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ABSTRACT: In this article, a novel ovate-shaped microstrip antenna (OMSA) is presented for the application in wireless communication.
It covers the evolution of a new shape and delves deeper into the resonance mechanism of the proposed design using characteristic mode
analysis (CMA). The OMSA resonates at 2.45GHz and 2.69GHzwith the return loss of−18.82 dB and−31.84 dB, respectively. It offers
an ultra-wideband performance with 91.46% measured bandwidth. The characteristic impedance and VSWR at 2.4GHz are 49Ω and
1.3, respectively. By introducing performance enhancement techniques such as ground truncation and a notch in the patch, the antenna
resonance characteristics have been enhanced. A prototype of the proposed OMSA has been fabricated and validated experimentally. The
time domain characteristics of the proposed OMSA have been simulated for both face-to-face (FtF) and side-by-side (SbS) configurations.
The FtF configuration offers better performance, showcasing the group delay of the OMSA < 2 ns and minimal variation along the
operating band. The phase linearity is also maintained, minimizing any distortions. The time domain results demonstrate a maximum
fidelity factor of 90.62%, reaffirming the suitability of the antenna for wireless communication. The suitability of the proposed OMSA
for wireless applications is also validated experimentally by analyzing the group delay and S21 phase linearity of the received signal.

1. INTRODUCTION

Microstrip antennas (MSAs) have become essential in wire-
less communications due to their low profile, lightweight

structure, and ease of integration with printed circuit boards and
active circuits. They are widely deployed in applications such
asWLAN [1–3], WBAN [4, 5], Bluetooth [6–8], and ISM-band
devices [9–11] to count a few.
However, conventional MSAs are notoriously narrowband.

It may limit their application in contemporary applications. In
order to keep up with the evolving technological pace, novel
MSAsmust cater tomultiple applications and even support high
data rates. By efficiently tweaking theMSA design parameters,
the performance of the MSA can be controlled.
Bandwidth (BW) and resonance enhancement techniques,

such as truncated ground, incorporation of slots and notches,
novel radiator geometries, and defected ground structures
(DGSs), have been shown to significantly improve the BW
performance. For example, the BW performance of a novel
hexagon-shaped patch geometry is able to achieve an ultra-
wideband (UWB) BW by incorporating a ribbon-shaped slot
in the patch [12]. Additionally, regular antenna shapes have
demonstrated wideband performance by simply modifying
the ground plane [13]. Using fractal shapes along with
a modified ground plane increases the effective electrical
length of the antenna, contributing to better resonance and
UWB performance [14]. Antennas of other novel shapes like
hook-shape [15], ψ-shape [16], or even Yin-yang-shape [17]
demonstrate wide BW performance while maintaining the
aesthetic appeal and creativity. Current reviews also emphasize
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the effect of metamaterials [18, 19], slotting, and geometry
optimization [20, 21] techniques in achieving impedance
matching and gain enhancement across multiple sub-bands.
The antenna’s design parameters, along with specific absorp-
tion rate (SAR) analysis, were discussed in the previous work.
This work discusses the mechanism and effect of various
performance enhancement techniques used at each antenna
evolution stage.
The MSA performance evaluation largely focuses on

frequency-domain performance metrics such as BW, gain, and
voltage standing wave ratio (VSWR). Time-domain character-
istics, such as fidelity factor, pulse distortion, and group delay
linearity, have received less attention for wideband antennas
and are mainly discussed for UWB applications. These metrics
are critical for ensuring minimal signal distortion, efficient
pulse transmission, and improved system performance. Thus,
this work shows both frequency and time domain analysis of
a novel ovate-shaped antenna operating in 2.2GHz to 6GHz
band. Along with WLAN, Bluetooth, and Wi-Fi, the antenna
effectively covers both 2.45GHz and 5GHz for Industrial,
Scientific, and Medical (ISM) applications. In order to validate
the proposed antenna’s suitability for wireless communication
applications, parameters like group delay (GD), phase linearity
(PL), and fidelity factor (FF) have been evaluated.
This manuscript holistically covers the OMSA design evo-

lution, its simulation, and experimental validation, along with
suitability in prospective applications. The design evolution
and parametric optimization are covered in Section 2. The sec-
tion also covers the impact of performance enhancement tech-
niques on the OMSA’s resonance performance. Later in Sec-
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FIGURE 1. Proposed OMSA schematic representation, (a) top side, (b) bottom side and fabricated prototype, (c) top side, (d) bottom side.

tion 3, the measured results are compared with the simulated
ones. The results are also compared with other state-of-the-art
antennas found in recent literature. Section 3 deals with the
antenna performance in WLAN and WBAN applications. The
simulation results in the application scenario are analyzed and
discussed. This manuscript concludes with a reiteration and
reaffirmation of the OMSA’s overall performance in Section 4.
The theory of characteristics mode is an effective computa-

tional method that is used to understand the resonant behavior
of a conducting structure. The theory was first proposed by
Grabacz and Turpin [22] and later formalized by Harrington
and Mautz [23, 24]. It performs full-wave analysis of the inte-
gral electric field equations using Method of Moments (MoM).
Over time, characteristic mode analysis (CMA) has evolved
into a powerful method to comprehend the resonance of an an-
tenna and, in turn, leverage this to enhance its characteristics
like bandwidth (BW), gain, radiation pattern, and even polar-
ization [25–27].
This manuscript employs CMA to delve deeper into the

numerical interpretation of the antenna’s resonance behavior
through its evolution stages. The UWB performance of the
antenna, along with its suitability for wireless communica-
tion, is experimentally validated. Time-domain characteristics,
such as fidelity factor, pulse distortion, and group delay linear-
ity, are critical for ensuring minimal signal distortion, efficient
pulse transmission, and improved system performance. Thus,
this work shows both frequency and time domain analysis of
a novel ovate-shaped antenna operative in 2.2GHz to 6GHz
band. Along with WLAN, Bluetooth, and Wi-Fi, the antenna
effectively covers both 2.45GHz and 5GHz for ISM applica-
tions. In order to validate the proposed antenna’s suitability
in wireless communication applications, parameters like group
delay (GD), phase linearity (PL), and fidelity factor (FF) have
been evaluated. The UWB performance of the antenna, along
with its suitability for wireless communication, is experimen-

tally validated. Time-domain characteristics, such as fidelity
factor, pulse distortion, and group delay linearity, are critical for
ensuringminimal signal distortion, efficient pulse transmission,
and improved system performance. Thus, this work shows
both frequency and time domain analysis of a novel ovate-
shaped antenna operative in 2.2GHz to 6GHz band. Along
withWLAN,Bluetooth, andWi-Fi, the antenna effectively cov-
ers both 2.45GHz and 5GHz for ISM applications. In order
to validate the proposed antenna’s suitability in wireless com-
munication applications, parameters like GD, PL, and FF have
been evaluated.

2. ANTENNA DESIGN EVOLUTION
A novel ovate antenna operative in 2.2GHz to 6GHz band is
presented in this section. The shape of the radiator is inspired
by the ovate shape of leaves. The ground plane and radiator
have been modified to enhance the resonance characteristics.
The antenna was designed on a 55mm×55mm FR-4 substrate
(εr = 4.4, h = 1.6mm). In order to explore the future use as
arrays, the antenna is fed using a 2.5mm wide microstrip feed
line. The antenna evolution stages and dimensions are shown
in Fig. 1 and Table 1, respectively. The impact of all variations
is analyzed using the current distribution maps and S11 charac-
teristics, which are illustrated in Fig. 3 and Fig. 4, respectively.
All the evolutionary stages are depicted in Fig. 2(a). In the

first A0 stage, an ovate patch antenna (OPA) is created by tak-
ing inspiration from the ovate shape of leaves. It is the pre-
liminary stage, as seen in Fig. 2(b), and resonates at 5.7GHz.
To enhance the resonance characteristics, the full ground plane
of the OPA was truncated to nearly one-fourth of the origi-
nal length. This is antenna A1. The A1 antenna resonates at
2.7GHz, and wideband performance was observed. By intro-
ducing truncation in the ground plane of the antenna, the cur-
rent distribution changes, making the antenna resonate in the
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FIGURE 2. Simulation of evolutionary stages of the OMSA.

TABLE 1. Dimensions of the proposed OMSA.

Design Parameter Dimension (mm)
Side of square substrate S 55
Height of substrate h 1.6

Length of ground plane Lg 14
Length of feed Lf 15
Width of feedWf 2.5

Length of ground notch Lng 13
Width of ground notchWng 1.5

Length of 1st patch notch Lnp1 4
Width of 1st patch notchWnp1 2
Length of 2nd patch notch Lnp2 1
Width of 2nd patch notchWnp2 3.5
Radius of semi-circular notch R 3

desired band. Notches are an effective way for fine-tuning the
resonant frequency and impedance matching. A notch can alter
the current path and adjust the electrical length of the antenna
without changing the overall footprint of the antenna. Thus, to
further enhance the resonance characteristics, a notch of size
Lng ×Wng was introduced in the ground plane, the next stage
A2. With the introduction of the notch, the resonance reached
2.45GHz at −43 dB. In the next stage, A3, the resonance char-
acteristics are enhanced more with the help of a T-shaped notch
along the length of the patch. The dimensions of the vertical
hand of the T-slot are Lnp1 ×Wnp1, and those of the horizon-
tal hand are Lnp2 ×Wnp2. The introduction of this notch en-
hances the return loss value of the antenna. Finally, the final
A4 antenna is created by adding a semicircular notch of radius
R. With the introduction of this notch, the BW of the antenna
becomes UWB from 2GHz to 6GHz.
Therefore, this antenna is finalized for fabrication. This fi-

nal A4 evolution stage and the hereafter is referred to as OPA.
The final design specifications of the A4 OPA are mentioned in
Table 1. In stage II (A1), the ground plane is truncated to cre-
ate additional resonances. This is well supported by the evo-
lutionary stages III (A2) and IV (A4). The S11 at 2.45GHz
improves from −10 dB in stage II to −15 dB and −23 dB in
these respective stages. The notches introduced in the ground

and patch show better S11 response at the resonant frequency.
Now, to tackle the concern of widening the impedance band-
width, the ground plane is further modified by adding a semi-
circular cut-out notch to the already existing rectangular notch.
With the introduction of semicircular notch, the antenna reso-
nance slightly shifts to 2.6GHz, but it exhibits a wideband be-
havior from 2.2GHz to 6GHz. This A4 antenna is the proposed
novel ovate MSA, which is referred to as OMSA in the subse-
quent sections. For further CMA analysis, only stages A1–A4
will be considered as they resonate at the desired frequency of
2.45GHz.

3. CHARACTERISTIC MODE ANALYSIS
The CMA is a systematic, physics-based approach that explains
the electromagnetic behavior by decomposing the antenna’s
surface current into orthogonal characteristic modes. This sur-
face current density [22–24] can be expressed in the form of
eigen-currents.

J⃗ =
∑

n

V i
n

1 + jλn
Jn (1)

where Jn is the eigen-current determined purely by the shape
of the conductor and is called the modal weight coefficient
(MWC). The modal excitation coefficient (MEC) is denoted by
V i
n and is a measure of how strongly the applied excitation gets

coupled to the conductor. The ratio of stored to radiated energy
is given by the eigenvalue λn. Even though λn can take values
in the range (−∞, ∞), the mode is said to be resonant when
λn = 0. The stored magnetic field becomes dominant when
λn > 0, and the mode is said to be inductive. The mode is ca-
pacitive when λn < 0 and the stored electric field is dominant.
For very large values of λn, the resonance is determined

by modal significance (MS). A mode’s contribution to the to-
tal response at a frequency is given by its MS. For resonance,
MS = 1, and the band for which 1 ≤ MS ≤ 0.707 is the modal
bandwidth.

MS =

∣∣∣∣ 1
1 + jλn

∣∣∣∣ (2)

The phase difference between Jn and tangential electric field
component is given by characteristic angle αn. The mode is
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FIGURE 3. CMA of the OMSA evolution stages, (a) αn for stage A1, (b) MS for stage A1, (c) λn for stage A1, (d) αn for stage A2, (e) MS for stage
A2, (f) λn for stage A2, (g) λn for stage A3, (h) αn for stage A3, (i) MS for stage A4, (j) λn for stage A4, (k) αn for stage A4, (l) MS for stage A3.

resonant at αn = 180◦, inductive for 90◦ < αn < 180◦ and
capacitive for 180◦ < αn < 270◦.

αn = 180◦ − tan−1 (λn) (3)

The plots for αn, MS, and λn for the evolutionary stages
of the antenna are illustrated in Fig. 3. To perform CMA,
only conducting surfaces of the antenna are considered in sim-
ulation, and the CMA was performed for 10 modes. In A1
stage, four modes are found to resonate. Mode-1 resonates at
4.93GHz; Mode-2 resonates at 5.74GHz; Mode-4 resonates at
4.93GHz; and Mode-5 resonates at 2.45GHz. While Mode-
8 is capacitive in nature, all the other modes are inductive.
Thus, the addition of capacitive loading can help enhance the
BW. With the introduction of a capacitive slot in the ground

plane at the A2 stage, the number of resonant modes increases,
and the BW is enhanced. Modes 1 and 2 in A2 closely fol-
low each other and resonate at 6.10GHz and 5.73GHz, respec-
tively. Modes 4, 5, and 10 resonate at 4.82GHz, 2.82GHz,
and 2.08GHz, respectively. All the other modes are inductive
in nature. To enhance the resonance and BW, a capacitive slot
is incorporated in the patch. The number of modes is further
increased to 8 in the A3 stage. Mode-1 resonates at 6.91GHz,
and Mode-2 resonates 6.10GHz. An additional Mode-3 res-
onates at 5.73GHz. Modes 4 and 5 resonate at 4.94GHz and
4.50GHz, respectively. Modes 7 and 9 overlap at 2.08GHz,
and Mode-10 resonates at 2.83GHz. While the resonance at
2.45GHz is significantly enhanced in this stage, it can be seen
that the BW is nearly the same. This can be attributed to the
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FIGURE 4. Modal current distributions at (a) Mode-1 at 7GHz, (b) Mode-2 at 6.18GHz, (c) Mode-3 at 5.73GHz, (d) Mode-4 at 4.94GHz, (e)
Mode-5 at 4.50GHz, (f) Mode-9 at 2.08GHz and (g) Mode-10 at 2.85GHz.

overlap of Modes 7 and 9. Even though the number of modes
increases, the modes are not spaced far enough to have a sig-
nificant influence on the BW. Other modes are still inductive
in the range of interest. Thus, a capacitive semi-circular notch
is added in the final A4 stage. With the addition of this notch,
7 out of the 10 modes resonate distinctly. Modes 1–5 resonate
at 7GHz, 6.18GHz, 5.73GHz, 4.94GHz, and 4.50GHz, re-
spectively. Modes 9 and 10 contribute to resonance at lower
frequencies at 2.85GHz and 2.08GHz, respectively. The cur-
rent distributions, along with the 2D radiation patterns for all
resonant modes in A4 stage, are shown in Fig. 4 and Fig. 5, re-
spectively. This OMSA is then fabricated and analyzed for the
applications in wireless communication.

4. RESULTS AND DISCUSSION

A prototype of the proposed OMSA has been fabricated, as
shown in Fig. 1(b) and measured to validate its performance.
All simulations have been done using Ansys HFSS and MAT-
LAB, whereas all the measurements for validation have been
made at a defense-based laboratory for antenna testing in Jodh-
pur, India, using the art Vector Network Analyzer (VNA) and

testing facilities. Both frequency and time domain analyses
(FDA and TDA) have been evaluated in this manuscript.

4.1. Frequency Domain Performance
In this work, the antenna shows a slight variation in the sim-
ulated and measured results. This is highly due to fabrication
tolerances and the soldering issue with the connector. However,
the antenna shows a UWB performance in both simulation and
measurement.
While UWB communication is primarily discussed in the

3.1GHz to 10.6GHz range, the fundamental UWB defini-
tion is based on BW. According to this definition, an antenna
with an absolute BW greater than 500MHz or fractional BW
(FBW) greater than 20% is essentially falling under the UWB
range [28]. As seen in Fig. 6(a), the antenna effectively res-
onates at 2.45GHz with 101.45% simulated FBW and 91.46%
measured FBW. Thus, the antenna is UWB. The OMSA is well
matched with both simulated and measured VSWR < 2 and
characteristic impedance (Z0) ≈ 50Ω in the entire operational
range. It has a measured VSWR of 1.2 at 2.6GHz with char-
acteristic impedance of 49Ohms. The simulated and measured
VSWRs andZ0 are illustrated in Figs. 6(b) and (c), respectively.
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FIGURE 5. Radiation patterns at ϕ = 0◦ and ϕ = 90◦ for (a) Mode-1 at 7GHz, (b) Mode-2 at 6.18GHz, (c) Mode-3 at 5.73GHz, (d) Mode-4 at
4.94GHz, (e) Mode-5 at 4.50GHz, (f) Mode-9 at 2.08GHz and (g) Mode-10 at 2.85GHz.

The normalizedE- andH-plane gains and radiation patterns
(RPs) of the antenna are compared in Fig. 6(d). The antenna has
an omnidirectional radiation in theH-plane. The truncation of
ground plane has resulted in a back-lobe, making the OMSA ra-
diation bidirectional in the E-plane. The simulated half-power
beamwidth (HPBW) in the E-plane is 78.9◦. The measured
HPBW in this plane slightly decreases to 58.6◦. Even though
the antenna is omnidirectional in the H-plane, a slight HPWB
of 34.4◦ is observed. The RPs, however, align maximally in
both planes, validating the OMSA’s performance.
The gain of the OMSA has been measured in free space out-

side of an anechoic chamber for a more realistic estimate in a
noisy environment. The measured gain is depicted in Fig. 6(e).
The peak measured gain at 2.45GHz is 4.5 dB. The simulation
trends comply maximally with the measured results in the fre-
quency domain. Any digressions can be attributed to connector
soldering and fabrication tolerances.

4.2. Time Domain Performance

The feasibility of the OMSA for signal transmission through
short pulses is verified by performing TDA. This is done
by simulating a wireless communication link. The designed
OMSA is used as a transmitter and receiver. The antennas are
placed 350mm away from each other, enabling far-field sig-
nal transmission. Two different configurations were simulated,
whereas the antennas are facing each other (FtF) and side by
side (SbS). The transmitted input pulse is prone to distortion at
the receiver because of its susceptibility to losses and disper-
sion. Therefore, the TDA of the transmitted pulse is necessary
to mitigate distortion concerns.
The fidelity factor (FF), group delay (GD), and phase linear-

ity (PL) are effective parameters to gauge the antenna’s perfor-
mance in the time domain. The calculation of FF [29] gives
similarity or correlation between the transmitted and received
signals. The input and output signals are first normalized, and
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FIGURE 6. Comparison of simulated and measured results of the OMSA, (a) S11 characteristics, (b) VSWR, (c) characteristic impedance, (d)
normalized radiation patterns at 2.45GHz, (e) gain vs frequency.

(a) (b) (c)
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FIGURE 7. Results of OMSA for wireless communication applications, (a) simulated normalized transmitted and received waveforms, (b) simulated
S21 phase linearity, (c) simulated and measured S21 phase linearity for FtF, (d) simulated and measured S-parameters for FtF, (e) group delays for
FtF and SbS, (f) simulated and measured group delay for FtF.

then the cross-correlation between them is computed.

FF = max


∫∞
−∞ T (t)R (T − τ) dt√∫∞

−∞

∣∣∣T (t)
2
∣∣∣ dt ∫∞

−∞

∣∣∣R (t)
2
∣∣∣ dt

 (4)

Since the FF depends on both the antenna specifications
and excitation signal, it is important to choose a suitable in-
put. The input pulse should be chosen such that its pulse spec-
trum falls almost entirely within the antenna’s operational band-
width [30]. The simulated normalized input and output signals
are shown in Fig. 7(a). The FF ranges between 0 and 1. A

value of 0 indicates maximum distortion and minimum corre-
lation. While the FF should be as close to 1 as possible, val-
ues > 0.5 are also deemed acceptable. The transmitted and
received pulses for the Ftf and SbS scenarios are shown in
Fig. 7(c). The FF for FtF is 0.9062 (or 90.62%) and for SbS
0.0051 (or 51%. This indicates that the antenna performs well,
and the transmitted signal is received with minimal distortions.
Although the acceptable range is FF > 50%, the FtF configu-
ration is more suitable for establishing communication without
compromising signal integrity.
In order to ensure distortion-free transmission, GD and PL

are also analyzed. The GD [30] describes a negative rate of
change of phase (φ) with respect to the change in angular fre-
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TABLE 2. Comparison of proposed OMSA with other designs in literature.

Reference Antenna Dimensions (mm) Frequency Range (GHz) % BW Gain (dB)

[31] 42× 32
2.67∼3.40

3.61∼3.67

24.09%
1.64%

3.69

[32] 30× 30 2.42–2.50 3.25% 4.1

[33] 20× 30

2.43–2.64
3.02–3.85
4.88–6.82

8.30%
24.19%
33.16%

1.8

[34] 50× 50 2.48–6.7 91.9% 2.78
[35] 143.5× 227.5 0.5–5.5 166.66% 2.6

[36] 40× 34
2.26–4.10
6.0–9.82

57.86% 2.5

[37] 50× 50
1.595–1.958
3.164–3.55

20.50%
11.64%

2.09

[38] 48× 38
2.16–2.85
4.8–5.96

27.8%
21.5%

2.55

Proposed Work 55 × 55
2.14–5.88
(measured)

93.3% 4.5

quency (ω)

GD =
−dφ
dω

(5)

Ideally, GD response should be flat and nearly constant
throughout the frequency range of operation withminimal devi-
ations. As seen in Figs. 7(b)–(f), the GD and PL varyminimally
with minimal distortions in the FtF scenario.
This indicates that the distortions are more for the SbS than

for the FtF scenario. The PL response is also stable with mini-
mal distortions for the entire frequency range in the FtF config-
uration. The GD is well within the acceptable range of < 2 ns
with a few additional disturbances in the SbS configurations.
This signifies that the received pulse has minimal to no out-of-
phase components. The measured frequency domain results of
the proposed OMSA are compared with other designs available
in the literature in Table 2.
Since all the designs taken for comparison are based on a

1.6mm thick FR-4 substrate, the dimensions are only the length
and width. While antennas other than [30] are smaller in size
than the proposed OMSA, their BW is significantly less as well.
On the other hand, while [30] offers better BW, its size and gain
are significant setbacks. The proposed OMSA offers UWB per-
formance while maintaining a comparable size.

5. CONCLUSION
In this article, the design and analysis of a novel OMSA, along
with the time and frequency domain performance, have been
extensively presented. This work offers an in-depth analysis of
the key drivers of the antenna performance. The antenna per-
formance is enhanced using intricate techniques such as trun-
cated ground, notches in the ground and patch. The effect of
each stage is analyzed by the antenna’s current distribution and
RL characteristics. The simulated and measured performances

show satisfactory impedance matching and wide BW. The nor-
malized RPs in both E- and H-planes also aligned maximally.
For TDA, crucial performance parameters like FF, GD, and
PL are simulated. While GD and PL have been measured,
the measurement and analysis of FF may be explored in fu-
ture studies. The simulated time domain performance show-
cases high fidelity values for the FtF configuration. The nov-
elty of the OMSA is its distinctive shape, in-depth resonance
performance analysis using CMA, experimental verification of
both time and frequency domain responses using state-of-the-
art measurement facilities, and comparisonwith the existing an-
tenna designs. Hence, the proposedOMSA is recommended for
wireless communication, including WLAN applications.
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