna systems (AAS).

I. INTRODUCTION
Owing to the remarkable development of wireless commu-
nication, there has been an increasing trend of growing net-
work and data traffic. To comply with this demand, the fifth
generation (5G) wireless system is being deployed, which
can offer an enhanced frequency spectrum and unprecedented
data rates as high as multi-Gigabit per second (Gbps) [1].
5G technology would use the existing 4G band along with
the newly defined 5G frequency ranges, includingmillimeter-
wave (mmWave) bands (26, 28, 40, 50, and 66 GHz) [2], [3].
5G communication systems will have the ability to support
the Internet of Things (IoT) applications, and therefore IoT
devices need to be 5G enabled [4]. This requirement, along
with the usage of mmWave applications, instigate the neces-
sity of integrating small-sized enhanced bandwidth (BW)
antennas in 5G communication devices [5].

An antenna is one of the most crucial parts of any radio
communication platform. Evolution in communication elec-
tronics has made it easier to develop compact, reliable, and
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advanced antenna systems (AAS) [6], [7]. Since the emer-
gence of RF (radio frequency) communication, there has
been an ever-increasing demand for compact and ubiquitous
antennas. The modern-day communication systems require
versatile multi-antenna technologies, which further escalates
the necessity for small mobile terminals. Such small-scale
equipment, including cellular phones, navigation devices,
radio frequency identification (RFID) tag or sensors, as well
as connected IoT and 5G devices, instigate the adoption of
pervasive, high data capacity antennas with increased band-
width. The widespread use of such devices and the constant
growth of mobile network technology will continue to chal-
lenge researchers to design and develop compact, high perfor-
mance, and cost-effective AAS on an ongoing basis [8], [9].

Ultra-Wide Band (UWB) is a radio communication
protocol that can use low power to offer short-range connec-
tivity with an increased data rate. This technology is benefi-
cial for a wide range of applications, including multimedia
services, home networking, medical, wireless personal area
network (WPAN), and many others. However, due to its uni-
versal applicability through both short and long-distance data
communication, in recent years, the super wideband (SWB)
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technology has drawn an increased amount of attention [10].
This technology includes all the sophisticated features of
UWB. Besides, compared to that of the UWB, it offers better
channel capacity with a higher data rate and an increased
resolution [11]. SWB implies a ratio bandwidth equals to or
greater than 10:1, which means a broader frequency range
than the decade bandwidth [12]. SWB antennas can be
designed to occupy a very high bandwidth, which can cover
most of the existing and proposed frequency bands specified
for 5G applications. These antennas can also facilitate the
wireless body area network (WBAN) applications by incor-
porating low-cost, flexible designs.WBAN requires wearable
wideband antennas that can exchange digital information by
using the human body as a data network [13]. To ensure the
comfort of users, such on-body antennas need to be designed
on flexible textile or plastic substrates.

This paper illustrates the design and analysis of a novel
compact SWB antenna on a flexible substrate material. The
designed antenna operating band covers more than 98 GHz
with a frequency range from 1.74 to 100 GHz, and therefore
it can be said to have an SWB frequency range. The SWB
antenna has a bandwidth ratio of 57.47:1, and it covers most
of the current and prospective 5G frequency bands under
consideration. The proposed design comprises a monopole
antenna with a small and thinner structure. The antenna is
devised on a low-cost commercial substrate ULTRALAM
3850 laminate [14]. Here, the EM solver software CST
Microwave (MW) Studio is used to perform the entire design
and simulation. The designed antenna prototype is fabricated,
and a thorough measured analysis is carried out to provide
an experimental validation. A programmable network ana-
lyzer (PNA) with a maximum range of 67 GHz is utilized
to perform this measurement. A thorough investigation of
frequency response, radiation characteristics, and surface cur-
rent is conducted to demonstrate that the simulated and mea-
sured results conform well with each other.

The structure of this paper is as follows: Section II pro-
vides a literature survey of the SWB antenna-based research
articles, while section III introduces the design and operating
principle of the proposed SWB antenna. Section IV illustrates
the details of simulated results, and section V portrays the
analysis of experimental results obtained from the practically
fabricated antenna prototype. The proposed antenna’s appli-
cability for 5G is depicted in section VI, followed by the
conclusions and future directions in section VII.

II. RELATED WORKS
A wide variety of antenna design approaches and proce-
dures are implemented to obtain super wideband operation.
A careful review of the literature shows that recently there
has been a growing interest in SWB antenna-based research
in the antenna community [10]–[12], [15]–[30]. An antenna
that occupies the SWB range of 1.44-18.8 GHz is depicted
in [10]. It can effectively cover many of the commonly
used technological areas that are based on wireless com-
munication such as Universal Mobile Telecommunication

System (UMTS), Long term evolution (LTE), Bluetooth,
Personal Communication System (PCS), WiMAX, Digital
Cellular System (DCS) and UWB. However, this antenna
does not suit high-frequency applications such as mmWave.
In [29], a planar compact SWB antenna has been pro-
posed, which operates from 20-120 GHz and therefore covers
the mmWave and massive multiple input multiple output
(MIMO) applications for 5G. However, this antenna is not
experimentally validated, and it fails to perform at the low
frequency 5G bands. Another low-profile wideband MIMO
antenna for 5G smartphones is illustrated in [31], although
it is quite a band-specific antenna that does not fall in the
definition of SWB. In [12], [32], super wideband antennas
on flexible substrates and their performance analysis under
bending conditions are illustrated. Tran et al. proposed a func-
tional section design (FSD) approach-based SWB antenna
that has an operating bandwidth from 5 to 150GHz [11], [17].
Although this antenna has an extensive frequency band, it is
not a good fit for the low-frequency applications that entail S
and L-band communications along with lower 5G frequency
ranges. A circular-hexagonal geometry-based fractal antenna
is presented in [18]. With a compact dimension of 31 ×
45mm2, this antenna offers an SWB band of 2.18 - 44.5 GHz.
However, it fails to operate in a range of widely used bands
in the wireless spectrum, including UMTS, global position-
ing systems (GPS), L-band, DCS, and PCS. Another SWB
antenna with an extremely wideband is proposed [19]. This
compact directional antenna can operate in the frequency
band of 11-200 GHz. Nonetheless, the performance of this
antenna is not experimentally validated, and it does not cover
the low and mid-band 5G applications [3]. A closer look at
the SWB antenna-based published articles signifies that the
reported antenna in [28] debatably offers the maximum ratio
bandwidth (63.3:1) obtained to date. The antenna presented
in [23] reports having a bandwidth ratio of 111.1:1, yet this
antenna has a notched band of 4.7-6 GHz, which restrains its
uninterrupted SWB coverage. In [33], the authors proposed a
circular monopole-based SWB antenna that exhibits a visual
resemblance to the one proposed in this work. However,
the specified antenna is designed on a thick and rigid sub-
strate, which restrains its applicability as a flexible antenna
for WBAN and other conformal applications. The proposed
antenna in this paper has different substrate properties and
dimensions compared to the published work in [33]. There-
fore, it requires a completely different feed network and
ground perturbation to obtain impedance matching over its
occupied bandwidth. In [34], Balani et al. have presented an
exhaustive review of the super wideband antennas available
in the literature. This review provides a comparative insight
into the existing antennas based on a range of performance
characteristics. The proposed antenna presented in this article
has excellent suitability for a diversified range of wireless
application areas, including UMTS, UWB, Bluetooth, 4G
LTE, WBAN, 5G mmWave, and most of the prospective
5G low and mid-band-based applications. This antenna also
covers the S, C, X, Ku, K, Ka, and Q bands, and therefore,
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FIGURE 1. Antenna on Ultralam 3850 laminate with a patch thickness
of 0.018 mm (18 um) (a) Simulated (b) Fabricated.

it has applicability in radio astronomy and satellite commu-
nications [35]. It supports the bands (45 GHz and 60 GHz)
of the recently approved IEEE 802.11aj standard as well.
These bands offer an increased network capacity by enabling
low-powered devices to provide an extensive coverage area
with a data rate of up to 15 Gbps [36], [37].

III. ANTENNA DESIGN AND OPERATIONAL MECHANISM
This section portrays the design of the proposed compact and
flexible SWB antenna based on a circular disc monopole. The
lightweight and low-profile characteristics of this antenna
enable easy integration with the substrate. Fig. 1 (a) and (b)
show the designed and fabricated antenna on ULTRALAM
3850 substrate having a relative permittivity, εr = 2.9. The
thickness of the antenna metallic (Copper) patch is 18µm
while the height of the substrate is 0.1 mm. The loss tangent
of Ultralam 3850 laminate is tan δ = 0.0025. According to
the material datasheet supplied by the manufacturer Rogers
Corporation, the material parameters of the specified sub-
strate are given at 10 GHz [14]. In order to account for the
high-frequency applications, the CST MW studio performs a
material characterization for both the dielectric constant and
the loss tangent. It generates the corresponding dispersion
curves (up to 100 GHz) for both properties using the 2nd order
Debye model. The simulated dispersion curves provide quite
stable material properties for the entire frequency band under
consideration, which further ascertains its stability claimed

in the datasheet [14]. In [38], Seiler provided an experi-
mental characterization of Ultralam 3850 for the frequency
band of 0.1-67 GHz, while Thompson et al. performed such
a characterization from the 30-110 GHz band [39]. The
results from both analyses indicate that the dielectric prop-
erties of the specified laminate are indeed quite stable for
the entire bandwidth. For example, in the transmission line
(TL) method-based measurement, the loss tangent value does
not vary by more than 0.002 over the entire 80 GHz band
(30-110 GHz) [39]. Such stable measurement results further
validate the material characterization obtained from the CST
MW studio-based simulation, which is used to design the
antenna proposed in this paper.

The Ultralam 3850 flexible laminate is chosen because of
its excellent high-frequency properties and its capability in
withstanding the variation of frequency and temperature. The
ULTRALAM 3850 is quite a thin material, and hence it has
the characteristics of easy bending for flexible and conformal
applications, which enables the antenna to be used as a textile
antenna. The substrate on which the antenna is mounted has a
dimension of 60 × 40 mm2. The circular disc-based antenna
patch has a radius of 14 mm, and a 50-ohm feed line is used
to excite this patch.

Perturbations in the patch and ground plane are instru-
mental in enhancing the bandwidth of an antenna. Hence,
a square slot with a dimension of 4 × 4 mm2 is inserted
at the center of the circular patch, which is added to a long
rectangular notch of 12.13× 2mm2. The antenna has a partial
ground plane with a length of 30.85 mm. A thin rectangular
slit of 3.15 × 0.2 mm2 is also incorporated into this ground
plane, which essentially augments the total bandwidth of the
antenna [41], [42].

The proposed antenna has its first resonance (f1) at
1.74 GHz (as per simulation). For a circular disc monopole
antenna, the diameter (D) of the disc plays a crucial role
in determining the fundamental mode or first resonance fre-
quency. At this frequency, D roughly equates to the corre-
sponding quarter wavelength [43].

For a given disc radius, R and wavelength, λ1 at the funda-
mental mode, the mathematical relationship can be provided
by:

D = 2R ≈
λ1

4
(1) [43]

For relative permittivity, εr and velocity of light,
C = 3 × 108 ms−1, the corresponding wavelength at a given
frequency, f can be calculated using the following equation:

λ =
C

f
√
εr

(2)

Hence, given the substrate (Ultralam 3850) relative per-
mittivity, εr = 2.9, the corresponding wavelength (λ1) at the
fundamental frequency (1.74 GHz) of the proposed antenna is
determined as 101.24 mm. Consequently, the corresponding
quarter wavelength would be 25.31 mm. The circular disc
radius (R) of 14mm, in turn, indicates that the diameter (D) of
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FIGURE 2. Overlapping of adjacent resonances to form SWB [40].

the disc has a value (28 mm) in the order of the quarter wave-
length at antenna fundamental mode. The monopole antenna
with circular disc can support numerous resonance modes.
The introduced slots and notches on the patch and the ground
plane also result in additional harmonics [41], [42]. As men-
tioned earlier, the first resonance of the antenna is obtained
by using the disc dimensions. Thereafter, the subsequent
harmonics can be easily determined; since, in essence, they
are the higher-order resonances of the fundamental frequency.
The operating mechanism of the proposed SWB antenna is
shown in Fig. 2. Here, the neighboring resonances involving
the fundamental and higher-order modes overlap with each
other. This overlap of numerous harmonics closely spaced
across the entire spectrum facilitates the antenna to attain
super-wide bandwidth [40], [43].

IV. ANALYSIS OF SIMULATED RESULTS
This section analyzes the simulated results of the designed
SWB antenna. It provides a comprehensive analysis of
the reflection coefficient and far-field patterns, as well as
the gain, efficiency, and surface current of the antenna.
Fig. 3 exhibits the simulated reflection coefficient of the
antenna on Ultralam 3850 substrate. An extensive parametric
study has been conducted on the design in order to provide
an optimized antenna performance. Fig. 3 illustrates that the
proposed antenna covers a frequency band larger than 98GHz
with a bandwidth ratio of 57.47:1. The SWB antenna has an
operating range from 1.74 to 100 GHz, with quite a reason-
able impedance matching all over the spectrum. Nonetheless,
the performance tends to deteriorate slightly at frequencies
near 100 GHz. It can be seen that the reflection coefficient
reaches a maximum value of -8.05 dB at around 95 GHz;
however, the antenna is still functional at such reflection
coefficient values. Fig. 4 shows the simulated 3D radiation
patterns of the designed antenna. The far-field patterns over
a range of frequencies exhibit that the antenna has an omni-
directional pattern at lower bands such as 2 GHz and 5 GHz.
However, at higher bands, the radiated power is distributed on
top and both sides of the antenna. Interestingly, the radiated
power is suppressed in the front and back of the antenna,
which indicates low radiation in those areas. This results in
the antenna incurring a deviated omnidirectional pattern.

FIGURE 3. Simulated S-parameter of designed antenna.

FIGURE 4. Simulated 3D far-field pattern of proposed antenna.

The key mechanism for antenna radiation is the accelera-
tion of charges or variable currents. To facilitate the current
variation over an extensive bandwidth, at higher frequen-
cies, the designed circular monopole antenna operates in a
hybrid mode of standing and travelling waves [43], [44].
Fig. 5 shows the surface current distribution of the proposed
antenna at different frequencies starting from 2-95 GHz.
Since the antenna far-field pattern is dependent on surface
current [45], this current distribution can be used to explain
the antenna radiation mechanism. The overlapping of an
increased number of resonance modes of the SWB antenna
can be visualized from a number of higher-order modes in the
surface current distribution along with a harmonic order flow
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FIGURE 5. Surface current distribution of designed antenna at different
frequencies indicating varied resonance modes.

in the feed line, circular disc patch, and the partial ground.
Fig. 5 indicates a relatively higher amount of current in the
feed line, and therefore, it helps to get a better insight into
mode variation. At the lowest operating frequency (2 GHz)
under consideration, the first-order harmonic resonance (fun-
damental mode) is observed. Here, the current mostly prop-
agates along the edges and the lower middle portion of the
radiating patch (disc). This generates a standing wave (no net
current propagation) with a large envelope hump, which is
evident from Fig. 5. The standing wave also surrounds the
disc slots, which ensures a current null around them. As a
result, the corresponding far-field pattern depicted in Fig. 4
exhibits a donut shape having no radiation from the antenna
top [40], [43].

Due to the presence of a comparatively higher current con-
centration on the lower portion of the disc, the radiated power
mostly gets confined to the front side of the antenna. As the
frequency increases, the higher-order modes kick in, which
can be seen from the current distribution of 5 GHz. At this
frequency, the second-order harmonic can be observed. Here,

the current propagation mainly takes place in the lower half
of the disc. A considerable amount of current also propagates
at the top two angular edges of the circular patch, as shown
in Fig. 5. Such propagation results in a triangular shape
standing wave around the perturbing slots of the disc. Due to
such a standing wave, the antenna top incurs a radiating null
which resembles the case of 2 GHz. Hence, the antenna radi-
ation pattern still exhibits a donut shape with most radiated
power directed towards the antenna front and around the top
two angular directions, namely 45◦ and 135◦ [40], [43]. The
far-field pattern at 15 GHz shows a deformed shape compared
to those of 2 GHz and 5 GHz. In this case, an increased
number of resonating modes appear, and the current distri-
bution creates a star-shaped standing wave on the antenna
surface. The antenna exhibits radiating nulls at the areas that
correspond to the vertices of the star shape. The scattered
current distribution surrounding the standing wave causes the
antenna to radiate mostly in the directions corresponding to
those of the surface current. The above analysis illustrates
that at lower frequency ranges such as 2-15 GHz, the radi-
ation of the antenna is mostly dominated by the standing
wave [40], [43].

At higher frequencies such as 35 GHz, the harmonic orders
also increase, which results in a complex surface current
distribution on the antenna structure. Owing to such distri-
bution, the circular patch operates on a hybrid mode that
combines both the standing and travelling waves. In this case,
the travelling wave plays a dominant role. However, as shown
in Fig. 5, a standingwave is also formed around the perturbing
slots and on the circular disc surface. As a result, the current
mostly propagates across a range of scattered areas on the disc
edge, and the disc surface suffers from a significant amount of
current null. This provides an inference into the deformation
of the radiation pattern at such frequencies, as shown in
Fig. 4 [40], [43]. Here, the radiated power gets suppressed
in the front and back of the patch, and mostly the correspond-
ing radiating patch edges contribute to the formation of the
far-field radiation resulting in a deviated omnidirectional pat-
tern. The far-field patterns at 65-95 GHz also exhibit a similar
trend. The higher the frequency goes, the more the number of
harmonic order increases. Such increment eventually reaches
an extent where the resonating modes start to overlap with
each other. The hybridmode of operation prompts the antenna
circular disc patch to confine the current concentration across
its edges. This results in the antenna radiating from the patch
edges, which is similar to the case of 35 GHz. However,
the increasingly dense distribution of standing and travelling
waves over the entire circular patch makes the propagation
of current-carrying waves quite challenging. As a result,
the far-field patterns at these frequencies incur extreme defor-
mation, and therefore, are shaped to become highly asymmet-
ric, which is evident from Fig. 4 [43], [46]. The presence of
both of the standing and travelling waves at higher frequency
ranges ensure that the net current propagation around the
perturbing slots of the disc is not always zero. In contrast to
the lower frequency bands, here, the hybrid mode allows a
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FIGURE 6. Simulated maximum gain vs frequency of designed antenna.

considerable proportion of current to propagate around the
slots. As a result, the antenna radiates a significant amount
of power to the upward direction, which is essentially the
effect of the radio energy propagation from the specified slot
region.

The simulation result for maximum gain vs. frequency
is depicted in Fig. 6. Barring some fluctuations, this plot
indicates an upward trend of gain values with increasing
frequency. The gainmagnitude is relatively lower in the lower
range of frequencies; however, as the frequency increases,
gain also assumes higher values. The maximum gain value
of 10.35 dB is recorded at 90 GHz. Fig. 7 shows the simulated
radiation efficiency plot of the antenna on the Ultralam 3850
laminate. It can be seen that the antenna efficiency decreases
gradually with increasing frequency. Apart from the loss
that occurs from impedance mismatch, the designed antenna
incurs some ohmic or real power loss.

Ohmic loss typically occurs due to the finite conductivity
of the metal (copper) used in the antenna. This loss is more
prominent in the case of small or miniaturized antennas [47].
The total ohmic loss of an antenna is the one that dissipates in
the antenna loss resistance (RL). The antenna efficiency is a
function of radiation resistance (Rr) and loss resistance (RL)
given by equation (3):

Efficiency =
Rr

Rr + RL
(3)

The radiation resistance is a function of antenna wave-
length. Antennas typically exhibit high radiation resistance
if the wavelength is high. This, in turn, increases the antenna
efficiency. However, at higher frequencies, the correspond-
ing wavelengths of the proposed antenna become smaller,
which causes a reduction in its radiation resistance [48]. This
reduction in radiation resistance results in lower efficiency
of the antenna at higher frequencies. The linear scale plot
depicted in Fig. 7 illustrates that based on the operating fre-
quency, the radiation efficiency approximately ranges from
a maximum of 93% to a minimum of 67.6%. From 1.74 to
90 GHz, the antenna offers an efficiency of at least 70%.
A slight fluctuation is observed at higher bands, which even-
tually reaches down to 67.6% at 90 GHz before offering back
70% efficiency at 100 GHz. This indicates that the designed
antenna is a pretty efficient radiator since it provides more
than 65% efficiency even at such high frequencies.

FIGURE 7. Simulated radiation efficiency plot of the designed antenna.

FIGURE 8. Measurement set-up for reflection coefficient calculation of
fabricated antenna.

V. ANALYSIS OF MEASURED RESULTS
A laboratory prototype of the proposed antenna is developed
and experimentally tested using the Keysight E8361A pro-
grammable network analyzer (PNA). The E8361A covers
an operating range of up to 67 GHz. Hence, the experi-
mental measurement of the antenna prototype is performed
only up to this frequency band. To ensure a seamless mea-
surement, the antenna is connected to the PNA using the
1892-04A-5 End Launch connector from the southwest
microwave. This connector also has an operating range of up
to 67 GHz. Fig. 8 and Fig. 9 represent the experimental set-
up and the measured reflection coefficient vs. frequency plot
for the designed antenna. Fig. 9 shows the reflection coeffi-
cient vs. frequency plot for the Ultralam 3850 laminate-based
flexible antenna. The specified plot reveals that the antenna
has a very good impedance matching with a reflection coef-
ficient below-10 dB in the entire operating band from 1.96 to
67 GHz. This indicates that the antenna a bandwidth larger
than 65 GHz with a ratio bandwidth of 34.18:1. The offset
frequency lower limit of this antenna from its simulated
counterpart (1.74 GHz) is 220 MHz.

Fig. 10 shows the comparative plots of simulated and
measured elevation (E-plane) and azimuth (H-plane) far-field
patterns for the designed antenna. The experimental mea-
surement of the far-field pattern is carried out in an ane-
choic chamber. To account for the far-field distance at the
maximum operating band (67 GHz), the designed antenna
and another of its identical counterpart are positioned at a
distance of 35 cm apart from each other. The figures depict
that at 5 GHz, the antenna has an omnidirectional far-field
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FIGURE 9. Measured S-parameter of fabricated antenna.

pattern. At 20 GHz, the pattern incurs a slight distortion
from that of the 5 GHz case; however, as the frequency
of interest goes further up, a significant pattern deforma-
tion with an increased number of ripples becomes evident.
It can also be observed that the radiation pattern at 5 GHz
has a typical figure of eight shape. As compared to the
3D pattern depicted in Fig. 4, the polar plot also repre-
sents the fact that the antenna radiated power is distributed
to the top and both the sides of the radiator at increased
frequencies.

As the frequency increases further, the number of rip-
ples also get increased due to higher-order modes. This is
essentially the effect of the complex surface current distri-
bution at higher-order harmonics and the resulting hybrid
mode of operation in the circular patch antenna, which is
illustrated in section IV. Due to the presence of such rip-
ples, at higher bands, the proposed antenna deviates from
its omnidirectional radiation characteristics. The radiating
null at some directions indicates that the antenna may
not be the best choice for applications that require abso-
lutely omnidirectional radiation. For example, it will not
be a good choice to deploy in moving vehicles, where
the ability to radiate uniformly in all directions is quite
essential. Similarly, it may not offer the best solution for
applications using high-frequency portable devices. How-
ever, the ability of the antenna to radiate more in some
specified directions makes it a better-suited choice for
5G applications.

The comparative plots of simulated and measured gain vs.
frequency at broadside direction shown in Fig. 11 indicate
that they typically follow a similar trend portrayed by the
simulated maximum gain results in Fig. 6. The measured gain
is obtained by employing the absolute gain method, which
makes use of the standard Friis transmission formula [49].
Similar to the simulated gain, the experimental gain also
exhibits a trend of having low amplitude at lower bands.
With increasing frequency bands, the amplitude of the gain
generally tends to have comparatively higher values, although
a substantial fluctuation is quite apparent. The designed
antenna exhibits a peak gain of 9.24 dB at 65.6 GHz. It can
be seen that the antenna exhibits a gain value of lower than
0 dB at a certain number of frequency bands. The main
reason for incurring such a low gain is the direction in which

FIGURE 10. Far-field pattern of fabricated antenna (a) E-Plane
(b) H-Plane.

the gain measurement is performed. As depicted in Fig. 4,
the proposed antenna has an omnidirectional far-field pat-
tern at lower frequency bands, which gets deviated at higher
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FIGURE 11. Comparative plots of simulated and measured gain at
broadside direction.

FIGURE 12. Measured radiation efficiency plot of the designed antenna.

ranges. This indicates that the antenna changes the direction
of its maximum radiation based on frequencies.

For example, at frequencies around 15 GHz or higher,
the antenna mainly radiates from the circular disc (patch)
edges, making the radiation confined mostly towards the
end-fire direction while a comparatively smaller amount of
power is still radiated in broadside. Owing to such charac-
teristics, at some frequency bands, the broadside radiation
of the antenna remains extremely poor. However, the gain
of this antenna is experimentally measured in the broadside
direction only. Hence, the experimental gain at those spec-
ified frequency bands exhibits considerably lower values.
Nevertheless, even though the measured gain in the broadside
direction is low, the other directions often have a high radiated
power at the same corresponding frequencies. This bestows
the fact that the antenna is quite effective even at frequencies
where the measured gain is lower than 0 dB. The simulated
gain depicted in Fig. 6 shows the maximum gain irrespective
of directions, while both of the simulated and measured gain
plots portrayed in Fig. 11 exhibit the gain for broadside
only.

The efficiency of the antenna is measured using the
Wheeler Cap method. The measured antenna efficiency plot
is shown in VII. Although the measured plot is similar to its
simulated counterpart depicted in Fig. 7, a bit of discrepancy
can still be observed. This occurs due to the difference in
ohmic and impedance mismatch loss. The measurement is
carried out in an open lab (not in an anechoic chamber)
environment, which also affected the results due to EM noise.
It can be seen that, depending on frequencies, the measured

TABLE 1. Front to back ratio at different frequencies.

TABLE 2. Bandwidth (BW) comparison with selected SWB antennas
reported in literature.

antenna efficiency varies between 75.7%-86.8%. Although
the measured gain of the antenna exhibits negative gain at
some frequencies, for the entire measured frequency band
of 2-67 GHz, the efficiency never goes below 75%. This
indicates that even at those frequencies, the antenna has a
positive gain in some other directions.

The frequency-wise evaluated front-to-back (F/B) ratios of
the designed antenna are shown in Table 1. As the far-field
pattern is mostly omnidirectional at lower bands, the calcu-
lated ratio for the antenna is found to be 0 dB at 2 GHz.
At higher frequency bands, the far-field pattern tends to
become directional, causing a gradual increment of the F/B
ratio. Table 2 provides a comparative study of the proposed
antenna with the experimentally validated SWB antennas
available in the literature.

Taking account of the highest measurement limit (67GHz),
Table 2 depicts a ratio bandwidth of 34.18:1 for the fabricated
antenna on Ultralam 3850 laminate. Amongst all the reported
experimentally tested wideband antennas in the literature,
the proposed antenna has the maximum measured frequency
range, and it provides one of the highest achieved bandwidth
ratios.

VI. APPLICABILITY IN 5G
One of the prime specifications or features of the fifth-
generation (5G) technology is the enhanced Mobile Broad-
band (eMBB). Deployment of eMBB will enable the 5G
network to offer an increased data rate, capacity, and
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coverage over its preceding generations. eMBB is essentially
an extended version of the 4G broadband service [53]. Such
evolution of mobile broadband is ensured by adopting a
unified and more capable radio interface termed as 5G New
Radio (NR). Along with the existing frequency spectrum
of 4G LTE, the 5G NR global standard has specified certain
frequency ranges in the mmWave bands (26, 28, 40, 59, and
66 GHz) [2]. However, to provide ubiquitous connectivity
for a wide range of applications, this standard will enable
the adoption of an adaptive bandwidth with a high degree
of spectrum flexibility [54]. Therefore, the 5G communica-
tion system needs to cater for an extremely high bandwidth
starting from below 1 GHz to 100 GHz based on different
deployments. This instigates the demand for low-cost and
compact antennas that can cover a broad bandwidth. The pro-
posed antenna in this paper covers the entire high-frequency
spectrum of the 5G NR global standard while providing a
high gain and radiation efficiency. The increased spectrum
availability makes the 5G radio technology a key IoT enabler
by supporting the high traffic growth and growing demand
for high-bandwidth connectivity. IoT performs as a bridge
between technology capabilities and business applications.
The pervasive coverage, low latency, and high-speed connec-
tivity of 5G allow a substantial number of IoT devices to com-
municate with each other seamlessly. This eventually enables
a wide range of industrial applications to take advantage of
such a groundbreaking technology. For example, 5G is poised
to play a significant role in driving industrial automation.
It will also support the use cases like smart homes, precision
agriculture, transport infrastructures such as connected cars
and traffic control, health monitoring of public infrastructures
such as bridges, wearables, and many others [54]. Due to the
wide operating band of the proposed antenna, it can be used
as an integral part of the transceiver interface in such appli-
cations. The flexibility and conformal characteristics of the
antenna allow it to be used for WBAN applications as well.
This antenna can be deployed in the on-body environment
along with the physiological sensors that constantly monitor
the vital signs of a person. The integration of the proposed
antenna can ensure the transmission of such data to a server.
Thus it enables a continuous remote health monitoring of
patients in an ambulatory setting for abnormality detection as
well as supervised rehabilitation [55]. In addition to the cur-
rently used macro cell-based radio access network, 5G will
deploy the small cells. These cells are portable miniature base
stations that use less power to operate in a typical coverage
area of 50-250meters. The antennas at these cells are required
to transmit mmWave signals, and therefore, the size of these
antennas can be much smaller than the traditional anten-
nas used in macro cells. In this regard, the proposed SWB
antenna can be considered a very good candidate since it has
a compact dimension along with the operability at mmWave
bands [56]. To achieve a greater network capacity, 5G will
make use of the Massive MIMO technology. This technology
equips the base stations (5Gmacro cells) with arrays of a very
large number of antennas and thereby forms the advanced

antenna systems (AAS). AAS enables simultaneous transmis-
sion of data to multiple users using the same time-frequency
resource through separate beams [57]. The compact size of
the proposed antenna makes it a well-suited choice for AAS.
The deviated omnidirectional radiation pattern with directive
beams in multiple directions also bestows its tremendous
potential as a 5G antenna. Such radiation characteristics will
ensure more directive beams with an enhanced gain when
an array is implemented based on the proposed antenna.
However, the design of the antenna array is out of the scope
of this paper.

VII. CONCLUSION
This article illustrates the design and experimental analysis
of a compact SWB antenna. The antenna is designed on a
thin and flexible Ultralam 3850 laminate. This electrically
small antenna has a physical dimension of 60×40×0.1 mm3,
and it uses a circular disc monopole structure to cover a ratio
bandwidth of 57.47:1. Here, the simulated performance of
the designed antenna is thoroughly analyzed in terms of its
reflection coefficient, radiation pattern, gain, radiation effi-
ciency, and surface current. The far-field behavior of the SWB
antenna at different frequencies is theoretically explained
from the antenna’s surface current analysis. A laboratory
prototype of the proposed antenna is manufactured, and
the experimental verification reveals excellent consistency
between the simulation and measurement results. Due to
hardware limitations, the antenna is measured up to 67 GHz,
which gives an impedance bandwidth from 1.96 to 67 GHz
with a bandwidth ratio of 34.18:1. By far, this is one of
the highest achieved ratio bandwidths among the practically
fabricated and measured wideband antennas reported in the
literature. By increasing the patch thickness, the enclosed
spherical volume of this antenna can be utilized effectively.
This enhances the bandwidth further by improving volumet-
ric antenna efficiency [21]. An experimental research to vali-
date the above theoretical concept is currently underway. The
proposed antenna operates in a diverse range of application
bands, including near field communication (NFC), wireless
networking, RFID, ZigBee, GPS, Bluetooth, 4G LTE, Wire-
less LAN, WiMAX, microwave, and satellite communica-
tions. The flexible structure of this antenna allows it to be used
for wireless body area network (WBAN) based applications
as well. More importantly, the proposed SWB antenna can
cover most of the existing and forthcoming 5G application
bands, including massive MIMO and mmWave. Considering
all the above factors, it can be inferred that the designed
antenna is an excellent addition to the antenna research com-
munity since it combines its flexible structure with the SWB
technology to provide operability in a wide range of exciting
applications involving WBAN, 5G, and IoT.
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