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ABSTRACT A novel compact triple elliptical monopole antenna has been designed, analyzed and fabricated
for super wideband applications. To enhance the impedance bandwidth, the author proposed a monopole
antenna with a triple elliptical patch excited by a 50� triangular tapered microstrip feedline. Further
improvement is achieved by optimally modifying the Defected Ground Structure (DGS) of the antenna.
The proposed patch structure is mounted on a Roger’s RT-Duroid 5880 substrate (εr= 2.2, tan δ = 0.0009)
and has compact physical dimensions of 27 mm × 29.5 mm. The fabricated antenna covers the frequency
band from 1.91 GHz to 43.5 GHz for S11 ≤ −10 dB with a fractional bandwidth of > 183.17% and has a
ratio bandwidth of 22.77:1. This extended bandwidth coverage permits the antenna to operate for wide range
of application including 5G and Internet of Things (IoT). The proposed antenna has a very high Bandwidth
Dimension Ratio (BDR) of 5761.87 which makes it the best candidate for superwideband antenna. Far field
measurements disclose an omnidirectional radiation pattern across the frequency of operation. Further, the
farfield Radar Cross Section (RCS) is analyzed through simulation and it is to be noted that relatively low
values are obtained through out the frequency of operation. In addition, the compactness of the proposed
antenna is theoretically verified with the aid of fundamental dimension limit theorem.

INDEX TERMS 5G mobile communication, bandwidth dimension ratio (BDR), fundamental dimension
limit theorem, Internet of Things (IoT), monopole superwideband antenna, tapered feed.

I. INTRODUCTION
With the advent of various sophisticated technologies in
the wireless communication domain, the telecommunication
industry has grown at a rapid rate over the years. Amidst the
increasing growth in network and data traffic, fifth generation
(5G) communication systems has been deployed to comply
with the above constraints [1]. Owing to this 5G wireless
system can provide an extended frequency spectrum and
increased data rates up to multi GigaBites per Second (Gbps).
Apart from the already existing fourth generation (4G) band,
some additional bands alloted for 5G communications are
n78 (3.3-3.6 GHz) which is also known as sub-6 GHz band
and it offers a higher data rate compared to the 4G LTE (Long
Term Evolution) frequency band. Next one are the millimeter
wave bands (26, 28, 40, 50 and 66 GHz) [2]. In addition 5G
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communication system has an important role to play in the
domain of Internet of Things (IoT) as these devices require
an increased data rate to operate on. This brings an increased
demand for small sized antennas with an enhanced bandwidth
enough to support IoT devices [3].

With the technological advancement, the demand for com-
munication systems with higher data rates and spectral effi-
ciency is escalating. The necessity for high data rate wireless
communication over short distances can be met with Ultra
Wide-Band (UWB) radio technology [4]. However, when a
single antenna is used for various communication systems in
a single portable device for long-range data transfers, they
may be inconsequential. In this situation, a recent trend has
been to use a super wideband antenna, which can provide
ubiquitous coverage by covering both short and long range
transmission [5].

Multidimensional research has been performed for dif-
ferent antenna configurations to incorporate the advantages
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of Super Wide-Band (SWB) technology in modern wire-
less applications [5]. Many different bandwidth enhancement
techniques, such as Defective Ground Structure (DGS) and
fractal patch structures [6]–[10], [12], [13], as well as a
broad range of feeding techniques, such as microstrip tapered
feed line and Co-Planar Waveguide (CPW) feed, have been
suggested by antenna designers in order to achieve wider
bandwidth. In [6], a super-wideband propeller shaped printed
monopole antenna is presented. The enhanced bandwidth
is achieved by encompassing a propeller on the disc of a
typical circular disc monopole with a CPW feed. This design
has an impedance bandwidth ratio of 11.6:1, allowing it to
cover a wide range of frequencies from 3 GHz to 35 GHz.
The suggested antenna’s gain ranges from 4 to 5.2 dBi. For
super-wideband applications, a novel textile fractal antenna
is developed and the patch is built using a consecutive iter-
ations of triangle and circle and later optimized using a
genetic algorithm in [7]. This monopole antenna generates
an impedance bandwidth that covers the frequency range of
1.4 GHz to 20 GHz. This design uses a partially modified
elliptical ground plane to achieve wider bandwidth and is
mainly employed in the development of wireless body area
networks. A compact circular fractal antenna element loaded
with a central pentagonal slot and a compact super wide-
band microstrip monopole antenna in the shape of a human
skull is proposed in [8] and [9] respectively. Reference [10]
investigates a compact concentric structured monopole patch
antenna is proposed for superwideband applications. Ref-
erence [11] proposes a planar compact SWB antenna that
performs between 20 GHz and 120 GHz, covering mmWave
and large Multiple Input Multiple Output (MIMO) appli-
cations for 5G. This antenna, on the other hand, has not
been experimentally validated and performs poorly in the
low-frequency 5G bands. Reference [12] shows yet another
low-profile wideband MIMO antenna for 5G devices, albeit
it is a band-specific antenna that does not meet the concept
of SWB. A super wide bandwidth is obtained without any
kind of dissipative loading using a Bowtie antenna in [13].
In spite of having a broader fractional bandwidth, the gain
of these antennas are small and the main beam tends to
tilt beyond a 4:1 bandwidth due to the defective ground
structure. However these effects are reduced with the aid
of parasitic loop as directors. Another technique to achieve
superwideband characterisitcs is by tapering the ground plane
and feedline [14]

In the future generation of wireless communication system,
it is very much critical to make the devices compact. So under
this scenario, the compactness of the antenna is verified with
the aid of fundamental dimension limit theorem. The electri-
cal size of the antenna calculated analytically is with in the
Mclean and Chu fundamental limit curves after comparison
of proposed antenna with Chu and Mclean’s classical limita-
tion theories. Therefore offers the largest possible bandwidth
for the lowest feasible size [15].

The purpose of this antenna design is to ensure faster and
more effective 5G communication, with the primary goals

of reduced complexity, lower cost, increased bandwidth for
future applications, and excellent resilience to attenuation
and interference. UWB antennas have shorter wavelengths
and wider bandwidths, allowing for faster data transmission.
Organizations and research enterprises all over the world are
working to integrate high-speed and high-efficiency anten-
nas into communication networks. The successful use of
these high-speed antennas will improve the effectiveness of
wireless communication, allowing countries and organisa-
tions to engage more wirelessly. Integration of the presented
antenna into communication networks can hone education
enhancement technologies such as E-learning programmes
due to its capacity to operate successfully in the lower sub-
6 GHz and millimeter-wave bands. The proposed antenna
offers super-wideband capability and also ensures higher data
rate which leads to super fast internet. These metrics allow
the antenna to support the integration of IoT and Fifth gen-
eration communication systems in devices. These effective
integration with IoT devices will prepare the human kind
to communicate better during pandemic situations such as
COVID-19 [16].

In this proposed work, a tapered fed printed triple elliptical
monopole antenna is designed and investigated. The design
makes use of a triple elliptical radiator along with a tapered
feed and DGS structure to enhance the wideband perfor-
mance. This combination of the later generates a monopole
structure. The design begins with a conventional elliptical
radiator. To improve the bandwidth and matching, the above
conventional elliptical antenna is modified by the adjoining
the rotated copy of the ellipse to the either side of the con-
ventional elliptical antenna. The proposed antenna is made
from a nature inspired leaves and the structure reveals a nature
inspired fractal. The novelty of the proposed antenna not
only lies in the arrangement of the ellipses with respect to
the tapered feed but also in the DGS design which helps in
improving the bandwidth. The incorporation of the circu-
lar slot helps in extending the current path length without
modifying the actual dimensions of the antenna. The main
highlight of the proposed radiator is its higher Bandwidth
Dimension Ratio (BDR) and bandwidth, which is achieved by
enhancing the electrical length of the radiator. The proposed
antenna has an extremely high BDR of 5761. In view of
this, the proposed antenna structure attains wider bandwidth
in the range of 1.91 GHz - 43.5 GHz with a %bandwidth
of > 183.17%. It is to be noted that such a wider band-
width is achieved for a compact size of 27 × 29.5 mm2.
The overall size reduction of 75.58% is achieved with this
design when compared with a conventional elliptical radia-
tor with respect to the lower resonant frequency. Moreover,
to analyze the compactness of the antenna, comparison of the
designed antennas with Chu andMclean’s classical limitation
theories shows that the mathematically computed antenna
electrical is with in the Mclean and Chu fundamental limit
curves [17], [18]. This infers that the proposed antenna has
exceptional performance because of themaximum achievable
bandwidth for the smallest possible size. The simulation
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TABLE 1. Parameters and dimensions of the proposed antenna.

and antenna modelling are carried out in CST microwave
studio.

II. ANTENNA CONFIGURATION
The configuration of the proposed antenna is illustrated
in Figure 1 and the detailed dimensions are tabulated in
TABLE 1. The dimensions of the proposed antenna are opti-
mized through parametric analysis. The proposed design is
mounted on a Roger’s RT-Duroid 5880 dielectric material
with a dielectric constant of εr = 2.2, loss tangent of tanδ =
0.0009 and a thickness of 0.787 mm. It is to be noted that
the proposed antenna consists of a triple integrated ellipses
fed with a microstrip tapered feed line along with the novel
DGS structure is responsible for the SWB characteristics of
the antenna.

Figure 1 shows the schematic of the proposed antenna. The
design is evolved from the basics of a monopole antenna.
The antenna consists of three parts: the patch section, tapered
feed region and DGS section. The tapered feedline alongside
with the elliptical patch improves the antenna performance
and matching and helps in resonance shifting for SWB oper-
ation. The tapered feedline concatenated with the main patch
aids in smoothening the current path, resulting in a broader
impedance bandwidth. Hence, this monopole antenna is fed
by a tapered triangular feed line which is optimized to 50 �
impedance matching to reduce incident wave reflection. The
tapered feed line’s width at the bottom end corresponds to a
characteristic impedance of 50�, and the width at the top end
have a characteristic impedance of 75�. It has been described
that the use of symmetrical feed to a planar monopole antenna
can support the excitation of the vertical characteristics mode
and efficiently stimulate vertical current component on the
radiating patch, leading to the enhancement in impedance
bandwidth The tapered feed line, together with the monopole
antennas tends to have enhanced bandwidth performance and
can transmit UWB pulses with minimal distortion.

The dimensions of printed monopoles were calculated
using the planar disc monopole antenna formulation [19],
[20] and it is schematically represented in Figure 1. The
lower frequency of the planar disc monopole antenna, which
corresponds to VSWR = 2, is calculated with respect to,

fL =
c
λ
=

7.2
LM + r + S

(1)

where LM is the length of the equivalent monopole
antenna,r is the effective radius of the equivalent cylindrical
monopole antenna (which is equal to π×a×b) and S is the
feed gap optimized to S = 0.7 mm. This configuration has
a dielectric layer on one side of the printed monopole and
this dielectric substrate enhances the monopole’s effective
dimensions, which inturn lowers the fL . As a result, the more
acceptable equation for fL is as follows:

fL =
7.2

(LM + r + S) k
GHz (2)

Here the value of k is 1.15 which is mathematically derived
for a dielectric substrate with εr = 2.2 and h = 0.787 mm.
The effective radius of the cylindrical monopole antenna is
given by:

r =
T

(2× π × LM )
(3)

where T denotes the semi-elliptical monopole radiating
patch’s area. The bandwidth exhibits good matching over an
ultra-broadband frequency range as a result of this curvature.
Wt is iteratively calculated and does not depend on the reso-
nant frequency in the triangular tapered feed line parameters
whereas Wf is optimized for 50 �.

A. EVOLUTION OF THE PROPOSED ANTENNA
The design evolution begins with a conventional elliptical
radiator as depicted in Figure 2 (a). The design provided a
bandwidth of 68.5 GHz and has a percentage bandwidth of
185.68% with five stop bands and is shown in TABLE 2.
As the evolution proceeds towards the second stage, a copy
of the previous ellipse rotated at an angle of θ = 18.5◦

is concatenated with the elliptical radiator in Stage I and
is illustrated in Figure 2 (b). For the next stage, the same
process done in Stage II is carried out with an only difference
of θ rotated at an angle of -18.5◦ resulting in the structure
shown in Figure 2 (c). In Stage II and Stage III, the behavior
of the proposed structure remains the same and provides a
bandwidth of 186.56% with three notch bands as shown in
Figure 3 and same is presented in TABLE 2. The structures
in Stage II and Stage III are adjoined together to form the
structure in Stage IV. As the design proceeds from Stage I
to Stage IV, the electrical length of the antenna is signifi-
cantly increased. Consequently, it improves the current path
length which eventually increases the effective inductance
and capacitance resulting in bandwidth enhancement. This
henceforth improves the Bandwidth Dimension Ratio (BDR)
of the proposed antenna. As a result, Stage IV has improved
the bandwidth to 187.06% with a single stop band from
8.34 GHz - 10.08 GHz. Further, a circular slot is inscribed
into stage IV so as to bring the notched bands to pass band
thereby fulfilling the conditions of super wideband antennas
which is illustrated in stage V in Figure 2 (e).

The variations of S11 vs Frequency for different stages
are illustrated in Figure 3. Corresponding bandwidth and
frequency ranges for each iteration are tabulated in TABLE 2.
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FIGURE 1. Schematic of the proposed antenna structure (a) Front view (b) Rear view (c) Side view.

FIGURE 2. Evolution of the proposed antenna (a) Stage I, (b) Stage II, (c) Stage III, (d) Stage IV, (e) Stage V.

TABLE 2. Bandwidth comparison for each stages.

III. FUNDAMENTAL LIMITATION THEORY FOR COMPACT
ANTENNAS
Generally electrically small size antennas or compact anten-
nas are expressed with reference to it’s radian length, l = λ

2π
and the largest dimension of the antenna, a. Considering the

wavenumber as k = 2π
λ
, an electrically compact antenna is

expected to have the following inequality:

a ≤
λ

2π
≤

1
k

ka ≤ 1

Quality Factor (Q) being one of the key antenna parameter
demonstrates an inequality between the antenna’s electrical
size and bandwidth. Hence Q is mathematically expressed as:

Q =


2ωWEe

Pradiated
WEe ≥ WMe

2ωWMe

Pradiated
WMe ≥ WEe

(4)

The time-average, non-propagating, stored electric and mag-
netic energy is represented by WEe and WMe, respectively. ω
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FIGURE 3. Simulated S11 vs Frequency plot for different iteration stages
for the proposed antenna.

denotes the angular frequency. Pradiated represents the power
that has been radiated. The Q is speculated as the reciprocal
of its bandwidth at higher values and is shown in eqn. (5).
Lower the values of Q, on contrary, causes the antenna input
impedance to vary slowly with frequency, resulting in a broad
bandwidth capacity of the antenna [21].

Bandwidth =
fupper − flower

fcenter
=

1
Q

(5)

L.J. Chu developed the following expression of Q for the
lowest Transverse Magnetic (TM) mode [17]:

Q =
1+ 3k2a2

k3a3[1+ k2a2]
(6)

This is in contrast to the result of his equivalent second-order
network, which is given as:

Q =
1+ 2k2a2

k3a3[1+ k2a2]
(7)

As ka� 1, the equation is modified as below:

Q ∼=
1

k3a3
(8)

This eqn. implies that reducing the antenna size leads to a
considerable increase in Q. As a result, comparing Eq. no. (5)
and (8) demonstrates that reducing antenna size effectively
reduces bandwidth. As a result, having an optimally improved
bandwidth while reducing size is a major problem for electri-
cally smaller antennas.

McLean developed a new methodology to compute the
antenna’s Q. This technique, in contrast to Chu’s method-
ology, provides an accurate equation for Q calculation.
McLean’s equation agrees with Chu’s equation for higher
values of Q whereas the two hypotheses disagree as lower
values of Q [18].

Mclean’s Equations for calculating Q is shown below:

Q =
1

k3a3
+

1
ka

(9)

It is necessary to apply fundamental limit theory to the
existing antennas and compare it with the practical antennas

FIGURE 4. Comparitive analysis of proposed SWB antennas (simulated
and fabricated) with the Chu and McLean curves.

in order to verify its effectiveness. In the literature, such a
technique has been used on a variety of antennas, with the
conclusion that none of them exceed the fundamental limita-
tion theory. As a result, Chu and McLean’s classic theories
are seen to provide realistic boundaries [22].

IV. EVALUATION OF PROPOSED ANTENNA’S ELECTRICAL
SIZE
The antenna electrical size is calculated for the correspond-
ing patch height to evaluate the antenna performance with
respect to size and bandwidth. The fractional bandwidth of
the antenna is improved whereas the antenna’s electrical size
is decreased due to improved antenna volumetric efficiency.
Typically, traditional antennas don’t make optimal use of their
spherical volumes due to which is not close as possible to
the Chu and McLean curves’ fundamental dimension. The
most effective utilization of enclosed spaces are by mini-
mizing the non-radiated stored energy of the antenna, hence
increasing its impedance bandwidth. The wavelength that
corresponds to an antenna’s working frequency (λ) aids in
determining its size or dimensions. Normally, when evaluat-
ing the antenna size of a narrowband antenna, the wavelength
for the center frequency (λc) is taken into account, however
this is not the case for UWB/SWB antennas. The traditional
fundamental limitation theories are based on the wavenumber
for the antenna’s lower operating frequency (k = 2π

λ
). As a

result, these ideas are best applied to the design of narrow-
band antennas because the wavelength difference between
the center and edge frequencies is much smaller in these
designs. However, thewavelength corresponding to the center
frequency significantly varies across the wavelength corre-
sponding to the lower and upper frequencies is analyzed
during the detailed examination of the wavelengths of the
UWB/SWBantenna for different frequency of operation. As a
result, the concept of using the wavelength corresponding
to the center frequency directly for the entire range of fre-
quencies is not feasible for UWB/SWB antennas. Instead,
defining the antenna’s electrical size to satisfy the equation
kLa ≤ 1 is a more acceptable technique. The wavenumber
corresponding to the lower bound of occupied bandwidth is
denoted by kL . For the entire designed and fabricated proto-
type, Table 3 shows the product (kLa) for the wavenumber
(kL) and the antenna sphere radius (a).
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TABLE 3. Electrical size calculation of the proposed antenna.

FIGURE 5. Layout of the proposed antenna (a) Front view (b) Conventional DGS (c) Proposed DGS (d) S11 response of the proposed antenna with
conventional DGS and proposed DGS.

The quality factor Q of the simulated and fabricated
antenna is plotted again ka is shown in Figure 4 which
evaluates the comparative analysis of proposed SWB anten-
nas (simulated and fabricated) with the Chu and McLean
curves. The proposed antenna’s quality factor is analyzed
using McLean’s equation, and it is to be noted that the
proposed antenna agrees well with the McLean’s curve
of the fundamental dimension limit theorem. Hence it
can be asserted that the proposed super wideband antenna
is designed close to the fundamental dimension limit
theorem [15].

V. PARAMETRIC STUDY OF THE PROPOSED ANTENNA
In this section, each parameter of the proposed antenna is
optimized by varying one parameter and keeping the other
parameters fixed. For the proposed structure, parametric anal-
ysis is performed for the DGS. DGS is mainly employed
to vary the surface current distribution of the antenna. This
perturbations indeed results in the variation of inductance and
capacitance of the feed line. The introduction of rectangular
defect in the ground plane, not only increases the effective
inductance but also increase the fringing electric field and
thereby increasing parasitic capacitance. This parasitic capac-
itance enhances the coupling between the ground and feed
resulting in the improvement of bandwidth.In order to start
the parametric analysis of the DGS, the proposed antenna
with conventional DGS and optimized DGS is shown in
Figure 5 (b) and Figure 5 (c) respectively.

The S11 response with conventional DGS is shown in
Figure 5 (d). It can be observed that the S11 curve has
multiple notched bands over the frequency range of oper-
ation. To obtain superwideband characteristics it is critical

enough to convert this notched bands in to pass band. Hence
the parametric analysis begins with the DGS structure. The
parametric values of slot1 (first rectangular slot) with dimen-
sion L2 × W2 are optimized in such a way to enhance the
bandwidth. The position of the slot has been optimized for
getting the wider bandwidth and better impedance matching
by iterating through various positions and assorted distance
from the center of the patch. The values of L2 are varied
from 4 mm to 6 mm. It is to be noted that the impedance
bandwidth is better at 3 mm when compared to 1 mm and
3 mm. With the optimization of L2, the notched band at
7.2 GHz has been modified to a passband. Further, the width
of the slot is modified by varying it from 2 mm to 4 mm. The
slot width was affecting the current distribution at 13 GHz.
Variation of slot width has widened the current distribution
at 13 GHz resulting in the conversion of notched band in to
pass band at 13 GHz, but still a small portion is above -10 dB.
To bring that band further below -10 dB, next a circular slot
with radius R5 is etched at the base of the first rectangular
slot as shown in Figure 6 (c). However still a notched band
exists at 19 GHz. In order to widen the current distribution
further, an air gap AG is introduced in to the DGS, and the
parameter is varied from 0.15 mm to 0.35 mm in steps of
0.10 mm. This air gap has excited the band at 19 GHz, with
which the superwideband characteristics is achieved as shown
in Figure 6 (d).

VI. RESULTS AND DISCUSSION
This section analyzes the experimental and simulated results.
The proposed design illustrated in Figure 1 is analyzed and
simulated in CST microwave studio 2019 using Finite Inte-
gration Technique (FIT). The proposed miniaturized antenna
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FIGURE 6. Variation of S11 vs Frequency for different parameters (a) L2 (b) W2 (c) r5 (d) AG.

FIGURE 7. (a) Fabricated prototype of the proposed antenna (b) Measured and Simulated Reflection coefficient and (c) Measured and Simulated Gain and
Simulated Radiation Efficiency vs Frequency plots.

is manufactured through the LPKF PCB prototyping machine
and the measurements are performed with the aid of Keysight
PNAVector Network Analyzer (10MHz - 43.5 GHz) in order
to validate the simulation results. Figure 7 (a) showcases the
fabricated prototype of the proposed antenna. The simulated
and measured reflection coefficient for S11 ≤-10 dB are
plotted in Figure 7 (b). Fractional bandwidth of more than
183.17% [1.91 GHz - 43.5 GHz] and 188.51% [2.11 GHz -
71.36 GHz] is achieved during measurement and fabrication

respectively. It is to be noted that the range of VNA used
for measurement is till 43.5 GHz. Measured result shows
good agreement with simulated results, and slight variation
in result might be due to fabrication inconsistencies.

A. GAIN AND RADIATION EFFICIENCY
The simulated and measured broadside gain of the triple
elliptical antenna is depicted in Figure 7 (c). It reveals that the
realized gain tends to increase with frequency and maintains
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FIGURE 8. Radiation pattern measurement setup in anechoic chamber.

a positive gain throughout the frequency of operation. This is
due to, the effective aperture of the radiating patch at higher
frequencies is larger than the wavelength corresponding to
that fH . Reason behind the above hypothesis is that the
antenna gain is directly proportional to the antenna’s effective
aperture and wavelength.

The gain of the antenna might get attenuated at higher fre-
quencies due to the connector losses. The measured peak gain
has a minimal gain of 1.51 dBi at 2.40 GHz and maximum
of 8.15 dBi at 27.97 GHz and shows good agreement with
the simulated results. These gain values are in good accord
with the gains of similar antennas reported in the existing
literatures. It is observed from Figure 7 (c) that the radiation
efficiency increases with the increase in frequency. Peak effi-
ciency of 90.08% is achieved at 27.97 GHz. After 27.97 GHz,
there is a gradual reduction in the radiation efficiency due to
the impedance mismatching at higher frequencies due to the
SMA connector.

B. RADIATION PATTERN AND CURRENT DISTRIBUTION
Radiation pattern being an important parameter measures
the power focusing capability of the antenna in a partic-
ular direction. Figure 8 shows the measurement setup for
radiation pattern along with the device under test. Figure 9
(a) to Figure 9 (f) shows the measured and simulated e-plane
and h-plane radiation patterns for frequencies at 3.10 GHz,
10.82 GHz, and 27.97 GHz respectively. Far-field azimuth
(θ = 90◦) and elevation (φ = 90◦) radiation patterns are ana-
lyzed for radiation pattern measurement for the above three
frequencies. The measured findings reveal that the suggested
antenna has a stable radiation pattern and cross polarization
values over -20 db over the entire operating frequency range.
The multipath effect is also reduced considering the low
cross polarization levels. Current distributions at different
frequencies are illustrated in Figure 10 (a) - (d). Due to the
presence of substantially higher quantity of current in the
feed line thus creates an insight in to the mode variation.
The first-order harmonic resonance (fundamental mode) is
observed at the lowest operational frequency i.e. 3.10 GHz
under close examination. From Fig. 10 (a), it is evident that

FIGURE 9. 2-D measured and simulated radiation pattern (a) e-plane at
3.10 GHz (b) h-plane at 3.10 GHz (c) e-plane at 10.82 GHz (d) h-plane at
10.82 GHz (e) e-plane at 27.97 GHz (f) h-plane at 27.97 GHz.

the current propagate along the feedline and lower half of the
elliptical radiator. As shown in Figure 10 (a), this results in a
standing wave with a significant envelope bump. The circular
slots are also surrounded by the standing waves, generating
a current null around them. Hence, the radiation pattern in
Figure 9 (a) is shaped like a donut with zero emission from
the antenna’s top side.

The radiated power is primarily restricted to the front side
of the antenna due to the accumulation of current along
the bottom side of the elliptical radiator. The higher-order
modes emerge as the frequency rises, as inferred from the
current distribution at 10.82 GHz. The second-order har-
monic are detected at this very frequency and the current
distribution is mainly concentrated near the lower portion of
the radiating patch. Moreover, current also propagate around
the top angular portions of the radiating triple ellipse as
shown in Figure 10 (b). Due to this propagation, a stand-
ing wave forms around the top of the radiator’s perturbing
slots. The antenna top suffers a radiating null as a result
of this standing wave, similar to the case of first resonant
frequency at 3.10 GHz. Under this scenario, antenna’s far-
field pattern still exhibit a donut structure with most of the
radiated power is accumulated around the antenna’s front
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FIGURE 10. Current distribution at (a) 3.10 GHz (b) 10.82 GHz (c) 15.60 GHz (d) 27.97 GHz and (e) Simulated RCS value over the frequency range of
operation (f) Reference antenna and proposed antenna used for RCS analysis.

side and around the top side of the elliptical radiator. From
Figure 10 (c), it is revealed that there are more resonating
modes, and the current distribution on the antenna surface
forms a butterfly-shaped standing wave. Here the radiating
nulls appears around the portions of antenna correlating to
the vertices’s of the butterfly shaped standing wave. Because
of the current being distributed around the standing wave, the
antenna radiates primarily towards directions of the surface
current. This standingwave dominates the antenna’s emission
over lower frequency ranges such as 3.10 GHz, 10.82 GHz
and 15.60 GHz, as shown in the previous studies [32].

Moreover, with the increase in frequency, the higher order
harmonics also increases which inturn results in to a complex
distribution along the antenna structure. As a result of this
distribution, the triple elliptical patch operates in a hybrid
mode, comprising both standing and traveling waves. In this
scenario, the traveling wave is the most critical factor. How-
ever, a standing wave is generated around the circular slots
and the elliptical radiator, as seen in Figure 10 (d). As a
result, the current largely travels through a variety of dis-
tributed places on the edges of the elliptical radiator, causing
a significant amount of current null on the radiator surface.
As illustrated in Figure 9, this provides an insight into the
deteriorated radiation pattern at 27.97 GHz. In addition, the
radiated power gets suppressed in the front and rear side of
the patch. These radiating patch edges provides the major
contribution to form the far-field radiation, resulting in a
deviated omnidirectional pattern as shown in Figure 9 (e) and
Figure 9 (f) [32].

C. RADAR CROSS SECTION ANALYSIS
The proposed design is very much compatible for military
reasons due to its compact size and wide operational band-
width. The antenna RCS is also investigated, despite the fact
that achieving a low RCS value is not the primary goal of this
research. Figure 10 (e) shows the far-field monostatic RCS
calculations for both the reference and proposed antennas for
a cross-polarized incident wave infringing from the antenna’s
normal direction. When the reference and proposed antennas

FIGURE 11. Time domain analysis setup for different configurations
(a) Face to face (b) Side by side.

are compared, the proposed antenna has a significantly
lower RCS. Furthermore, as illustrated in Figure 10 (e), the
proposed antenna’s RCS value varies between -42.15 and
-37.26 dBsm depending on the frequency of operation. Here
the RCS analysis is performed under the theta polarized
incident angle (θ = 0◦ and φ = 0◦). Our main idea was to
provide an insight in to the capability of the proposed work to
be used for RADAR and military applications. The reference
antenna and proposed antenna using in the RCS evaluation is
illustrated in Figure 10 (f).

D. BANDWIDTH DIMENSION RATIO
BDR is an important super wideband antenna characteristic
that depicts the relationship between the antenna’s compact-
ness and bandwidth. ‘‘BDR’’ denotes how much bandwidth a
given antenna can deliver per unit of electrical area. BDR is
defined mathematically as:

BDR =
bandwidth%
λlength × λwidth

(10)
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FIGURE 12. Simulated normalized amplitude of input and received
pulses.

where, λlength and λwidth are electrical length and width of
the radiator, respectively, and ‘‘λ’’ is calculated with respect
to the fL . From eqn. (10), it can be seen that the proposed
antenna’s BDR is 5761, which is much higher compared to
other antennas in the literature. Table 4 tabulates the compar-
ison of proposed antenna’s to the antennas of available liter-
ature. When compared to existing literatures, the suggested
antenna has a high BDR when compared to all the literaures
except the designs in [10], [37], [38]. These increase in BDR
in [10], [37], [38] is due to the lower operating frequency
achieved. However, the proposed antenna is compact when
measured in terms of mm2. It is understood that increase in
the overall dimension of the antenna shifts the lower resonant
frequency towards the left side. But the bandwidths are sig-
nificantly higher than all the other designs. It is to be noted
that the proposed antenna had a limited measurement facility
of VNA which supports only upto 43.5 GHz.

VII. TIME DOMAIN ANALYSIS
The time domain analysis is basically employed to analyze
the antenna’s pulse shaping properties. The pulse duration is
in the range of around 100 pico-seconds. In ideal case, the
shape of the received SWB pulse should match with the shape
of the transmitted pulse. However, due to the ringing effect,
the received pulse tends to get skewed in shape and are prompt
to have long tail. Under this scenario, the antenna should be
designed properly to avoid such distortions thereby making
the time domain analysis very much critical for wideband
antennas. In order to perform the time domain characteri-
zation, two similar antenna configurations are aligned at a
distance of 45mm in each case. The two time domain analysis
configuration setups (a) ‘‘Face to face’’ (b) ‘‘Side by side’’
are illustrated in Figure 11. Gaussian pulses are used for
transmission and reception in both configurations as shown
in Figure 12. A significant time domain parameter; Fidelity
Factor (FF) which determines the equivalence between the
transmitted and received pulses. A slight ringing is observed
in both received pulses before the excitation occurs. This is
due to the channel noise effect. However, both received pulses
had the same pulse shape, indicating the transmitted data was
received without loss.

FIGURE 13. Phase variation in Side by side and Face to face configuration.

The normalized transmission and reception pulses are pro-
vided in the following equations below.

˘Ts(t) =
Ts(t)

[
∫ α
−α
|Ts(t)|2dt]1/2

(11)

˘Rs(t) =
Rs(t)

[
∫ α
−α
|Rs(t)|2dt]1/2

(12)

The fidelity factor is given by

FF = max
∫ α

−α

T̆s(t)R̆s(t + τ )dt (13)

where, T̆s(t) is the transmitted pulse, while the received pulse
is R̆s(t). After normalization, the value of FF is between
0 and 1. The signal pulse received is identical to the transmit-
ted pulse without any system loss when the value of FF is 1.
Similarly, a score of 0 indicates system attenuation, which
means signal received is entirely mismatched from the trans-
mitted signal. The received pulse, on the other hand, is utterly
undetected at FF values below 0.5. As a result, high FF values
guarantee that the signal received is distortion-free. Hence,
closer the value of FF towards 1 minimizes the distortion in
the received pulse. To calculate the fidelity factor, the input
Gaussian pulse obtained in the Figure 12 is used to calculate
the R̆s(t), similarly the received pulses for both side by side
and face to face configuration obtained from Figure 12 is
used to calculate the R̆s(t). Then both this T̆s(t) and R̆s(t)
are cross-correlated as shown in eqn. (13) to calculate the
fidelity factor for both the configurations using matlab The
fidelity factor obtained for both side by side and face to face
are 0.891 and 0.874 respectively. This ensures that received
pulses are 89.1% and 87.4% similar to the transmitted pulse
for side by side and face to face configurations respectively.
From Figure 13, it is evident that the phase fluctuation in both
the configurations are linear for the entire range of frequency,
indicating that the pulse being received is free of out of phase
components [10].

A. GROUP DELAY
Another important time domain characteristic is group delay
and it is calculated theoretically as the negative derivative of
phase change with respect to frequency. The signal undergoes
amplitude and phase distortion as it passes through a device.
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TABLE 4. Comparison of proposed antenna with previously reported antennas in literature.

FIGURE 14. Group delay vs Frequency plot.

A wave that reaches a device’s input has multiple frequency
components. As a result, the group delay determines the
average time delay of the input signal at each frequency.
It also gives an indication of how dispersive the device is.
The linear phase response for the entire far-field region is
also validated by group delay. The group delay in a good
SWB system should be as minimal as possible. The group
delay should be constant or vary by less than 2 ns in practice,
indicating a linear phase across the entire frequency range of
operation. The actual amount of distortion in the transmitted
pulse is determined by the linear phase response. The group

delay can be calculated using eq.no 14.

τg(ω) =
−dϕ(ω)
dω

=
dϕ(ω)
2πdf

(14)

In this work, Figure 14 reveals that the group delay is
well within the limits for both side by side and face to face
configurations which makes it suitable for wireless commu-
nications [32].

VIII. RELEVANCE IN 5G
One of the critical attribute of the fifth generation commu-
nication system is the enhanced Mobile Broadband (eMBB).
The deployment of eMBB will allow the 5G network to pro-
vide higher data rates, capacity, and coverage than previous
generations. eMBB is essentially a more advanced form of
4G broadband [28]. The adoption of a unified and more
sophisticated radio interface known as 5G New Radio (NR)
ensures the progress of mobile broadband. The 5G NR
worldwide standard has specified various frequency ranges
in the mmWave bands in addition to the existing frequency
spectrum of 4G LTE (26, 28, 40, 59, and 66 GHz) [29].
In order to deliver a ubiquitous connectivity for a broad range
of applications, adaptive bandwidth technology with high
spectrum flexibility has been employed [30]. As a corollary,
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depending on the deployment, the 5G communication system
will need to provide exceptionally high bandwidth ranging
from below 1 GHz to 100 GHz. This creates a demand for
low-cost, compact antennas that can cover a wide range of
frequencies. The antenna presented in this paper covers the
whole high-frequency spectrum of the 5G NR global stan-
dard while maintaining good gain and radiation efficiency.
By supporting high traffic growth and expanding need for
high-bandwidth connection, 5G radio technology becomes
a crucial IoT enabler due to increased spectrum availability.
The Internet of Things serves as a link between technolog-
ical capabilities and business applications. 5G’s widespread
coverage, low latency, and high-speed connectivity enable a
large number of IoT devices to communicate with one another
in real time. As a result, a wide range of industrial applica-
tions will soon be able to benefit from such ground-breaking
technology. In this regard, the suggested SWB antenna is an
excellent contender because of its small size and ability to
operate in the mmWave frequencies [31], [32].

IX. CONCLUSION
A novel triple elliptical monopole antenna is designed and
analyzed for superwideband applications. Parametric anal-
ysis have been performed to optimize the parameters to
enhance the impedance bandwidth of the antenna. With the
aid of novel DGS structure and tapered feed, the bandwidth of
the antenna is significantly enhanced. The proposed antenna
has a BDR of 5761.87 which is high when compared to
the existing literature. The proposed antenna provides an
impedance bandwidth of more than 183.17% [1.91 GHz -
43.5 GHz] and 188.51% [2.11 GHz - 71.36 GHz] is achieved
duringmeasurement and fabrication respectively. The surface
current analysis of the SWB antenna is used to theoretically
explain the antenna’s far-field behaviour at various frequen-
cies. Moreover the compactness of the proposed antenna is
mathematically verified using fundamental dimension limit
theorem. Hence the proposed antenna finds application in S,
C, X, Ka, Ku, Q band wireless communication systems and
millimeter wave applications. In addition, the proposed SWB
antenna is capable of covering the majority of current and
future 5G application bands, including massive MIMO and
mmWave. In light of the foregoing, it can be concluded that
the developed antenna is a valuable addition to the antenna
research community, as the high BDR SWB antenna offers
operability in a variety of fascinating applications involving
5G, and IoT.
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