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Abstract: A compact circular structured monopole antenna for ultrawideband (UWB) and UWB
dual-band notch applications is designed and fabricated on an FR4 substrate. The UWB antenna has
a hybrid configuration of the circle and three ellipses as the radiating plane and less than a quarter-
lowered ground plane. The overall dimensions of the projected antennas are 16 × 11 × 1.6 mm3,
having a−10 dB impedance bandwidth of 113% (3.7–13.3 GHz). Further, two frequency band notches
were created using two inverted U-shaped slots on the radiator. These slots notch the frequency band
from 5–5.6 GHz and 7.3–8.3 GHz, covering IEEE 802.11, Wi-Fi, WLAN, and the entire X-band satellite
communication. A comprehensive frequency and time domain analysis is performed to validate the
projected antenna design’s effectiveness. In addition, a circuit model of the projected antenna design
is built, and its performance is evaluated. Furthermore, unlike the traditional technique, which uses
the simulated surface current distribution to verify functioning, characteristic mode analysis (CMA)
is used to provide deeper insight into distinct modes on the antenna.

Keywords: UWB; antenna; dual-band notch; group delay; fidelity factor

1. Introduction

Ultrawideband (UWB) communication systems have emerged as the most feasible
solution for short-range, high-speed indoor data communications since the Federal Com-
munication Commission (FCC) released the bandwidth 3.1–10.6 GHz. Following the FCC
approval in 2002 for commercial use, UWB communication systems have grown popu-
lar among researchers and the wireless sectors [1]. As a result, a critical component of
UWB communication systems, UWB antennas, has piqued numerous researchers’ curiosity.
The transmission and reception of signals in the UWB system use short electromagnetic
pulses. The system’s performance is principally governed by the characteristics of the
radiators, which must meet rigorous frequency and time domain criteria across the en-
tire working spectrum [2]. These specifications comprise a non-dispersive phase center,
consistent radiation characteristics, and an impedance bandwidth without the stimulation
of higher-order modes [3]. The monopole patch antenna arrangement has a small size,
low cost, and broader impedance bandwidth, which is well-anticipated for UWB wire-
less applications [4]. So far, various types of monopole antenna geometries have been
developed to cover the whole frequency range of UWB, comprising various types of radiat-
ing structures, engraving ground planes, embedding slits, slots, stubs on radiating, and
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ground planes as parasitic elements, as well as metamaterial loading [5–11]. The progress
of wireless communication systems and the growing interest in wireless small-hand devices
have increased the demand for operational frequency bands. This scenario has led to the
crowded radio spectrum, and the regular frequency bands have begun to overlap. Even
though the large frequency bandwidth of UWB systems offers several benefits, it creates
interference with conventional wireless communication systems operating at different
narrowband frequencies, such as the worldwide interoperability for microwave access
(WiMAX) (3.3–3.7 GHz), C-band systems (3.7–4.2 GHz), the IEEE 802.1a standard-based
wireless local network (WLAN) (5.15–5.825 GHz), and X-band satellite communication
(7.25–7.745 GHz and 7.9–8.395 GHz) [12]. Therefore, compact large impedance bandwidth
antennas having band-reject properties are needed for UWB applications. Different UWB
antenna design techniques are available, such as dielectric resonators (DRAs) [13,14] and
microstrip patch antennas (MPA)s. The distinctive features of both types of antennas are
determined by their dielectric characteristics. Despite the fact that DRAs appear to be more
efficient than MPAs in several aspects, MPAs have benefits in mechanical processing, gain,
and stability over DRAs [15].

Conventional approaches for band rejection features are primarily focused on using
a half- or quarter-wavelength filter configuration in an antenna’s design. The literature
reveals many ideas for achieving single- and multi-band-notched features in UWB an-
tennas [16–18], for example, an L-shaped slit on a radiating plane [19]; metamaterial
loadings such as a split-ring resonator (SRR) and a complementary split-ring resonator
(CSRR; the structure is not limited to the circle) [20,21]; a bent slit engraved on a radiat-
ing plane [22], where different structures such as L, Z, and G are etched on a radiating
or ground plane [23,24] and are connected via the method described in [25]. In [26], a
half-circle was embedded in a combination of two rectangular patches to achieve the UWB
spectrum. The UWB dual-band notch was shown by the authors of [10] at 3.5 and 5.5 GHz.
By placing J and inverted pi form slots onto the radiating plane, the WiMAX and WLAN
band interference with the UWB was removed. In [24], a Z-shaped slot was engraved
on the ground plane to achieve a frequency notching at the WLAN band. Reference [20]
used an elliptical CSRR on a radiating plane to attain frequency notching characteristics
at the WiMAX and WLAN bands. Dual-band notching is achieved in [19] by carving two
L-shaped grooves on a radiator. The design of a wider impedance bandwidth antenna
with compactness is challenging. A majority of the prior works lack notching of the com-
plete existing narrowbands. This paper presents a composite structure of a circular- and
ellipse-shaped UWB antenna with a simulated and measured impedance bandwidth of
approximately 113% (3.7–13.3 GHz). The proposed design exhibits two frequency band
notchings: one at 5–5.6 GHz, covering the WLAN and IEEE 802.11 bands, and one at
7.3–8.3 GHz, covering X-band satellite communication. Incorporating sequences of ellipses
onto the circular monopole and the lowered ground plane embedded with an arc at the
edges is responsible for extended ultrawide bandwidth. The inverted U-shaped slots on
the UWB antenna radiator help attain two-band notch features by evading impedance
matching and disturbing the current distribution. The band-notched mechanism has a
negligible influence on the radiation characteristics of the projected antenna. Further, the
proposed antenna is evaluated by developing its equivalent circuit and characteristic mode
analysis (CMA).

The novelty of the proposed work is that there are no intricate structures used to
achieve the UWB spectrum and dual-band notching. This simple structure provides an
S11 curve below −11 dB for almost the entire impedance bandwidth. The UWB and
UWB band notch structures are compact compared to the many antenna designs in the
literature, and significantly less work is reported for the complete band rejection of X-band
satellite communication. The projected antenna design is also exposed to a thorough time-
domain analysis. A good time-domain response signifies the proposed design’s ability to
incorporate it into practical applications. The projected antenna’s prototype is fabricated
and measured. The simulation and measured results indicate that it has good frequency
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and time-domain responses. This work is organized as follows: a detailed design analysis of
the projected design is depicted in Section 2. Section 3 describes a comprehensive analysis
of the design to find the optimal dimensions. The development of a circuit model for the
proposed antenna is depicted in Section 4. Section 5 illustrates the CMA of the proposed
UWB antenna. Section 6 describes the experimental and simulated findings of the antenna’s
design, followed by concluding remarks.

2. Antenna Design Methodology

The proposed configuration of the UWB antenna without band elimination features
is fabricated on an FR4 substrate with the dimensions 0.19λ × 0.13λ × 0.01λ, where λ is
computed using the lower frequency of 3.7 GHz. An antenna’s step-by-step evolution
with its reflection coefficient (S11) is depicted in Figure 1. Antenna 1 is a fundamental
circular monopole antenna with a complete ground plane that offers no frequency range
below −10 dB in the S11 curve. Antenna 2’s ground plane is reduced to half, resulting in
no frequency range below −10 dB in the S11 curve. The further ground plane is lowered
to 1.9 mm in antenna 3, which provides an S11 curve ranging from 5.1 to 11.5 GHz.
The reduction in the ground plane influences the quality factor, thereby increasing the
impedance bandwidth. The impedance bandwidth is further improved in antenna 4 by
modifying the radiating plane. Embedding ellipses with the circle arrangement provides
an S11 of 4.3–13.6 GHz. Although antenna 4 provides a UWB spectrum, the ground plane
of the antenna structure is further analyzed for a stable and broader S11 curve, especially
at the lower frequency. Finally, in antenna 5, arc shapes are embedded onto the edges of
the ground plane. This configuration exhibits an impedance bandwidth ranging from 3.7
to 13.3 GHz, well below −11 dB.
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The circular monopole of antenna 1 is designed with a substrate thickness (h) of 1.6 mm,
resonant frequency ( fr) of 13 GHz, and dielectric constant (εr) of 4.4. The design equations
used for determining the patch dimensions are as described in Equations (1)–(3) [27].

The radius (r) of the circular patch is determined by:

r =
F√

1 + 2h
πεr F

[
ln
(

πF
2h

)
+ 1.7726

] , (1)

where F is given by

F =
8.791× 109

fr
√

εr
. (2)

The effective radius results from the fringing field spreading from the patch border to
the ground plane. The fringing field around the circular patch may increase the radius of
the circle. Therefore, the effective radius (re f f ) is determined as shown below:

re f f =
1.8412 c
2π fr
√

εr
, (3)

where c = 3× 1011 mm/s.
Parametric analysis is carried out on every design to find an optimum value for

the UWB antenna’s geometry. The final dimension for the proposed design is shown in
Figure 2. The optimized physical dimension of the proposed UWB configuration is depicted
in Table 1.

J. Sens. Actuator Netw. 2023, 12, x FOR PEER REVIEW 4 of 20 
 

 

The circular monopole of antenna 1 is designed with a substrate thickness (h) of 1.6 
mm, resonant frequency (𝑓  ) of 13 GHz, and dielectric constant (𝜀  ) of 4.4. The design 
equations used for determining the patch dimensions are as described in Equations (1)–
(3) [27]. 

The radius (r) of the circular patch is determined by:  𝑟 =  . , (1)

where F is given by 𝐹 = . ×√ . (2)

The effective radius results from the fringing field spreading from the patch border 
to the ground plane. The fringing field around the circular patch may increase the radius 
of the circle. Therefore, the effective radius (𝑟 ) is determined as shown below:  𝑟 =  .  √ , (3)

where 𝑐 = 3 × 10  mm/sec. 
Parametric analysis is carried out on every design to find an optimum value for the 

UWB antenna’s geometry. The final dimension for the proposed design is shown in Figure 
2. The optimized physical dimension of the proposed UWB configuration is depicted in 
Table 1. 

 
(a) (b) 

Figure 2. Geometry details of the proposed UWB antenna: (a) radiator, and (b) ground plane. 

Table 1. Optimized physical parameters of the proposed UWB antenna (dimensions in mm). 

Parameters/Antenna Design WS LS p1 p2 p3 p4 p5 p6 p7 p8 p9 
UWB  11 16 3 6 1.6 2 5 1.9 0.2 4.7 2.7 

The frequency band notching is realized by perturbing the radiating plane. This per-
turbation should not disturb the UWB antenna radiation characteristics over the imped-
ance bandwidth. Consequently, dual-band notch features are attained with the help of an 
inverted U-shaped slot on the radiator. The inverted U-shaped slot enables a frequency 
notch ranging from 5 to 5.6 GHz, covering WLAN and IEEE 802.11a/b/j/n/ac/ax standards. 
Inserting the slots results in an open circuit, avoiding impedance matching and current 

Figure 2. Geometry details of the proposed UWB antenna: (a) radiator, and (b) ground plane.

Table 1. Optimized physical parameters of the proposed UWB antenna (dimensions in mm).

Parameters/Antenna Design WS LS p1 p2 p3 p4 p5 p6 p7 p8 p9

UWB 11 16 3 6 1.6 2 5 1.9 0.2 4.7 2.7

The frequency band notching is realized by perturbing the radiating plane. This per-
turbation should not disturb the UWB antenna radiation characteristics over the impedance
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bandwidth. Consequently, dual-band notch features are attained with the help of an in-
verted U-shaped slot on the radiator. The inverted U-shaped slot enables a frequency notch
ranging from 5 to 5.6 GHz, covering WLAN and IEEE 802.11a/b/j/n/ac/ax standards.
Inserting the slots results in an open circuit, avoiding impedance matching and current
propagation at the notched frequency. The inverted U-shaped slot radiating-plane configu-
ration helps frequency band elimination from 7.3 to 8.3 GHz, covering the entire X-band
satellite communication. The geometric details of the dual-band notch UWB antenna are
shown in Figure 3 and Table 2.

J. Sens. Actuator Netw. 2023, 12, x FOR PEER REVIEW 5 of 20 
 

 

propagation at the notched frequency. The inverted U-shaped slot radiating-plane config-
uration helps frequency band elimination from 7.3 to 8.3 GHz, covering the entire X-band 
satellite communication. The geometric details of the dual-band notch UWB antenna are 
shown in Figure 3 and Table 2. 

 
Figure 3. Geometry details of the proposed UWB dual-band notch antenna. 

Table 2. Optimized physical parameters of the band notch elements (dimensions in mm). 

Parameters/Antenna Design t1 t2 t3 t4 t5 t6 t7 t8 
UWB dual-band notch 0.2 0.2 8 0.5 0.4 2 8.2 0.6 

The surface current distributions of the UWB and UWB band notches are illustrated 
in Figures 4 and 5, correspondingly. Regarding the UWB antenna without notch features, 
it can be noticed in Figure 4a–c that the maximum current concentration is at the feedline 
at resonance frequencies of 4.5 GHz, 8.5 GHz, and 12.7 GHz. Figure 5a,b shows the current 
distribution of the UWB antenna with notch characteristics. At the notch frequencies 5.4 
GHz and 7.6 GHz, it can be observed that the slots are not allowing the field to propagate 
into the radiator from the feedline; instead, the maximum current concentration is around 
the slots. The current distribution plot signifies that the antenna is nonresponsive at the 
notch frequencies. To calculate the length of the parasitic elements, the following Equa-
tions (4) and (5) can be used [11]:                                𝐿  =      , (4)

where 𝜆  is the guided wavelength and is equal to 𝜆 =   ; and 

∴ 𝐿  =  =  , (5)

where 𝜀  is the effective dielectric constant, 𝑓  is the resonant frequency in GHz, and c 
is the speed of light. 

Figure 3. Geometry details of the proposed UWB dual-band notch antenna.

Table 2. Optimized physical parameters of the band notch elements (dimensions in mm).

Parameters/Antenna Design t1 t2 t3 t4 t5 t6 t7 t8

UWB dual-band notch 0.2 0.2 8 0.5 0.4 2 8.2 0.6

The surface current distributions of the UWB and UWB band notches are illustrated in
Figures 4 and 5, correspondingly. Regarding the UWB antenna without notch features, it
can be noticed in Figure 4a–c that the maximum current concentration is at the feedline at
resonance frequencies of 4.5 GHz, 8.5 GHz, and 12.7 GHz. Figure 5a,b shows the current
distribution of the UWB antenna with notch characteristics. At the notch frequencies
5.4 GHz and 7.6 GHz, it can be observed that the slots are not allowing the field to propagate
into the radiator from the feedline; instead, the maximum current concentration is around
the slots. The current distribution plot signifies that the antenna is nonresponsive at
the notch frequencies. To calculate the length of the parasitic elements, the following
Equations (4) and (5) can be used [11]:

Lparasitic element =
λg

2
, (4)

where λg is the guided wavelength and is equal to λg = λ0√
εe f f

; and

∴ Lparasitic element =
λ0

2√εe f f
=

c
2 fr
√

εe f f
, (5)

where εe f f is the effective dielectric constant, fr is the resonant frequency in GHz, and c is
the speed of light.
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3. Parametric Analysis

The change in the dimensions of the antenna’s design and its impact on the antenna’s
performance are examined through a parametric analysis. This segment depicts a detailed
antenna structure analysis to attain the UWB and dual-band notch frequency features. First,
to achieve the UWB frequency spectrum, the ground plane is lowered to less than a quarter
of the entire ground plane. This process is carried out by simulating the design with a full
ground plane, i.e., p6 = 16 mm, a length that exhibits no frequency range below −10 dB.
Further, the length of p6 is reduced in a descending manner from 16, 13.6, 11.3, 8.9, 6.6,
4.2, and 1.9 mm, correspondingly, with a step of 2.35 mm. Every magnitude results in
different S11 curves, as shown in Figure 6. From this figure, it can be observed that until
reaching p6 = 6.6 mm, the reflection coefficient is not below −10 dB. The ground plane
length of 1.9 mm shows an impedance bandwidth between 4 and 13.7 GHz. Consequently,
to improve the bandwidth further in the UWB range, especially at a lower frequency, an arc
shape is included at the edges of the ground plane. The optimal length of the rectangular



J. Sens. Actuator Netw. 2023, 12, 37 7 of 20

slot (p7) on the ground plane is chosen by performing a parametric study. An initial value
of p7 is chosen at 0.1 mm, and at an incremental step of 0.1 mm until reaching 0.5 mm,
it varies, respectively. The value of p7 = 0.5 results in the no-frequency spectrum below
−10 dB. The corresponding S11 curve is depicted in Figure 7. The optimal dimension of
the rectangular slot’s width is found to be 0.2 mm, providing an impedance bandwidth of
113% in the frequency range of 3.7–13.3 GHz.
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Second, inverted U-shaped slots are used to attain the frequency notching effect. The
physical dimensions of these elements are realized by performing a parametric analysis.
The inverted U-shaped notch is responsible for the first notch at the center frequency of
5.4 GHz. The initial dimensions of t1 and t2 are chosen to be 0.1 mm, and t3 = 6 mm. The S11
response for this configuration shows the frequency notching shifting towards the higher
frequency after reaching 5.5 GHz. To attain the WLAN frequency band notch, the t1, t2, and
t3 dimensions are simultaneously increased by 0.1 mm, 0.1 mm, and 1 mm, respectively.
The corresponding S11 curves are depicted in Figures 8–10. It can be witnessed from the
figures that the optimum physical values of the inverted U-shaped slots were found to
be t1 = 0.2 mm, t2 = 0.2 mm, and t3 = 8 mm, providing notching between the frequency
range of 5–5.6 GHz. Similarly, the second notch is achieved by incorporating an inverted
U-shaped slot. The optimum physical dimensions of the slot are found to be t4 = 0.5 mm,
t5 = 0.4 mm, and t6 = 2 mm, resulting in the frequency notch from 7.3 to 8.3 GHz, as shown
in Figures 11–13.
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4. Antenna Modeling Using RLC Components

The transmitter and receiver in the communication system pose as an electrical system;
therefore, analyzing the antenna as an equivalent circuit is useful for circuit simulations
and time domain analysis. Such an electrical model can be highly beneficial in investigating
the antenna’s integration with the transceivers. The circuit theory analyzes the antenna as
a passive single-port network that imparts impedance to the source. The projected antenna
equivalent circuit is modeled in AWR design environment 15, as depicted in Figure 14.
The impedance model approach is used to build an analogous circuit model. [28]. A 50 Ω
RF source is used to excite the input port. Different contiguous resonances generated by
parallel resonators connected in series accomplish the wideband impedance matching.
The UWB antenna exhibits two sharp resonances at 4.5 GHz and 8.5 GHz, and this is
represented using two parallel RLCs connected in a series arrangement, as depicted in
Figure 14a. The series RLC configuration resonates when the inductance and capacitance
are equal, helping to tune applications. The series RLC provides a sharp curve at the
resonating frequencies. The circuit arrangement used for the UWB antenna is modified to
achieve an equivalent circuit to a dual-band notch UWB antenna. The RLC configuration
used for achieving two notches is based on the impedance curve, and the associated circuit
theory diagram is represented in Figure 14b.
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Figure 14. The antenna equivalent circuit using lumped elements. (a) UWB: resistors (Ω): R1 = 1,
R2 = 21, R3 = 3 K, and R4 = 50; inductors (nH): L1 = 12.3, L2 = 1.4, L3 = 0.254, and L4 = 0.79; and
capacitors (pF): C1 = 0.79, C2 = 2, C3 = 0.25, C4 = 0.2, and C5 = 0.09. (b) UWB band notch: resistors
(Ω): R1 = 3.8 K, R2 = 5 K, R3 = 3 K, and R4 = 50; inductors (nH): L1 = 1.31, L2 = 1, L3 = 0.112,
L4 = 0.032, and L4 = 0.5; and capacitors (pF): C1 = 1, C2 = 6.3, C3 = 0.63, and C4 = 0.78.
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5. CMA

The integration of the antenna with the radio frequency front-end transceivers neces-
sitates a design metrics compromise that fulfills the application’s need. The CMA is one
method for examining such a problem that uses classical electromagnetism to introduce
the notion of the CMA [29,30]. The CMA generates an endless number of distinct current
patterns that may be evaluated for the frequency of interest. According to the CMA, the
arbitrary conducting plane has multiple distinctive modes, including orthogonal modal
currents (Ji) and weighted eigenvalues (λi). The cumulative current is given in terms of (Ji)
and the modal weight coefficients (βi) by Equation (6):

J = ∑N
i=n βi Ji . (6)

βi is used to determine the impact of an individual eigencurrent on the total current
and how it affects the overall electric field. The eigenvector signifies the excitation and
radiation properties of the antenna while the eigenvalues indicate the magnitude of the
capacitive and inductive energy storage, as illustrated in Table 3. The method of moment
matrix (Z) links the eigenvalue and eigencurrent, as depicted in Equations (7) and (8):

[Z] = [R] + j[X], and (7)

[X] Ji = λi [R] Ji , (8)

where X and R represent the imaginary and real components of the impedance Z, respec-
tively. The modal significance (MS) is a key CMA parameter that specifies every mode’s op-
timum normalized current performance and its effects on the radiation characteristics. The
characteristic angle (CA) describes the phase difference between the antenna’s electric field
and the surface current. The MS and CA (αi ) are computed using Equations (9) and (10),
respectively. The proposed UWB antenna is simulated to study the physical insight of the
structure through the CMA, as depicted in Figure 15a–c.

MS =

∣∣∣∣ 1
1 + jλi

∣∣∣∣ , and (9)

αi = 1800 − tan−1λi . (10)

Table 3. The relevance of eigenvalues.

Eigenvalues (λi ) CA (αi ) Significance

λi < 0 180 < αi < 270 Capacitive (electric energy)
λi = 0 αi = 180 Resonating point
λi > 0 90 < αi < 180 Inductive (magnetic energy)

The CMA of the proposed antenna exhibits specific significant modes that contribute
to the antenna’s radiation. The first four modes are relatively significant and contribute to
the antenna performance. The eigencurrents are not affected by any source or excitation,
but rather, by the structure and size of the antenna. The optimization of the geometry
of the antenna by looking into the individual mode current helps in achieving a broader
bandwidth and the required radiation properties. The substantial individual mode current
contributes an antenna to achieve bidirectional and omnidirectional radiation patterns at
the E- and H-planes, respectively.
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6. Results and Discussions

This segment depicts the simulated and measured results of the projected UWB and
UWB dual-band notched antennas for the S11, impedance, and radiation characteristics.
Furthermore, detailed time-domain characteristics such as transfer function, phase response,
group delay, fidelity factor, and equivalent circuit analysis are studied. The proposed
microstrip-fed antennas are fabricated as shown in Figure 16. Ansoft HFSS simulators are
utilized to optimize the design and develop good concordance among the simulated and
measured results.

6.1. S-Parameters (S11) and Impedance (Z11)

Figure 17 illustrates the simulated and observed S11 curves of the UWB and dual-band
UWB. It is evident that the projected UWB antenna structures have a measured (Keysight
N9951A VNA is used) impedance bandwidth of approximately 113% between the range
of 3.7 and 13.3 GHz. Conversely, the first notch is achieved between the frequencies of
5 and 5.6 GHz, filtering the IEEE 802.11, Wi-Fi, and WLAN bands. The second notch
is achieved between the frequencies of 7.3 and 8.3 GHz, covering the complete X-band
satellite communication. The measured results of the UWB band notches are in line with
the simulation.

The impedance parameter (Z11) assists in identifying the operating frequency of the
antenna element, which has only a resistive part and no reactive portion. The impedance
curve of the projected UWB has a resistive part approximately equal to the 50 Ω and nearly 0
reactive components, as depicted in Figure 18a. Similarly, the dual-band notch antenna has
nearly 50 Ω resistive parts and zero reactive components, respectively, except at the notched
frequency bands. At the dual notch frequencies, the impedance has (98.25 − j22.89) Ω and
(141.19 + j40.46) Ω, correspondingly, as depicted in Figure 18b.
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6.2. Radiation Characteristics

The radiation pattern analysis at the resonating frequencies is performed in the ane-
choic chamber. The radiation patterns of the projected UWB and UWB band notch antennas
are performed at 4.5 GHz, 8.5 GHz, and 12.7 GHz and 4.2 GHz, 7 GHz, and 9.5 GHz,
respectively. Because the antenna’s length and width are in the XY plane, the XZ and YZ
planes serve as two primary planes, E and H. Figures 19 and 20 show the computed and
observed radiation patterns of the proposed UWB and UWB band notch antennas.
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Figure 20. Simulated and measured radiation patterns of the UWB notch antenna. (a) 4.2 GHz, (b) 7 
GHz, and (c) 9.5 GHz, and (d) the measurement setup. 
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Figure 20. Simulated and measured radiation patterns of the UWB notch antenna. (a) 4.2 GHz,
(b) 7 GHz, and (c) 9.5 GHz, and (d) the measurement setup.

In the E-plane, both the antennas exhibit nearly bidirectional and omnidirectional
patterns in the H-plane. A slight deviation is witnessed in the measured results. This
may be because of the SMA connector loss, fabrication, and soldering influence. Figure 21
depicts the simulated and observed gains against the frequency curves of the UWB and
dual-band notch UWB antennas. It can be noticed from the figure that the first notch
frequency gain is well below −5 dB, and for the second notch, it is also below −5 dB,
indicating the effectiveness of the notch structures.
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6.3. Time-Domain Analysis

The federal communication commission’s (FCC) specifications for designing ultra-
wideband (UWB) antennas necessitate additional performance parameters beyond those
required for standard antennas. The UWB provides an unlicensed 7.5 GHz frequency band
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ranging from 3.1 to 10.6 GHz for short-range connectivity. A UWB transmits and receives
signals using short pulses for this intent. Due to the obvious transmission link and distance,
signal distortion and dispersion are possible during communication. The transfer function,
phase response, group delay, and fidelity factors need to be examined for the linear phase
between the input and output signals. To investigate the aforementioned metrics, two iden-
tically designed antennas are aligned face-to-face and side-to-side, situated at a distance of
100 mm apart. The transfer function curves of both the UWB and the UWB band notch are
depicted in Figure 22. The transfer function/isolation describes the amount of correlation
between the elements. The UWB and UWB band notch antennas have isolation values
of less than −40 dB and −35 dB throughout the antennas’ operating frequency in both
the face-to-face and side-to-side arrangements. These values indicate that the antennas
have negligible correlation effects. The phase response curves indicate linearity in the
transmitted and received signals. The phase responses of the projected UWB and UWB
band notch are depicted in Figure 23. It can be witnessed that there is a negligible variation
in the peaks of the phase response curve except for the frequency band, which is filtered out.
The phase response curve signifies the linear phase between the input and output signals.
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A further important time-domain parameter is the group delay, which is calculated
quantitatively as the negative derivative of the phase variation in accordance with the an-
gular frequency. As the signal propagates, it experiences amplitude and phase disturbance.
The input signal may have numerous frequency components. For such signals, the group
delay signifies the phase linearity of the system, and it is described by Equation (11). The
acceptable value of the group delay is less than 1 ns.

τg(ω) = −dϕ(ω)

dω
(11)
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The group delays of the projected antennas are depicted in Figure 24, and they are
less than 1 ns in both configurations—side-to-side and face-to-face—except for the notched
frequency bands. The transmitted and received pulse shapes are analyzed using another
significant metric, the fidelity factor (FF). This parameter signifies the amount of pulse
shape distortion, not the amplitude of the pulse. The fidelity factors for the projected
antennas are computed in both the face-to-face and side-to-side orientations. The input
and out signals are normalized to ensure that the signals’ shapes are examined, and they
are depicted in Figure 25. The similarity between the input and output signals is computed
using Equations (12)–(14), and they are tabulated in Table 4.

Tn
s =

Ts(t)√∫ ∞
−∞|Ts(t)|2dt

, (12)

Rn
s =

Rs(t)√∫ ∞
−∞|Rs(t)|2dt

, and (13)

FF = max
∫ ∞

−∞
Tn

s (t) Rn
s (t + τ)dt. (14)
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Table 4. Fidelity factors of the UWB and UWB band notch antennas for the different orientations.

Antennas Orientation Fidelity Factor (%)

UWB
Side-to-side 93.49

Face-to-face 92.6

UWB band notch
Side-to-side 94.32

Face-to-face 93.9

6.4. Comparative Analysis

In Table 5, the performance parameters of the projected UWB with two frequency band
notch antennas are compared to those of the previously stated designs. The projected design
has physical dimensions that are comparatively small, a broader impedance bandwidth,
and good time-domain characteristics.

Table 5. Performance comparisons with existing structures.

Ref. Dimension (λ3) Bandwidth
(GHz) Notching Techniques No. of

Notches

Center
Frequency

of the
Notches (GHz)

τg(ω) (ns) FF

[31] 0.28 × 0.28 × 0.02 3.1–10.6 Slots on a radiating plane 2 3.5 and 5.5
Constant

except
band notch

-

[32] 0.22 × 0.22 × 0.01 2.63–10.87
U slot and rectangular

split-ring resonator (SRR)
on a radiating plane

2 6.72 and 9.24 <1 0.94

[33] 0.26 × 0.17 × 0.02 3.1–12.5 Electromagnetic bandgap on
the back of a radiating plane 1 5.5 - -

[34] 0.33 × 0.28 × 0.02 3.08–10.55 Bandpass filter of
the T-shape 1 6.205 <1 -

[35] 0.18 × 0.18 × 0.02 3–12 Circular SRR on a
radiating plane 2 5.3 and 7.4 - -

[36] 0.20 × 0.26 × 0.02 3.77–11.64
S-shaped slot and a pair of
inverted L-shaped stubs on

a radiating plane
2 5.71 and 7.69 Average

of 1.36 0.78

[37] 0.29 × 0.28 × 0.02 2.76–11

Four circular stubs on a
radiating plane and two

complementary SRRs on a
ground plane

2 4.4 and 5.8 <3.2 -

[38] 0.20 × 0.26 × 0.02 3.73–16.74

A pair of inverted L-shaped
stubs on a radiating plane
and a C-shaped stub on a

ground plane

2 7.54
and 10.35 <1.2 0.86

[39] 0.33 × 0.21 × 0.02 3–10.6 Two slits are engraved on a
radiating plane 2 3.5 and 5 - -

Proposed 0.19 × 0.13 × 0.01 3.7–13.3 Two inverted U-shaped
slots on the radiator 2 5.4 and 7.6 <1 0.94

- not available.

7. Conclusions

A novel, simple, and compact dual-band notch monopole antenna operating in the
UWB range is designed, developed, and tested for efficacy. The proposed design combines
circular and ellipse structures to provide a measured impedance bandwidth of between 3.7
and 13.3 GHz. Contrarily, the ground plane, which is lowered to less than a quarter of the
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substrate length, is responsible for the lower resonating frequency. The dual-band notching
is performed by carving two inverted U-shaped slots on the radiator, rejecting the frequency
band from 5 to 5.6 GHz and from 7.3 to 8.3 GHz, respectively. The lower and upper notches
cover the existing narrowbands such as WLAN, IEEE 802.11/a/b/j/n/ac/ax, and the
entire uplink–downlink of X-band satellite communication. In addition to the frequency
domain analysis, the projected design is examined for time-domain metrics such as FF,
group delay, phase response, and transfer function. The equivalent circuit is modeled and
analyzed. The simulated and measured results are almost identical, and a performance
comparison with existing structures makes it appropriate for UWB wireless applications.
Furthermore, the results of the developed antenna show that it may be transformed into a
MIMO antenna to boost channel capacity for future work.
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