International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Yang H, Zhang J, Li X, Li Y,
Yang J, Shi X (2023). Design and analysis of
UWB antenna with quintuple band-notched
and wide-band rejection characteristics.
International Journal of Microwave and Wireless
Technologies 15, 271-281. https://doi.org/
10.1017/S1759078722000186

Received: 29 September 2021

Revised: 24 January 2022

Accepted: 26 January 2022

First published online: 21 February 2022

Key words:
Band-notched antenna; Rho-shaped
resonators; ultra-wideband (UWB) antenna

Author for correspondence:
Hailong Yang,
E-mail: yanghl68@163.com

© The Author(s), 2022. Published by
Cambridge University Press in association with
the European Microwave Association

CAMBRIDGE

UNIVERSITY PRESS

i
@ CrossMark

Design and analysis of UWB antenna with
quintuple band-notched and wide-band
rejection characteristics

Hailong Yang? (&, Jinsheng Zhang?, Xuping Li%, Yapeng Li!, Junhua Yang!

and Xiaomin Shi3

IXi’an University of Posts & Telecommunications, Xi’an 710121, China; 2Control Science and Engineering from the
Xi’an Research Institute of High-Tech, Xi’an 10024, China and 3Communication Engineering Department, Xi’an
Shiyou University, Xi’an, China

Abstract

In this study, a compact ultra-wideband (UWB) antenna with quintuple band-notched and
wide-band rejection characteristics is studied. The proposed antenna mainly consists of a rect-
angular radiating patch, a microstrip feeding line, and a modified rectangular ground plane.
The quintuple band-notched functions with narrow stop bands are achieved at WIMAX (3.3—
3.7 GHz), WLAN (5.15-5.35GHz and 5.725-5.825GHz), C-band IEEE INSAT/super-
extended (6.7-7.1 GHz) by using three modified inverted U-shaped slots and two symmetrical
rectangular slots on the radiating path. Each stop band formed in the UWB antenna can be
adjusted independently, and deep reflection zeros are formed between the adjacent stop bands.
The formation of reflection zeros improves the band-edge selectivity of the stop band, and the
notch characteristics are more prominent. To further study the wide stop band (C-band and
X-band) with good selectivity characteristics, a pair of L-shaped open slot is added to the
edges of two rectangular slots. Additionally, a pair of modified Rho-shaped resonators is
located near the feeding line to realize band-notched characteristic at ITU service bands
(8.025-8.4 GHz), thus a quintuple band-notched UWB antenna is achieved. The shape factor
(ratio of the —3 dB bandwidth to the —10 dB bandwidth) of the wide stop band is 0.56, which
indicates that the antenna has excellent band-edge selectivity. To verify the performance of the
proposed design, both the time-domain and the frequency-domain characteristics of the
antenna have been studied and analyzed. The simulated and measured results verify the
design as a good candidate for various portable UWB applications.

Introduction

Recently, the ultra-wideband (UWB) technology has been widely used in wireless communi-
cation and has attracted much attention in communication systems since the US Federal
Communication Commission allocated the frequency band 3.1-10.6 GHz for commercial
UWB systems [1]. As a critical part of the UWB system, the UWB antenna has received
more attention due to its attractive characteristics such as low profile, wide impedance band-
width, simple structure, nearly omni-directional radiation patterns, and easy integration with
other compact UWB system circuits [2, 3].

It is necessary for a UWB system to be capable of rejecting interferences with other existing
communication systems, including the worldwide interoperability for microwave access system
(WiMAX) operating in 3.3-3.7 GHz [4-6], the local area networks (WLAN) for IEEE 802.11a
which operates in 5.15-5.35 and 5.725-5.825 GHz bands [2, 7, 8], and the C-band IEEE
INSAT/super-extended systems which operate in 6.7-7.1 GHz [9]. Therefore, UWB antennas
with band-notched functions to reject the unwanted frequencies are desirable. Over the years,
different techniques have been developed to realize the band-notching characteristics for UWB
antennas. These include the etching square slots [9, 10], U-shaped slots [8], T-shaped slots
[11], C-shaped slots [1, 12], the split-ring resonator (SRR) [13-17], as well as rectangular strips
[4,7, 18, 19] and T-shaped strips [20]. However, the UWB antenna design with band-notched
characteristics still faces many challenges, for example, to realize multiple band-notched char-
acteristics in a limited radiating patch, and to control multiple band-notched frequencies for
the different operating environment. Till now, most of the band-notched UWB antennas were
designed with single [6, 7, 13, 21-25], dual [1, 4, 14, 19, 26-28], or triple band-notched char-
acteristics [12, 15-17, 29]. Few had quad [30-33] or quintuple band-notched characteristics
[34-38]. In addition, to avoid interferences with the WLAN systems, many UWB antennas
were designed with a single notch covering 5-6 GHz [6, 13, 15, 16, 18, 22, 24], which is
wider than the WLAN operating frequency (5.15-5.35, 5.725-5.825 GHz). Having two separ-
ate notched bands is beneficial to improve the radiation efficiency.
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In [30], a quad band-notching UWB antenna was proposed by
inserting two SRR-shaped slots into the radiators and adding two
parasitic meandered ground stubs close to the feed-line. The
rejection bandwidth for WLAN is 0.6 GHz, which is too wide
with respect to the 0.2 GHz requirement of the lower WLAN
(5.15-5.35 GHz) and 0.1 GHz of higher WLAN (5.728-5.825
GHz). Another antenna in [31] was used as a modified
H-shaped resonator beside the feeding line, but the bandwidths
at the notch frequencies of lower and higher WLAN were about
0.15 and 0.5 GHz which were not very ideal. Additionally, it is
hard to adjust the notching bandwidth by optimizing the modi-
fied H-shaped resonator. In [32], a compact UWB monopole
antenna with quad band-notched characteristics using triple
U-shaped slot and EBG unit cell is presented. The proposed
antenna has exhibited a broad impedance bandwidth (2.9-10.5
GHz) with quad band-notched frequency at 2.80 GHz, 3.37
GHz,WiMAX, 4.08 GHz C-band satellite downlink communica-
tion system, and 5.95 GHz C-band satellite uplink communica-
tion system, respectively. In [33], a quadruple notched UWB
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MIMO antenna is proposed. The proposed antenna exhibited a
large functional bandwidth ranging from 3.0 to 10.7 GHz and
the proposed antenna is suitable to reject four inquisitive frequen-
cies (3.3, 4.03, 5.4, and 6.0 GHz, respectively).

In [34], a portrait quintuple UWB antenna was designed using
C-shaped slots, nested C-shaped slots, U-shaped slots, and open-
circuit stubs. Similarly, in [35], a quintuple band-notched
Y-shaped UWB antenna is achieved by placing three pairs of
the C-shaped slot on the ground plane and designing inverted
U-shaped slots on Y-shaped radiating patch. In [36], the authors
designed a UWB antenna with quintuple rejection bands for IoT
applications utilizing RSRR and RCSRR. In [37], a planar mono-
pole penta-notched UWB antenna is designed using EBG struc-
tures and modified U-shaped slots. In [38], an UWB monopole
antenna with penta-notched rejection characteristics using EBG
structures and fork-shaped slots is proposed. The sizes of these
antennas are 31.8 mm x 26 mm [34], 38 mm x 36 mm [35], 30
mm x 28 mm [36], 31.3mmx34.9mm [37], and 31.3 mm x
34.9 mm [38], respectively. All of these antennas are considered
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Fig. 1. Geometry of the quintuple band-notched UWB antenna. (a) Top patch of the presented antenna; (b) bottom patch of the presented antenna; (c) geometry of

the inverted U-shaped slots.
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Fig. 2. The evolution of the quad and quintuple band-notched antennas. (a) Monopole antenna without notched ground plane; (b) monopole antenna with
notched ground plane, UWB characteristics, and without any notched bands; (c) UWB antenna with two rectangular slots; (d) UWB antenna with three inverted
U-shaped slots; (e) UWB antenna with quad band-notched characteristics; (f) UNB antenna with quintuple band-notched characteristics.

simple, with a small footprint and low cost, and thus a good can-
didate for future high-capacity UWB communication systems that
are immune to abundant electromagnetic interferences. But the
selectivity of the wide stop band is very poor. The wide notched-
function with good selectivity is often needed to suppress some
interference signals with a wide band (>1 GHz) [34, 35]. The
wide stop band of these referenced antennas [34-38] is generated
by using only one resonator and cannot offer a sharp selectivity to
meet the requirements of practical applications in most band-
notched UWB antennas. The selectivity of the notched band is
a crucial parameter in the band-notched UWB antenna design,
which should be taken into consideration in the practical
applications.

In this study, a new compact UWB antenna with quad and
quintuple band-notched characteristics is studied. The size of
the proposed antenna is 25 mm x 28 mm, which is smaller than
the referenced antenna in [34-38]. Good quintuple band-notched
functions are achieved at WiMAX (3.3-3.7 GHz), WLAN (5.15-
5.35 and 5.725-5.825 GHz), C-band IEEE INSAT/super-extended
(6.7-7.1 GHz) by using three modified inverted U-shaped slots
and two symmetrical rectangular slots on the radiating path.
Although wide stop bands have also been proposed in [34-38],
the notched band is usually generated by using only one resonator
and cannot offer a sharp selectivity to meet the requirements of
practical applications in most band-notched UWB antennas.
The selectivity of the notched band is a crucial parameter in the
band-notched UWB antenna design, which should be taken
into consideration in the practical applications. To obtain a high-
selectivity wide stop band, the L-shaped slots and the rectangular
slot are coupled together to shape a single stop band with two
transmission poles. Furthermore, to reject the ITU service
bands (8.025-8.4 GHz) and obtain quintuple band-notched
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characteristics, a pair of novel modified Rho-shaped resonators
is also designed and discussed. All the notch frequency of the pro-
posed antenna can be easily adjusted by changing the length and
width of the slots on the radiating patch. Single, dual, and triple
band-notched characteristics can also be easily designed by select-
ing the slots etched on the proposed antenna as can be seen in
Fig. 1. Each notch frequency formed in the UWB antenna can
be adjusted independently, and deep reflection zeros are formed
between the adjacent notch frequency bands. The formation of
reflection zeros improves the band-edge selectivity of the notch
band, and the notch characteristic is more prominent. In addition,
the wide notched-function with good selectivity is often needed to
suppress some interference signals with wide band (>1 GHz),
which is also discussed in this paper. All the parameters of the
slots and resonators are studied and optimized by the CST.
Good reflection coefficient and radiation pattern characteristics
are achieved in the frequency band of interest. The experimental
results verify the design as a good candidate for UWB
applications.

Antenna design

The final design of the UWB antenna with quintuple band-
notched function is shown in Fig. 1. It consists of a rectangular
radiating patch, a microstrip feeding line, and a notched ground
plane. The notches on the ground plane are applied to optimize
the electromagnetic coupling effects and improve the bandwidth
of the monopole antenna.

The size of the proposed antenna is 28 mm x 25 mm. It is
printed on an FR4 substrate with a thickness of 0.8 mm. The rela-
tive permittivity of the substrate is 2.65, and loss tangent is 0.036.
Two rectangular slots (S1) and three inverted U-shaped slots (S2,
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Fig. 3. Simulated reflection coefficient for the six antennas shown in Fig. 2.

S3, S4) are inserted into the radiating patch to realize quad band-
notched characteristics.

The evolution of the proposed band-notched antenna is shown
in Fig. 2, and the corresponding reflection coefficient curves are
compared in Fig. 3. Figure 2(a) shows the basic structure of the
rectangle monopole antenna. It can be seen from Fig. 3(a) that
the impedance of antenna (a) in Fig. 2(a) is not ideal at a high
frequency (8-11 GHz), and does not meet the requirements of
UWB antennas. In Fig. 2(b), two notches on the ground plane
are applied to optimize the electromagnetic coupling effects and
improve the bandwidth of the monopole antenna. It can be
seen from Fig. 3(a) that after the ground plane is modified, the
high-frequency reflection coefficient of antenna (b) has been sig-
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Fig. 4. The reflection coefficient of the antenna in Fig. 2(b) with a rectangular slot of
different length.

UWRB. In [3], two rectangular slots on the radiating patch and a
T-shaped notch on the ground plane are used to obtain broad
bandwidth for the UWB antenna. In our study, we also find
that the two rectangular slots on the radiating patch can also gen-
erate band-notched characteristics when we change the length of
the two slots, as shown in Fig. 4. Therefore, in Fig. 2(c), two rect-
angular slots are designed on both sides of the antenna to sup-
press C-band interference, as seen in Fig. 3(a).

In general, to obtain more notched bands, various slots can be
added to the radiating patch, such as U-shaped, C-shaped,
T-shaped, or SRR close to the feeding line. Here, as seen in
Fig. 2(d), three inverted U-shaped slots are added to the radiating
patch to form the other three notched bands, such as WiMAX,
lower WLAN, and higher WLAN. Additionally, slots with a simi-
lar shape of the antenna can generate stronger resonance than any
other shapes [15]. It can be seen from Fig. 3(a) that, as described
above, the antenna (d) has a good notch effect, and each stop
band formed in the UWB antenna can be adjusted independently,
and deep reflection zeros are formed between the adjacent stop
bands. The formation of reflection zeros improves the band-edge
selectivity of the stop band, and the notch characteristics are more
prominent. Antenna (e) in Fig. 2(e) can be regarded as a combin-
ation of antenna (c) and antenna (d). Judging from the simulation
results, the combined antenna (e) is getting more notches and has
no negative impact on other frequency bands. The relationship
between the notch frequency and the length of the slots are sum-
marized by the following formula:

3 x 108

nificantly improved, and the —10dB working bandwidth of Frooteh = ————. 1)

antenna (b) is 3.1-11 GHz, which meets the requirements of 2Lgor /Beff

Table 1. Final dimensions of the proposed design
Parameters mm Parameters mm Parameters mm Parameters mm Parameters mm
Ly 18 iz 5 W, 10 We 0.3 Wia 0.2
ln 16 g 2 Ws 8.5 We 14 Wis 0.4
L3 6.4 Lo 135 Wy 7 Wio 7 Wie 0.5
g 0.4 L 9.4 Ws 3 Wiy 7 Wi7 0.6
g 6 L 9.2 We 2 Wia 438 r 1.1
s 4 A 25 W, 0.4 Wis 2.6 ) 74°
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Table 2. The calculated correlation factors of three configurations in different
cases

Calculated values Final values
Ls, mm 16.1 16
Ls, mm 317 85
Ls, mm 21.2 23.4
Ls, mm 19.3 19.2

In this formula, f,,., is the center frequency of notch band,
Ly (in mm) is the total length of the slot and g4~ (g, +1)/2
is the effective dielectric constant. Based on (1), we can calculate
the length of the slot at the very beginning of the design and then
we can achieve quad band-notched antenna shown in Fig. 2(d).
X-band as an interference frequency for the UWB systems is
rejected in reference antenna [34]. As we all know, C-band as
an interference frequency for the UWB systems also needs to be
rejected [8]. Since the interference frequencies of C-band and
X-band are adjacent, it is difficult to suppress them separately.
One way to reject the two interference bands is to create a notched
band with wide bandwidth, as seen in [34-38]. However, the
notched band is usually generated by using only one resonator
and cannot offer a sharp selectivity to meet the requirements of
practical applications in most band-notched UWB antennas.
The selectivity of the notched band is a crucial parameter in the
band-notched UWB antenna design, which should be taken
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Fig. 5. The rectangular slot and L-shaped slot lengths on wide band-notched fre-
quencies at C-band and X-band. (a) Changing L, and Ls, (b) fixing L, and changing Ls.
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into consideration in the practical applications. So a wide high-
selectivity notched band is formed by adding a pair of rectangular
slots and a pair of symmetrical L-shaped slots. It is obvious in
Fig. 3(b) that the bandwidth of the notched frequency is improved
when the new slots are added near the rectangular slot S;. Two
notched bands could be produced by the use of two slot resona-
tors. The two notched bands are coupled together to shape a sin-
gle notched band with second-order characteristics, and two
reflection zeros are generated at the sides of the notched band.
As a result, a wide stop band with high selectivity is achieved.
Furthermore, as can be seen in Fig. 2(f), a pair of novel
Rho-shaped resonators is designed near the feeding line to achieve
notched function at ITU service bands (8.025-8.4 GHz) and then
a compact quintuple band-notched UWB antenna is obtained, as
seen in Fig. 3(b). All the parameters of the proposed antenna have
been optimized by using commercial full-wave software CST
Microwave Studio (http:/www.cst.com). The optimal dimensions
of the presented band-notched UWB antenna are summarized in
Table 1.

Parametric study

In order to avoid repeated discussion, we chose the quintuple
band-notched UWB antenna as the object of studying the para-
metric. Table 2 illustrates the calculated values and optimal
dimensions of the slots obtained from the CST simulation. It is
found that there are slight differences between them. As shown
in Fig. 1, the length of the rectangular slot S; is
Ls, = L, = 16 mm, which is about half of the guide wavelength
(0.49 A;), where the guide wavelength is A; = A/, /Eg5. 4 is the
free space wavelength. The width of the slot S§; is
Ws, = W3 — W, = 1.5mm. The wide bandwidth notched fre-
quencies for C-band and X-band are generated by using the
two rectangular slots and a pair of symmetrical L-shaped slots.
So both slots are used for studies. Figure 5(a) shows the length
of rectangular slots and L-shaped slots have an obvious influence
on the center of the notch frequency. It is found that by decreas-
ing the length of rectangular slots (by changing L,) from 17.5 to
16.5 mm and decreasing the length of L-shaped slots (by changing
L;) from 6.65 to 6.15 mm, the notch frequency shifts toward the
higher frequency clearly, and have slight effects on other notch
frequencies. When the lengths of the rectangular slots are fixed,
by changing the L-shaped slots, we can alter the bandwidth of
the notch frequencies at C-band and X-band as seen in Fig. 5
(b). In Fig. 5(b), it is observed that as the length of the
L-shaped slots increased from 5.9 to 6.9 mm while fixing the rect-
angular slots length at 17 mm, the bandwidth of the notch fre-
quency is changed from 6.8-7.5 GHz to 6.8-8 GHz.

The effects of lengths and widths of three inverted U-shaped
slots on the notched frequencies are also analyzed where only
one parameter is changed each time, with the other parameters
fixed, as shown in Fig. 6. Figures 6(a)-6(c) display that the length
of the three inverted slots has a decisive influence on the center of
the notched frequencies. It is found that by decreasing the lengths
of three inverted U-shaped slots, respectively, the center of notch
frequencies shifts to the higher frequency apparently. Figure 6(d)
shows the effect of one of the inverted U-shaped slots. It is found
that the thinner the width of U-shaped slots, the narrower the
bandwidth of the notch frequency (WiMAX). Similarly, the
notched frequency bandwidth of lower WLAN and higher
WLAN can also be changed by changing the width of inverted
U-shaped slots, respectively.
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Fig. 6. The inverted U-shaped slot length and width effect on notched frequencies. (a) The slot length effect on the center frequency of WiMAX band by changing L.
(b) The slot length effect on the center frequency of lower WLAN band by changing L. (c)The slot length effect on the center frequency of higher WLAN band by
changing L;;. (d) The slot width effect on the bandwidth of WiMAX band by changing W;s.

The fifth notch frequency is achieved by a pair of Rho-shaped
resonators, as shown in Fig. 7. The main effects of the Rho-shaped
resonators are its size and the distance from the feeding line. The
equivalent-circuit model of the Rho-shaped resonator and the
antenna is shown in Fig. 7. Therefore, the notch frequency

Fig. 7. The equivalent-circuit model of the Rho- shaped

resonator.

Side View
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generated by the Rho-shaped structure is obtained and can be cal-
culated by Fgpp =1/ (277«/LP(C0 + Cp)). The capacitance C,
denotes coupling between the resonators and feeding line. The
capacitance C, is caused by the voltage gradients between the
patch and ground plane, whereas the inductance L, is generated
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Fig. 8. The simulated return loss at ITU bands with different Rho-shaped size and
distance from the feeding line. (a) Changing the size of Rho-shaped resonators by
changing ¢, (b) changing the distance from the feeding line by changing W;.

by the current flowing through the Rho-shaped structure. In this
design, the Rho-shaped structure can be referred as a half/one-
wavelength resonator. To achieve the desired band-notched func-
tion, the band-notched frequency is given approximately by the
expression

c

ho = 27—, (2)
funo 2Lpno X JfEeff
Lo = Lo+ Ws 4+ 20" 2y 3)
Rho = L6 5 360
E <
g
(3]
o
(]

cm ]
em ]

(b)

Fig. 9. Photograph of the proposed antennas: (a) quad band-notched UWB antenna,
(b) quintuple band-notched UWB antenna.
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Fig. 10. (a) The measured and simulated return loss of the quad band-notched
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In this formula, fry, is the resonant frequency at 8.2 GHz, c is
the speed of light in free space, Lgy, is the total length of the
Rho-shaped structure, which can be calculated through (2) and
€.~ (€,+1)/2 is the effective dielectric constant. The value of
the inductor L, mainly depends on the length of the
Rho-shaped structure, so when the angle of the ¢ is changed,
the corresponding inductance and resonant frequency will also
change and the corresponding reflection coefficient with different
¢ is shown in Fig. 8(a). As can be seen from Fig. 8(a), the notched
frequency is shifted from 8.3 to 7.9 GHz as the angle of the gap
(¢) range from 74 to 86°. The effect of the Rho-shaped distance
from the feeding line on the notch frequency (ITU service
bands) is shown in Fig. 8(b). It is observed that as the
Rho-shaped resonators are moved from the feeding line from
0.1 to 0.4mm, the bandwidth of the ITU service bands is
narrowed apparently.

Table 3. Comparison of the achieved rejection bands and unwanted
interference bands

Interferential Achieved

communication

Unwanted frequencies

rejection

systems (GHz) bands (GHz)
WiMAX 3.3-3.7 3.25-3.7
Lower WLAN 5.15-5.35 5-5.5
Higher WLAN 5.725-5.825 5.7-5.85
C-band and X-band 6.7-7.1 and 7.25-7.75 6.7-7.76
ITU service band 8.025-8.4 8-8.5
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Fig. 11. Simulated surface current distributions on the radiating patch of the presented antenna at the notched frequencies.

Results and discussions notched antennas is shown in Fig. 9. In this section, the numerical
and experimental results of the quintuple band-notched antenna
are discussed, including the return loss, radiation pattern charac-
teristics, radiation efficiency, realized gain, and group delay.

Both the quad and quintuple band-notched UWB antennas are
manufactured and tested, and the photography of the two band-

H plangn(x-z plane)
120 60

—— Simulated
- - -Measured

270
E plane (y-z plane)

Fig. 12. The measured and simulated radiation patterns of the quintuple band-notched UWB antenna. (a) At 4 GHz, (b) at 6 GHz, (c) at 10 GHz.
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Fig. 13. (a) Measured and simulated gain of the quintuple band-notched UWB
antenna. (b) Measured and simulated radiation efficiency of the quintuple band-
notched UWB antenna.
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antennas. (a) Measured group delay of two identical antennas with quintuple band-
notched characteristics. (b) Measured phase S,; of two identical antennas with quin-
tuple band-notched characteristics.
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The optimum parameters of the presented antenna are deter-
mined by the commercial full-wave software CST Microwave
Studio and the return loss of the presented antenna is measured
by the Agilent E8363B vector network analyzer.

Figure 9 illustrates the measured and simulated return loss of
the quad and quintuple band-notched antennas. As seen in
Fig. 10, both the measured reflection coefficient of the quad
and quintuple band-notched antennas <10 dB is from 2.6 to 11
GHz except for the notched-bands, which meets the requirements
of the UWB system (3.1-10.6 GHz). Furthermore, the good agree-
ment at the notch frequency is achieved between the simulated
results and measured results, as shown in Table 3. The measure-
ment results and the simulation results are in good agreement
overall, but there are some deviations in the low-frequency cut-off
frequency. The main reason for this phenomenon may be due to
the connector and measurement errors. It can be seen that the
presented quintuple band-notched UWB antenna has good per-
formance at the five unwanted interference frequencies.

To better understand the effects of the slots and resonators
behind the band-notched characteristics, the simulated surface
current distributions on the radiating patch of the presented
antenna at the notch frequency of 3.5, 5.2, 5.8, 7.2, and 8.2 GHz
are presented in Fig. 11. It can be seen that there are strong cur-
rent concentrated on the edges of the slots at notch frequencies
3.5, 5.2, 5.8, 7.2, and 8.2 GHz, respectively. Also, the currents in
the other area of the radiating patch and ground plane are
much weaker than those on the edges of the slots or the resona-
tors. In this case, the power radiating performance and impedance
are changed at the notch frequency.

Figure 12 shows the measured and simulated radiation pat-
terns of the presented UWB antenna at 4, 6, and 10 GHz, respect-
ively. Good agreements are found in both the y-z plane (E-plane)
and x-z plane (H-plane). An acceptable approximate omnidirec-
tional radiation pattern is observed which meets the requirement
for UWB systems to be able to receive signals from all directions.
The measured gains of the presented antenna, simulated gains of
the antenna without notched band, and simulated efficiency of
the presented antenna are plotted in Fig. 13. It can be seen
from Fig. 13 that the measured and simulated gain and radiation
efficiency of antenna have relatively small errors. The reason for
these errors may be due to the loss of the board or some connec-
tors in the test. The maximum gain and radiation efficiency of this
antenna are 4.5 dBi and 80%, respectively. It is observed that for
passbands, the proposed antenna with and without notched
band exhibits a nearly stable gain response with an average of
2.5 dBi. Sharp decreases of antenna gains and radiation efficiency
in the desired notched frequency band at 3.5, 5.2, 5.8, 7.2, and 8.2
GHz are obtained. The experimental results verify the design as a
good candidate for UWB applications.

Having a constant group delay throughout the UWB band is
another desired feature for a UWB antenna, dissatisfaction that
may lead to strong dispersion resulting in pulse distortion.
Figure 14(a) shows the simulated group delay of the presented
antenna. To better understand the variation of the group delay,
the phase curves of the two identical antennas are also given, as
shown in Fig. 14(b). As can be seen, the variation of the group
delay is <2ns, except for the five notched frequencies. It can
also be seen from Fig. 14(a) that the group delay has negative
values at the frequencies 7.5 and 10.6 GHz. It can be seen from
Fig. 14(b) that the change of phase in notch frequency band
will be leading or lagging, and when the phase lead of phase,
there will be negative value in the measurement of group delay.


https://doi.org/10.1017/S1759078722000186

280

Table 4. Comparison of competitive reference antennas performance
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Number of stop

Number of wide stop bands

Ref. & Size (mm?) bands (>1GHz) Shape factor of wide stop band K = g,,'f,”:;j‘:
[30] 3.48 33x46 4 0
[31] 2.2 35x24 4 0
[32] 4.4 31.3x34.9 4 0
[34] 45 31.8%26 5 0
[35] 4.3 38x36 5 1 Poor (K<0.1, the amplitude of the wide stop
band is <—5dB)
[36] 2.2 30x28 5 1 Poor (K=0.32)
[37] 4.4 31.3x34.9 5 1
[This 2.65 28 x25 5 1 Good (K=0.56)
work]
In addition, in the sideband of the operating bandwidth, the phase 4. Ryu KS and Kishk AA (2009) UWB antenna with single or dual band-

discontinuity also exists due to the impedance variation, which
leads to a higher group delay in the 10.5 GHz. In Table 4, a com-
parison has been presented with the existing multiple band-
notched characteristic antennas. It is clear from the table that
the proposed quintuple band-notched antenna has the compact
dimensions, and with good selectivity for wide stop band than
the antennas reported in the references.

Conclusion

In this paper, a compact UWB antenna with quad and quintuple
band-notched characteristics is designed and discussed. Also, the
main characteristics of the proposed design are: (1) quintuple
band-notched characteristic, (2) wide stop band with good
band-edge selectivity, (3) compact size. Moreover, more detailed
effects of all the slot lengths and widths about the quintuple band-
notched antenna are investigated using commercial full-wave soft-
ware CST Microwave Studio. Each notched frequency can be
changed individually by changing the length or width of the
slots. The simulated and measured results revealed that this
design provides a convenient assessment for users to make a
right choice when selecting the required antenna for specific
applications.
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