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Abstract

This paper presents an elliptical monopole antenna integrated with metamaterial structures to achieve band-notched charac-
teristics. Five narrowband spectrums are notched to mitigate interference in the ultra-wideband (UWB) spectrum. Satellite
communication in the C-band (3.7 to 4.2 GHz) and the wireless local area network (WLAN) band (5.15 to 5.35 GHz) are
suppressed by etching dual elliptical split-ring resonators (ESRRs) into the monopole radiator. A 2-via dual-slot electro-
magnetic band-gap (EBG) structure is designed on the left side of the feed line, which results in the rejection of the INSAT
band (4.5 to 4.7 GHz) and the upper WLAN band (5.725 to 5.825 GHz). Additionally, the ITU band (7.95 to 8.55 GHz) is
rejected by implementing a step-impedance resonator (SIR) on the right side of the feed line. The proposed antenna achieves
a 10 dB impedance bandwidth of 8.5 GHz, covering the frequency range from 2.5 to 11.0 GHz, with miniaturized dimen-
sions of 0.317Ax0.317Ax0.007A. A mathematical model is employed to explain the behavior of the notched frequencies
and is validated through the simulated surface current distribution. Across the entire passband, a consistent gain of 3 dB is
achieved. The proposed structure is well-suited for UWB communication applications.

Keywords Electromagnetic band gap (EBG) - Elliptical radiator - Metamaterial - Quintuple - Step impedance resonator
(SIR) - Ultra-wideband (UWB)

1 Introduction

Ultra-wideband (UWB) technology is widely utilized in
various wireless applications due to its high-speed data
transmission, cost-effectiveness, low emission power, low
power spectral density, and strong resistance to multipath
< Ahmed Jamal Abdullah Al-Gburi environments. UWB systems have a broad range of applica-

ahmedjamal @ieee.org; ahmedjamal @utem.edu.my tions, including medical imaging, wireless body area net-
works (WBANS), radar systems, military applications, the
Internet of Things (IoT), and other communication domains
[1-4]. In UWB systems, achieving an omnidirectional radia-
tion pattern and a wide impedance bandwidth is essential for
antenna performance [5, 6]. Monopole antennas with pla-
nar structures are considered excellent candidates for UWB
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used narrowband systems that operate within the ultra-
wideband (UWB) range include WiMAX (IEEE 802.16) in
the frequency range of 3.3-3.7 GHz, WLAN (IEEE 802.11)
which spans from 5.15-5.35 GHz and 5.725-5.825 GHz,
the C band for satellite communications with a downlink
frequency of 3.77-4.2 GHz and an uplink frequency of
5.9-6.4 GHz, and the ITU frequency band ranging from 7.95
to 8.55 GHz. This study presents a compact UWB antenna
with several filters to reduce interference from narrowband
systems, hence improving the performance of UWB systems
[8-13].

The UWB design being proposed utilizes U-shaped slots
that are etched on a circular patch. This design allows for
the creation of four notch bands, resulting in a wide band-
width that spans from 2.9 to 20 GHz [14]. The creation of
a rectangular-shaped slot in the partial ground plane allows
for the achievement of this. In addition, a bevelled rectan-
gular monopole antenna is proposed in reference [15]. This
antenna has semi-circular slots and L-shaped slots on the
patch to selectively attenuate signals in the X-band and
WiMAX band. Furthermore, a semi-circular stub is added
on the substrate’s opposite side and attached to the patch
using cylindrical pins in order to attenuate the WiMAX
band.

2 Existing literature

However, several designs in the existing literature display
certain constraints, including complex geometry, restricted
control over notch bandwidth, and excessive coupling
between band-notch structures [16—18]. In order to address
these problems, antenna designs use Electromagnetic Band
Gap (EBG) structures, which belong to a specific category of
metamaterials [19-21]. These metamaterials exhibit distinc-
tive characteristics of band gaps and have a high impedance
at their resonant frequency [22]. The EBG structure, when
placed strategically close to the antenna’s feed line, acts as a
band-stop filter. Its band gap characteristic can be efficiently
utilised to generate notch bands.

Mushroom-type Electromagnetic Band Gap (EBG)
structures are utilised in Ultra-Wideband (UWB) mono-
pole designs [16—19] to regulate the breadth of notches and
generate targeted notch bands. An example of a monopole
UWB antenna, as described in reference [23-27], includes
a small two-via EBG structure positioned close to the feed
line. This structure is designed to provide a single notch
specifically for the upper WLAN band, which operates
at frequencies between 5.725 GHz and 5.825 GHz. Dual
notches are obtained in an alternative design [24] by utilis-
ing inverted pi-notch and spiral-shaped EBG structures. It is
important to remark that in the designs stated above, a single
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Electromagnetic Band Gap (EBG) element is only useful in
suppressing one notch [28, 29].

The proposed design incorporates a structure that uti-
lises two via double-slot-type Electromagnetic Band Gap
(TVDS-EBG), resulting in the achievement of dual notches.
This is owing to the presence of two vias within a single
cell. Moreover, there is a lack of study on Ultra-Wideband
(UWB) antennas that incorporate a Penta-notch arrange-
ment. The present study introduces an elliptically shaped
monopole ultra-wideband (UWB) patch antenna with five
notches. The antenna has two elliptical split ring resonators
(ESRRs) within the radiation patch, in addition to a compact
dual-band electromagnetic bandgap (EBG) structure and a
stepped impedance resonator (SIR) located near the feed
line. This combination is specifically engineered to produce
a band with five distinct notches simultaneously.

The inclusion of elliptical split ring resonators (ESRRs)
in the antenna patch is essential for creating two distinct
gaps in the C band satellite downlink (3.7-4.2 GHz) and
the lower WLAN band (5.15-5.35 GHz). Simultaneously,
a compact dual-band Electromagnetic Band Gap (EBG)
structure is utilised to create dual notches that cover the
INSAT band (4.5-4.7 GHz) and the upper WLAN band
(5.725-5.825 GHz). Additionally, a Stepped Impedance
Resonator (SIR) positioned near the feed line is employed
to suppress the ITU band (7.95-8.55 GHz). Hence, the
suggested configuration efficiently eliminates five notch
bands within the Ultra-Wideband (UWB) spectrum. In
addition, the antenna is used in other frequency ranges,
such as S (1.97-2.69 GHz), LTE (450 MHz-3.8 GHz),
C (3.4-7.025 GHz), X (7.25-8.44 GHz), and Ku
(10.7-14.5 GHz). The antenna’s design and numerical sim-
ulations are performed using High-Frequency Simulation
Software (HFSS). The proposed band notch structure has
advantage over the UWB antenna. A band-rejected UWB
(Ultra-Wideband) antenna with a band-notch feature is
designed to operate over a wide frequency range while selec-
tively suppressing specific frequency bands. This capability
makes it useful in various applications, including:

e Reduce Interference-Band notch characteristics of pro-
posed antenna mitigates the interference from different
narrowband wireless communication links like WiMAX
(3.3-3.7 GHz) and WLAN (5.15-5.85 GHz), and pro-
vides reliable communication.

e Cognitive Radio—It supports cognitive radio systems
and avoids licensed frequency bands and uses the spec-
trum resourcefully.

e Short-Range Radar Systems—It avoids collision in
ground-penetrating radar (GPR) and gives through-wall
imaging benefit.

e Wireless Body Area Networks (WBANs)—It ensures
efficient signal transmission in WBAN as interference
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Fig. 1 Proposed antenna design a Front view b Back view

with medical telemetry systems is rejected due to notched
band.

e Internet of Things (IoT) and Sensor Networks—Can be
use with IoT devices and wireless sensor networks, as it
can avoid undesirable interference from existing wireless
systems.

By incorporating band-notch characteristics, UWB anten-
nas enhance system performance by eliminating disruptive
signals while maintaining broadband operation.

The paper is organised in the following manner: Sect. 3
presents a summary of the design structure and the specific
measurements. This section provides a thorough explanation
of the procedure for achieving numerous band notches and
explores the assessment of the design. Section 4 provides
a concise discussion on the analysis of reflection coeffi-
cients in relation to different design topologies, variations
in parameters, diverse substrate materials, surface current
distribution, and antenna impedance. In Sect. 5, we give an

(b)

analysis of the measured results, with a specific focus on
aspects such as the reflection coefficient, radiation pattern,
and gain. The next section serves as the conclusion of the

paper.

3 Design and configuration

Figure 1 depicts the forward and posterior perspectives of
the antenna. In order to obtain the Ultra-Wideband (UWB)
spectrum, a patch with an elliptical shape is created on the
upper surface of the substrate. The patch has a major axis
length (E1) and a minor axis length (E2). At the same time,
a partial ground plane is added to the underside of the sub-
strate. The design is executed on a substrate made of FR4
epoxy material, which has a thickness of 0.8 mm. The sub-
strate has dielectric constants of er=4.4 and a loss tangent of
0.02. A slot measuring 2.5 1.5 mm? is incorporated into the
partial ground plane to improve the impedance bandwidth

Table 1 The proposed penta-

. i Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) Parameter Value (mm)

notch UWB antenna dimensions

L 38 W9 0.15 w7 0.5 D2 0.5

w 38 K1 2.22 w8 0.75 D3 4.67

Wi 4.34 K2 2.3 G 1 D4 3.548

L1 8.9 w10 0.15 D 0.2 El 9.95

L2 6.94 % 1.5 L3 1.58 E2 9.63

w2 2.678 Lf 18.08 L4 2.19 W3 11

D1 0.5 Lg 18 L5 6.42 w4 8

W5 4.5 Ls 1.5

W, L Width and length of the overall antenna substrate, Wf, Lf Width and length of the feeding transmission
line, E1, E2 Circular patch dimensions, LI, L2 Lengths related to the ring dimensions, L3, L4, L5 Lengths
defining various sections of the slot, DI, D3 Diameters of the circular slots in the patch, D2, D4 Diameters
of the inner rings within the patch, Wi, W2 Widths of the rings, Lg Length of the ground plane, Ls Slot
length in the ground plane, Ws Slot width in the ground plane, W9, W10 Widths dimensions for specific

feed-line,
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Fig.2 Design procedure a
Design 1 b Design 2 ¢ Design 3
d Design 4 e Proposed design
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Fig.3 Simulated graphs for return loss of Designl, Design2,
Design3, Design 4 and proposed design

of the design. The enhanced bandwidth now covers the fre-
quency range of 2.5-11 GHz. The radiating patch is con-
nected to a 50-Q micro strip line, which has a specific length
(Lf) and width (W;). Table 1 presents a thorough compila-
tion of the optimised measurements for the suggested design.

The following stages clarify the procedures for creat-
ing notches at different frequencies. Figure 2(b) illus-

(©) (d) (e)

at the lower WLAN band (5.15-5.35 GHz). Figure 3 exhib-
its the return loss graph for Design 1, Design 2, Design 3,
Design 4, and the suggested design. The graph representing
Design 1 shows an S11 value that remains below -10 dB
across the frequency range of 2.5-GHz, thereby satisfying
the criteria for Ultra-Wideband (UWB) specifications.

3.1 Techniques to create notches

The surface current in the selected notch bands is confined
to specific regions of the spot by the process of etching ellip-
tical slots and utilising Electromagnetic Band Gap (EBG)
structures. Within this arrangement, five bands have been
eradicated using diverse methods, which will be explained
in detail below.

3.1.1 C-band and lower WLAN band rejection

In order to achieve certain frequencies in the C-band and
the lower WLAN band, two Elliptical Split Ring Resonators
(ESRR) are engraved onto the patch, as depicted in Fig. 2(a)
and (e). The dimensions of the ESRR at the notch frequency
are calculated using the calculations provided in reference
[30].

trates the second design, which involves carving an ellip-  Ci= — =+ b)<1 + 3h/(10 + V4 - 3he)>

tical slot from the radiating patch to create a notch at the 2 * fnotch veeff

C-band (3.7-4.2 GHz). In order to achieve both frequen- 1)

cies at INSAT (4.5-4.7 GHz) and the higher WLAN band £, = (a — b)?/(a + b)? 2)

(5.725-5.825 GHz) simultaneously, a TVDS-EBG is built

near the feed line, as shown in Fig. 2(c). In addition, a fre- er—1

quency gap within the range of 7.95-8.55 GHz is created ¢ — & +1 + 2

using SIR, as depicted in Fig. 2d. In order to achieve a total 2 1+ 2 G)

of five notches, an additional elliptical slot is incorporated i

into the patch, as illustrated in Fig. 2(e), resulting in a notch

Table 2 Calculated C-band and lower WLAN notched frequency due to ESRR

ESRR Frequency  Frequency eeff A (half of the major axis) B (half of the minor axis) Ci h,
(Simulated) (calculated)

Small (Lower WLAN) 5.25 GHz 5.13 GHz 333 a=L2/2=6.94/2=347mm b=w2/2=2.678/2=134mm 16.03 mm 0.1958

Large (C-band) 3.91 GHz 3.84 GHz 333 a=L1/2=892=445mm (b=w1/2=434/2=2.17mm) 21.40mm 0.1186
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Here, Ci denotes the inner circumference of the ESRR. It
is expected to be around half of the guided wavelength at the
notch frequency. The variable h denotes ellipticity which is
the factor of half of the major and minor axis of the ESRR.
The effective dielectric constant e, is calculated using
Eq. (3), where W; denotes the width of the micro strip line,
‘h’ signifies the height of the substrate. Calculated notched
frequency using the Eqs. (1-3) and dimensions of ESRRs
are given in Table 2. Calculated frequencies are in close
approximation to the simulated frequencies.

The ESRR, which is present in the lower portion of the
patch and has the following characteristics: major axis length
L1, minor axis length W1, ellipticity k1, and cut width D3,
forms the notch at the C-band. The lower ESRR is the focus
of the current distribution at 4.02 GHz, which effectively
blocks radiation outside of this designated zone (described
in the following section). The optimised value is 11.65 mm,
resulting in a C-band notch, but the computed Ci value using
the equations is 11.5 mm. The parametric analysis of the
D1 parameter is shown in Fig. 4. Notch moves from 3.55 to
3.7 mm as D1 (gap between two edges of ESRR) grows. The
ideal D1 value, which results in a notch with a frequency
range of 3.7-4.12 GHz, is 0.5. A notch in the lower WLAN
is formed by the ESRR with major axis length L2, minor
axis length W2, ellipticity k,, and cut width D4 in the upper
portion of the radiating patch.

The C-band notch is created by the ESRR positioned in
the lower part of the patch. The ESRR is defined by its major
axis length (L1), minor axis length (W1), ellipticity (k;), and
cut width (D3). At a frequency of 4.02 GHz, the current is
mainly focused in the lower ESRR, successfully preventing
radiation from extending beyond this region (as explained
in the subsequent section). The Ci value calculated using
the calculations stated above is 16.03 mm, whereas the opti-
mised value is 16.65 mm, guaranteeing the existence of a
C-band notch.

- P |
= ET=03mm

|S11| in dB

Frequency (GHz)

Fig.4 Simulated graphs for return loss showing parametric variation
of D1 parameter

Figure 4 illustrates the parametric analysis of the D1
parameter. As the magnitude of D1 (the distance between
two edges of ESRR) grows, the notch moves from 3.55 to
3.7 mm. The most favourable selection for D1 is 0.5, leading
to a notch spanning from 3.7 to 4.12 GHz. The top part of
the radiating patch includes ESRR, which has a major axis
length of L2, a minor axis length of W2, an ellipticity of k,,
and a cut width of D4. This configuration results in a notch
at the lower WLAN.

Design-2, as seen in Fig. 2(a), features the initial ESRR
carved near the feed point on the patch. This results in the crea-
tion of band stop characteristics that uniquely affect the C-band
satellite downlink channel. As shown in the graph for design-2
in Fig. 4, the S11 value stays below — 10 dB between the fre-
quencies of 3.7 GHz and 4.12 GHz. The middle frequency of
the notch is 3.91 GHz. This confirms the existence of the initial
notch in the C-band, whereas the remaining portion of the
ultra-wideband (UWB) spectrum maintains consistent imped-
ance characteristics.

3.1.2 INSAT and upper WLAN band rejection

EBGs represent a distinctive category of metamaterials char-
acterized by their unique band gap property, a feature stra-
tegically employed in antenna design to eliminate undesired
frequency bands. In this context, a specialized EBG structure
known as the two via double slot (TVDS) type [23, 31, 32] is
implemented in close proximity to the feed line to effectively
reject signals from both the INSAT and upper WLAN bands.
The revised antenna design, denoted as design-2, is illustrated
in Fig. 2(c), while the geometric details of the EBG structure
are presented in Fig. 5(a).

The EBG structure comprises an inner square patch with
a side length of W5, a shorting via with a diameter of D, and
specific dimensions for the outer slot (W6), inner patch width
(W5), and the gap between the micro strip line and the EBG
structure (W10). The TVDS-EBG structure, featuring a two
via double slot configuration, is capable of generating dual
notches due to the presence of two series resonant circuits
within a single cell.

The equivalent circuit, depicted in Fig. 5(b), reveals the
key components contributing to the dual resonance frequen-
cies. Inductance (LL1) arises from the current flow between the
vias situated on the edge, the ground, and the via within the
inner patch. Capacitance (C1) is established between the outer
slot and inner patch, with a gap of W7. Together, C1 and L1
constitute the first resonant circuit. Additionally, the second
resonant circuit is formed by capacitances C2, C3, and C4,
along with inductance L2. Specifically, C2 is associated with
the inner slot and inner patch, C4 is linked to the gap between
adjacent EBG cells, and C3 is created due to the gap between
the outer slot and inner patch.

@ Springer
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Fig.5 a TVDS-EBG structure
b Equivalent circuit of EBG ¢
Equivalent circuit of EBG in
ADS schematic environment
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Start = 1.0 GHz
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The TVDS-EBG structure and the corresponding unit cell’s
equivalent circuit diagram are depicted in Fig. 5, providing
insight into the intricate interplay of components. The dual
resonance frequencies of the TVDS-EBG structure can be
determined using Egs. (4-6).

1

2% 7\ LIC1
1
27r\/L2Ceq
Here,

1.1t 1
Ceq C2 37 Ca (6)

The ADS Schematic environment was used to simulate
the equivalent circuit of EBG, as shown in Fig. 5(c), in order
to estimate the values of passive components (L1, C1, L2,

@ Springer

(c)

Table 3 Comparison of simulated

Notch Notched notched LC equiva- Cl1 (pf) L1 (nH)
Band frequency frequency lent circuit
(GHz) (GHz) frequency
(Simu- (Meas- (GHz)
lated) ured) (Calcu-
lated)
INSAT 4.53 4.5 4.48 0.18 0.07

Measured and LC equivalent lumped element notch frequency at 4.5
GHz

C2, C3, and C4). The tuning feature in ADS was utilised
to change different parameter values in order to match the
simulated S11 curve. Tables 3 and 4 display the values of
the simulated, measured, and comparable circuit notch
frequencies.

We utilised the Ansys high-frequency simulator to do
simulations utilising the Eigen mode solution in order to
evaluate the band gap properties of TVDS-EBG. A unit cell
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Table 4 Comparison of simulated

Notch Band  Notched frequency (GHz) LC Equivalent Circuit fre-
(Simulated) quency (GHz) (Measured)

Notched frequency (GHz) C4 (pf) C3(pf) L2 (mH) C2 (pf)
(Calculated)

Upper WLAN 5.84 5.68

5.9 17.83 122 0.11 350

Measured and LC equivalent lumped element notch frequency at 5.8 GHz

Alr
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o
= ¥ mM N
@«
g I_
o 1
@ !
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r X M Y r

Wave Vector

Fig.6 Dispersion diagram for TVDS-EBG structure

was used to create a rectangular dispersion diagram based
on the irreducible Brillouin zone, as shown in Fig. 6. The
band gaps were identified by doing dispersion analysis on a
single cell. To generate an infinite structure, periodic bound-
ary conditions (PBC) were applied to the unit cell using the
Eigen mode solver of HFSS. Figure 6 depicts the dispersion
diagram for the unit cell, with the frequency represented on
the vertical axis and the transverse wavenumbers kx and
ky, which signify wave propagation vectors, displayed on
the horizontal axis. The vectors included within the unit
cell define the boundary region where waves can propa-
gate, which is referred to as the irreducible Brillouin zone.
The initial mode starts at a frequency of zero and gradually
increases with the wave number, reaching its highest point at
4.73 GHz. The initial band gap arises between Mode 1 and
Mode 2, covering a frequency range of 4.34-4.73 GHz. The
subsequent band gap, located between Mode 2 and Mode
3, is visible at 5.43-6.25 GHz. The identified band gaps
indicate the lack of surface waves in this frequency range.
The structure of the antenna, which includes the Electro-
magnetic Band Gap (EBG) structure, is shown in Fig. 2(c).
Figure 3 displays the IS11l curve for design-3 to evaluate
the influence of the selected EBG structure. The second and
third notches are observed between the frequency range of
4.34-4.73 GHz, and between 5.43 GHz and 6.25 GHz, with
centre frequencies at 4.53 GHz and 5.84 GHz, respectively.
This leads to the formation of notches at the INSAT and

upper WLAN frequency ranges, in addition to the initial
notch.

3.1.3 ITU band (7.95 to 8.55 GHz) rejection

In order to reject the ITU band, a step-impedance-resona-
tor (SIR) is added on the right side of the microstrip feed
at a gap of ‘w9’. Antenna geometry with SIR is shown in
Fig. 2(d). SIR act as a band-pass filter and a non-uniform
transmission line resonator. Coupling in feed line and reso-
nator is maximum with minimum gap.

Equations (7 and 8) gives the relation between SIR
dimensions and frequency

fu = f,/ (21! Vi) )
where k is the impedance ratio.

L5 = tan~! Vk (¥

Here, 0 is the centre resonance frequency (8.25 GHz) of
ITU band and fs1 is the first spurious resonance frequency.
Design 4 curve in Fig. 4 represents the fourth notch at
7.73 GHz-8.69 GHz having a centre frequency of 8.21 GHz
in addition to three notches. Finally, Design-4 is altered by
etching the second ESRR in the patch as shown in Fig. 2(e)
which is the proposed structure. It causes the band suppres-
sion at lower WLAN band with frequency ranging from
5.15 to 5.26 GHz. In this way, the proposed design is able
to produce a penta notch in UWB range. Furthermore, to
confirm the characteristics of ESRR and EBG antenna plot
of relative permittivity and permeability are represented in
Fig. 7. Figure 7(a) shows the negative permittivity (real) at
the frequencies of of 3.9, 4.53, 5.25, 5.84, and 8.25 GHz.
The imaginary values of effective permittivity are positive,
which confirms the criteria for metamaterial behaviour. The
effective permeability (real) values are lying near to zero at
each resonance, with an amplitude of 0.038, 0.049, 0.716,
0.543, and 0.12, respectively at the notched frequencies.
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Fig.8 Return loss variations of EBG structure with varying gap W10
with feed line

4 Results and discussion

This part delves into the parametric analysis of the antenna,
specifically investigating the distribution of surface currents
and the impedance curve of the proposed design. An exhaus-
tive study is performed to examine the discrepancy between
the EBG structure and the feed line “W10.” Fig. 8 displays
the plot of the reflection coefficient for different values of
‘W10’. It shows that as the gap increases from 0.13 to 0.17
mm, both the bandwidth and depth of the notches decrease.
This phenomenon is caused by the reduced mutual interac-
tion between the electromagnetic bandgap (EBG) and the
feed line. A gap of 0.15 mm produces notches at the speci-
fied frequencies for INSAT (4.5-4.7 GHz) and the higher
WLAN band (5.725-5.825 GHz), which range from 4.34 to
4.73 GHz and from 5.43 to 6.25 GHz, respectively.
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Fig.9 Return loss variations of SIR structure with varying gap w9
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In addition, a vital parametric analysis is conducted to
assess the gap between the SIR structure and the feed line
labelled “W9’. Figure 9 illustrates the plot of the reflection
coefficient as it varies with “‘W9’. By widening the distance
from 0.11 to 0.19 mm, the depth of notches and bandwidth
decrease as a result of the diminished mutual coupling
between the feed line and SIR. A gap of 0.15 mm achieves
the desired notch at the ITU band (7.95-8.55 GHz), making
it the chosen value for the design.

An analysis was performed on the surface current distri-
bution of the radiating patch, the Electromagnetic Band Gap
(EBQG) structure, and the SIR to understand the antenna’s
behaviour. Figure 10 depicts the plot showing the distribu-
tion of current at notched bands. At a frequency of 3.91
GHz, the electric current mostly focuses on the lower
Electrically Small Radiating Region (ESRR), preventing
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Fig. 12 Fabricated prototype a Front view b Back view

radiation beyond the borders of the ESRR (Fig. 9a). As the
frequency increases, the current moves towards the Elec-
tromagnetic Band Gap (EBG) structure at 4.53 GHz and
5.84 GHz, as seen in Figs. 9b and d. This leads to reduced
radiation at these frequencies. Figure 9(c) demonstrates
that at a frequency of 5.20 GHz, the focal point of the cur-
rent changes towards the upper ESRR. Similarly, at a fre-
quency of 8.21 GHz, the current density surrounds the SIR,
as depicted in Fig. 9(e). Significantly, current amplifies at
specific frequencies at band-notched elements, indicating
increased energy storage around these components rather
than emission into the surrounding environment. This high-
lights the band rejection properties of the suggested design

0
16
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8
4
0
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10 -
g
= -20 -
)
=30 -
-40
N T T T N T N T N T N 1
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Frequency(Ghz)

Fig. 13 Simulated and measured reflection coefficient

over five frequency bands. The impedance curve displayed in
Fig. 11 demonstrates that inside the Ultra-Wideband (UWB)
range, the resistance remains close to 50 ohms, while the
reactance almost reaches 0 ohms, except at the notches.

The resistance is significantly increased in the first notch
(3.76-4.10 GHz) and the fourth notch (5.5-6.32 GHz),
measuring at 140 ohms and 270 ohms, respectively. In addi-
tion, the reactance is negative, similar to that of a parallel
RLC circuit. Conversely, the resistance measures less than
50 ohms at the second notch (4.42-4.74 GHz), the third
notch (5.17 to 5.27 GHz), and the fifth notch (7.76 to 8.88
GHz). In such instances, the reactance exhibits a positive
value, mirroring the characteristics of a series resonance
circuit.

Figure 12 portrays the constructed design from both the
front and back views. The return loss graph was evaluated
using a vector network analyser, and the radiation charac-
teristics were computed in an anechoic chamber. Figure 13
illustrates the plotted comparison of the simulated and meas-
ured graphs for the reflection coefficient of the suggested
design. Notably, the S11 value surpasses — 10 dB within
five notched bands and remains below — 10 dB for all other

@ Springer



4 Pagel100f15 Analog Integrated Circuits and Signal Processing (2025) 123:4

Fig. 14 Comparison of meas- F-=~ Simulated|

ured and simulated radiation b L
1 : o
.40

-5

(a) 2.92 GHz (E- plane) (b) 2.92 GHz (H-plane)

-~ Simulated
[~ Measured

(f) 5GHz (H-plane)

---- Simulated| ===~ Simulated.
[ Measured

(g) 7.12 GHz (E-plane) (h) 7.12 GHz (H-plane)

@ Springer



Analog Integrated Circuits and Signal Processing (2025) 123:4

Page110of15 4

Simulated{
Measured |{

Peak Gain (dB)

T T T T T T T T T

Frequency (GHz)

Fig. 15 Simulated and measured peak gain comparison

frequencies spanning from 2.5 to 11 GHz. The correlation
between the simulated and measured S11 values is typically
acceptable, however there is a tiny discrepancy towards
lower frequencies, which could perhaps be attributed to
variations in soldering temperature and tolerances [25].
There are several factors that leads to variation in antenna
impedance while measurement at lower frequencies; lower
frequencies have larger dimension making antenna imped-
ance more sensitive to the manufacturing inaccuracies like
etching errors and soldering of connector. Permittivity and
loss tangent of substrate varies more at lower frequencies. In
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addition to this, parasitic effect of measurement set up and
coupling to surrounding conditions is higher at the lower
frequencies.

The antenna demonstrates outstanding performance
throughout the intended ultra-wideband (UWB) frequency
range, with specific frequency bands that are aligned with
five communication standards. This attribute makes the
antenna highly suitable for UWB communication without
generating interference with other narrow-band standards.

The radiation pattern plots for the proposed design are
assessed at frequencies of 2.92 GHz, 4.26 GHz, 5 GHz,
and 7.12 GHz, measured in both E-planes and H-planes.
The comparisons between the observed patterns and the
simulated patterns are shown in Fig. 14(a—d) for their
corresponding frequencies. An omnidirectional radiation
pattern is detected in the H-plane, whereas a dipole-like
radiation pattern is observable in the E-plane for both the
measured and simulated equivalents. The measured and
computed radiation patterns closely align, with the excep-
tion of a minor difference at 7.12 GHz. The discrepancy
may be ascribed to the amplified dielectric dissipation in
the FR4 substrate at elevated frequencies.

Figure 15 demonstrates the correlation between the
observed and simulated peak gains, showing a maximum
gain of 3 dB at 9.5 GHz and 2.5 dB at 9.3 GHz, respec-
tively. The peak gain exhibits a decrease at frequencies of
3.91 GHz, 4.53 GHz, 5.2 GHz, 5.84 GHz, and 8.21 GHz,
showing the existence of a quintuple notch generated by

Pulse received in Face to Face orientation
r = =-Pulse received in Side by Side orientation |
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Fig. 16 Transient time domain analysis of proposed notched-band antenna a Input pulse b Received pulses
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Fig. 17 Group delay without and with notch bands

the suggested antenna. However, the maximum increase in
signal strength stays above 2 dB for the remaining frequen-
cies within the Ultra-Wideband (UWB) range.

The transient solution type feature was used to evalu-
ate the pulse handling capability of the proposed design
in time domain analysis. A waveform characterised by a
sudden change in signal served as the input, and the sub-
sequent output was observed. Figure 16 demonstrates that
the presence of notches at specific frequencies (3.91 GHz,
4.53 GHz, 5.2 GHz, 5.84 GHz, and 8.21 GHz) results in
amplified ringing and distortion of pulses. Nevertheless,
the entire duration of the pulse remains limited to the 2 ns
interval, thus establishing a data rate of 500 megahertz.

Figure 17 illustrates the group delay of the suggested
system. Group delay is the negative-slope of the transmis-
sion phase angle with respect to frequency.

Table 5 Comparison of the proposed antenna with existing antennas

Group delay = _Zi <(31—?) 9)
z

where @ is the phase angle and f is the frequency.

While measuring the IS111 through VNA, the phase
angle is also received at the different frequency points.
Then the group delay formula is used to evaluate the val-
ues plotted in Fig. 16.

The group delay remains consistently below 2 ns over
the whole ultra-wide bandwidth for the antenna without
any notches. Nevertheless, within the notch bands, there is
a conspicuous augmentation in group delay, which signi-
fies the presence of distortion at these particular frequen-
cies. Table 5 presents a comparison between the proposed
design and similar antennas that have been reported in the
past. The suggested antenna has superior performance in
terms of both bandwidth and Bandwidth to dimension ratio
(BDR) than the earlier similar five-notched band UWB
antennas. BDR is the important parameter of a UWB
antenna. The higher the BDR, the more compact is the
antenna, and the wider the operating bandwidth. BDR is
calculated as:

BDR = Fractional Bandwidth/(pAlength x pAwidth) (10)

where, Zlength and Zwidth are the antenna length and width
respectively in terms of wavelength.

Reference [34] mentioned in Table 4 has bandwidth lit-
tle higher than that of the proposed one but it yields lower
value of BDR than that of the proposed geometry. Also,
Reference [35] shows the geometry having BDR little
higher than that of the proposed geometry but its measured
gain value is much lower than that of the proposed one.

References Bandwidth (GHz) Num- Dimension (mm?) Notched frequency band (GHz) Peak gain (dB) BDR (%)
ber of
notches
[33] 2.2-11 5 80x80x0.508 (=3251.2) (1.85-2.49), (2.91-3.49), (5.65-6.25), — 0.96
(7.19-8.78)
[34] 2.86-13.3 5 36x38x 1.6 (=2188.8) (3.45-4), (5.15-5.9), (6.77-8), 4.51 2.5
(8.3-9.1), (9.3-10.6)
[35] 3.05-10.6 5 31x25x1.6 (=1240) (3.4-3.8), (5.1-5.35), (5.6-6), 1.62 3.45
(7.15-7.65), (8.05-8.65)
[36] 2.9-10.5 5 31.3%x34.9x1.6 (=1747.7) (2.4-2.9), (3.6-4.3), (5.3-5.7), 3.1 2.7
(6.4-6.7), (7.8-8.6)
Proposed work ~ 2.5-11 5 38x38x%x.8 (=1155.2) (3.7-4.12), (4.34-4.73), (5.43-6.25), 3.25 3.14

(7.73-8.69), (5.15-5.26)
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5 Conclusions

In this article, a five-band-notched UWB antenna is
designed. Metamaterials are integrated to reject the
desired frequency bands, and their effects are analyzed
using a mathematical model and surface current distribu-
tion. The five rejected bands are the satellite downlink
C-band (3.7-4.2 GHz), the lower WLAN band (5.15-5.35
GHz), the upper WLAN band (5.725-5.825 GHz), the
INSAT band (4.5-4.7 GHz), and the ITU band (7.95-8.55
GHz). The performance of the notched bands is evaluated
through simulated and measured reflection coefficients.
In the E-plane, the antenna exhibits dipole-like radiation
characteristics, while in the H-plane, it maintains omnidi-
rectional radiation characteristics with a gain of 3 dB. The
wide impedance bandwidth of 8.5 GHz and stable radia-
tion performance make the proposed antenna a suitable
candidate for UWB systems.
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