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ABSTRACT This paper investigates an ultra-wideband (UWB) antenna with a triple-rectangular notch
band at 5G, WLAN, and Satellite downlink bands. The 5G and WLAN bands are notched by using a pair
of electromagnetic bandgap (EBG) structures while the satellite downlink band is notched by using two
split-ring resonators (SRRs). The EBG structure is a metallic conductor loaded on the backside of the radiator
which is connected to the patch via a shorting pin. The SRRs consist of a pair of metallic rings etched on
the backside of the feedline. The simulated and measured results show that the proposed antenna has an
operational bandwidth from 3.1 — 11.8 GHz for |S11| < —10 rejecting 5G sub-6 GHz (3.4 — 3.9 GHz),
WLAN (5.15 - 5.825 GHz), and satellite downlink band (7.25 — 7.75 GHz) signals with high selectivity.
The peak gain of the UWB antenna is 3.86 dBi but it sharply decreases up to -13 dBi at stop-bands. The
antenna also has additional advantages of the overall compact size (20 x 26 x 1.52 mm3) with stable gain
and radiation patterns at the pass-bands.

INDEX TERMS Electromagnetic bandgap (EBG), notch-band antenna, rectangular notch, split ring res-

onators (SRR), triple-notch, UWB antenna.

I. INTRODUCTION

Since the spectrum of 3.1 — 10.6 GHz was released by
FCC (Federal Communication Commission) for commer-
cial applications, ultra-wideband (UWB) technology has
its benefits like very low energy levels for short-range,
high-information spread over a large bandwidth, usually more
than 500 MHz. UWB is applicable in wireless positioning
systems, biomedical imaging, sensor networks, and high data
short-range communications [1]. However, UWB faces inter-
ference with coexisting narrow band communication systems.
The antennas are the major source of communication sys-
tems. The design of the antennas with suitable characteristics,
such as better impedance matching, stable radiations, com-
pact size, and low cost are quite challenging. The microstrip
patch antennas are good candidates for UWB applications
because of their lightweight, planar geometry, and ease of
integration with other electronic components [2]-[4].
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Existing license bands such as local-area networks
(WLAN) (IEEE802.11a, HIPERLAN/2,) operating in the
5.15 — 5.825 GHz band, 5G sub-6 GHz (3.4 — 3.8 GHz),
and X-band satellite communication (7.25 — 7.75 GHz) are
offering the interference while designing UWB antennas. The
efficient and economical way to solve this problem is to reject
the interference at the front end of the UWB communication
system.

A stopband is a band of frequencies through which a
circuit, such as an EBG does not allow signals to pass
through. Therefore, the UWB antenna with notching char-
acteristics makes them more reliable [5]-[8]. Researchers
developed many notched band UWB antennas using dif-
ferent approaches to negate interference problems. These
band rejection techniques involve etching slots on the
patch [9], [10], EBG structures [11]-[13], inserting a res-
onant cell in a microstrip line [14], and split-ring res-
onators [15], [16]. Some researchers achieved band-notched
capabilities by coupling parasitic elements to the radia-
tor [17], [18]. These techniques are capable of achieving
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FIGURE 1. Demonstration of a conventional notch and rectangular notch.

highly efficient notch band designs. However, the techniques
of coupling parasitic elements and etching slots may greatly
affect the current distribution of pass-band frequencies, this
may affect the pass-band radiation patterns.

However, the above mention techniques have a common
drawback of the conventional notch with poor selectivity.
The conventional notch which can stop interference with
poor selectivity is not suitable for rejecting wide interference
bands, such as the WLAN band having a bandwidth of 1 GHz.
This gets more attention to design UWB antennas with sharp
rejection characteristics. To undo the interference offered by
unwanted bands practically, a rectangular notch with high
selectivity is required. Figure 1 depicts a typical conventional
and rectangular notch band. In recent years, a few rectangular
notched antennas are reported because of their potential to
reject the unwanted bands with high selectivity [19]-[25].
In [20], two conventional notch bands were attained at 5.2 and
5.8 GHz to reject WLAN (5 — 6 GHz) without filtering the
bandwidth between two bands. In [19], [25], a rectangular
notch band antenna is presented at the WLAN band using
EBG structures. The [21] adopts stepped slots as a radiator
to realize rectangular notch characteristics at WLAN and
satellite downlink bands. In [22], the antenna demonstrates a
band-stop characteristic with high selectivity at the WLAN
band using an inductive coupling scheme. In [23], by slit-
ting an open-ended quarter-wavelength split slot and a split
ring resonator on the feed line and again only the WLAN
band is notched rectangularly. Moreover, two stopbands
(3.3-3.8 GHz and 5.0-5.9 GHz) with wideband notch char-
acteristics are achieved using parasitic strips embedded in the
ground plane and the slit etched on the radiating patch [24].
In summary, all of the rectangular notch band UWB antennas
are dual band. There is not a single tri-band rectangular notch
UWB antenna.

This paper extends the proposed methodology pre-
sented [25], where a single rectangular notch was success-
fully designed at WLAN band. To avoid interference from
already existed licensed bands within the UWB spectrum,
antennas with multiple band rejecting characteristics are
required. Therefore, this work focuses on a compact UWB
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FIGURE 2. (a) single EBG structure (b) Equivalent circuit model.
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FIGURE 3. The simulated |S;;| of UWB antenna with the conventional
and rectangular notch at 5G band.

microstrip patch antenna with triple-rectangular notch bands
to avoid interference. It is worth noting that the antenna
presented in [25] uses only a pair of EBGs to realize a single
rectangular notch band. However, this antenna uses two pairs
of EBGs and a single pair of SRRs to realize triple rectangular
notch bands within a limited size of the antenna. In this work,
we proposed a triple rectangular notch UWB antenna at 5G
sub-6 GHz, WLAN, and satellite downlink bands using EBGs
and SRRs, which has stopped maximum interference offered
by unwanted bands with high selectivity. It is noted that we
need two EBGs or two SRRS to realize a single rectangular
notch-band. To create multiple rectangular notches, several
EBGs and SRRs are required. Therefore, it is quite chal-
lenging to achieve three rectangular notches within a limited
space of the radiating patch. Moreover, during the literature
review, we found that there is not a single UWB antenna with
triple-rectangular notching characteristics. In the proposed
design, at first, two EBGs are used to achieve a rectangular
notch at 5G (3.4 — 3.9 GHz), and then two more EBGs
are utilized to realize the rectangular notch at the WLAN
(5.15 — 5.825 GHz) band, while two SRRs are responsible
for the accomplishment of X-band (7.25 —7.75 GHz) satellite
downlink band rejection.

Il. RECTANGULAR NOTCHED UWB ANTENNA

A simple patch is designed as a conventional antenna which
is then fed by a coplanar waveguide with a characteristic
impedance of 50 2 using CST Microwave Studio. The lower
ends of patch are truncated by a semicircle having radius
R. The rectangular notches are achieved by using four EBG
structures and two SRRs. The antenna is printed on Taconic
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FIGURE 4. Rectangular notched UWB antenna from the conventional notch antenna.
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FIGURE 7. Geometry of the dual-band rectangular notch antenna.

TLY-5A substrate (¢; = 2.17 and tan§ = 0.0009) with length
L and width A. The optimized dimensions of the antenna
are as follows: A = 20 mm, L = 26 mm, &7 = 1.52 mm,

2510

10
m L
o
= st
2 e
20 F g
e
E Z
251 e —
O] 3
wy
30, 4 6 8 10 12

Frequency (GHz)

FIGURE 8. The |Sq; | characteristics of the antenna with 5G and WLAN
band rejection.
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FIGURE 9. |Sy;| characteristics of the antenna for one and two SRRs.

Ly =88 mm, L, = 12 mm, r = 3.6 mm, S, = 4.6 mm,
Wg; = 0.65mm, [; = 1825dmm, /, = 17.5 mm, I3 =
17.7 mm,, Iy = 18.8 mm, w; = 0.8 mm, wp, = 1.25 mm,
w3 = 0.4 mm,, wg = 0.4 mm, p = 0.2 mm,d = 1.6 mm,
s1 = 1.6 mm, s = 2.75 mm, s3 = 4 mm, g = 2 mm,
x = 3.7mm, x; = 3.8 mm, g = 0.3 mm, sv; = 1.67 mm,
svp = 1.2, and g1 = 0.35 mm.

A. 5G-BAND (3.4 - 3.8 GHz) REJECTION

The EBG structure is formed when a metal patch is con-
nected to the radiating patch through a shorting pin, The EBG
structure operates as a band stop filter, one EBG structure
is enough to obtain a notched band. The metal patch can be
characterized by LC resonators with the resonant frequency
= zlm When an EBG is utilized, a narrow notch at

T
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FIGURE 10. The geometry of the proposed antenna.
fr can then be achieved. The configuration schematic view EBG: and EBG: SRR: and SRR>

and equivalent circuit model of the EBG structure are shown
in figure 2 (a) and (b). Therefore, this technique is used in this
work. The EBG structure absorbs the current from a specific
region of the radiator of the antenna [26], [27]. Initially,
an EBG structure is loaded on the backside of the substrate,
which is connected to the radiating element via a shorting
pin. A conventional notch is achieved by optimizing the
parameters of EBGj such as length /1, and width wy, and the
position of EBG structure. This typical notch does not reject
the interference with high selectivity offered by unwanted
bands. Therefore, we need to find a technique that rejects
interference perfectly. Then, another EBGy is added to the
antenna to realize another conventional notch at the required
frequency of the 5G sub-6 GHz band. Hence by optimizing
parameters of EBG; and EBGy (I, w1, l2, wp, and s1,) the
two conventional notches are then combined to achieve a
highly selective notch to reject maximum interference. The
[S11| characteristics of antennas can be seen in Figure 3
where the conventional notch is improved to a highly selective
rectangular notch for maximum interference rejection. The
geometry of the conventional notch antenna and rectangular
notch band antenna with EBG structures is shown in Figure
4. Furthermore, the parametric study of the EBG structure is
also carried out for better understanding. It is to be noted that
during the parametric study, only one parameter is changed,
and all other parameters are fixed. Figure 5 shows the |S1|
of the antenna according to different width (w»,) variations
of EBG,. The upper frequency of the notch band shifted
linearly toward the left side with an increase in the w, without
affecting the passband of the antenna and the notch has little
shift towards the right side with a decrease in EBGs width.
The variations in the length (/) of EBG; also have a similar
effect that is shown in Figure 6. These observations indicate
that by tuning the dimensions of the EBGs, we can acquire
the desired rectangular notch by tuning the length, width, and
position of EGB carefully.
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FIGURE 11. The current distribution of the antenna at different notched
frequencies.

B. 5G AND WLAN-BAND (5.15 - 5.85 GHz) REJECTION

To realize a rectangular notch as aforesaid requires two EBG
structures. Therefore, two more EBGs are loaded on the back-
side of the antenna to create a rectangular notch at WLAN-
band. The antenna design is shown in Figure 7.

A high selective rectangular notch is realized after opti-
mizing the parameters (I3, w3, 52, l4, w4, and s3) of EBG3 and
EBGy. As the EBGs are creating bandgaps by absorbing elec-
tromagnetic waves, the addition of every single EBG affects
the previous results which require reoptimizing parameters
of all EBGs. The distance between two EBG structures, their
width, and length is optimized to realize a rectangular notch
with high selectivity at the WLAN band. Due to use of two
more EBG structures for rectangular notch at WLAN band.
Itis worth mentioning that the parametric study carried out for
the previous bandgap is used for the WLAN band rejection.
The |S;1]| characteristics of the antenna with 5G and WLAN
band are shown in Figure 8.

C. PROPOSED ANTENNA FOR TRIPLE RECTANGULAR
NOTCH BANDS

The antenna radiating patch length is only 12 mm. The gap
between two EBGs helps to attain the rectangular notch char-
acteristic. Four EBG structures are added already to notch 5G
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FIGURE 12. Design procedure of the proposed antenna with triple rectangular notch-band characteristics.

and WLAN band. Almost the length of the radiating patch is
utilized to accommodate the EBGs. Therefore, it is realized
that to avoid interference from more bands another technique
must be considered.

The SRR is constructed by two coexisting split rings. The
SRR induces a perpendicular magnetic field that is responsi-
ble for the negative value of permeability, because of a mag-
netically resonant structure. A split gap in the inner ring intro-
duces a capacitance that can be used to control the resonant
characteristics of the structure [28], [29]. Therefore, the SRR
structure is used for satellite downlink band rejection.

First, a spiculate notch is realized using a single SRR that
is added on the backside of the antenna’s feed line. Then by
optimizing parameters like length x|, the gap created g, and
the location of SRR (sv1) a conventional notch is produced
two conventional notches. By optimizing the parameters of
SRR; and SRR, the individual notch bands are merged to
form a rectangular notch at the satellite downlink band. For
further demonstration, the |S;| characteristics of the antenna
for one and two SRRs is shown in Figure 9.

The proposed antenna geometry is shown in Figure 10.
The proposed antenna achieved three rectangular notch bands
at 5G sub-6 GHz, WLAN, and satellite downlink bands.

2512

FIGURE 13. Photo of fabricated UWB antenna with a triple-rectangular
notched band: (a) front side (b) backside.

The surface current distribution at different stop-bands is
plotted in Figure 11, to further demonstrate the stop-band
mechanism. It can be observed that at 3.6 GHz, the current
is concentrated only in EBG| and EBG,. While at 5.5 GHz
the current flow on EBG3 and EBG4. At 7.6 GHz the current
is maximum at both SRRs. This observation verifies that the
first set of EBGs (EBG; and EBG») are creating a 5G sub-
6 GHz notch band and the second set of EBGs (EBG3 and
EBGy) are creating the notch at the WLAN band. While the
SRRs are responsible for satellite downlink band rejection.
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FIGURE 15. Simulated and measured gains of the proposed antenna.

The design summary of the triple-band rectangular notch
UWB antenna is illustrated in the detailed flowchart shown
in Figure 12. Firstly, a simple rectangular patch that is fed
with a microstrip feedline with the partial ground plane is
designed. The antenna parameters are then optimized for the
best results. To achieve the UWB characteristics the lower end
of the patch is truncated by a semicircle with R radius. Then
the EBG structure is loaded and optimized its parameters (wy,
1;, d, and p) to achieve a conventional notch. For rectangular
notch, at 5G (3.4 — 3.9 GHz) one more EBG is added and its
parameters (l», wp, and s1) are tuned till the best-notch band
is realized. Similarly, two more EBG structures are added and
optimized the parameters (I3, w3, s2, l4, w4, and s3) to achieve
arectangular notch at the WLAN band. For satellite downlink
band rejection, two SRR are designed on the backside of the
feeding line. By optimizing its parameters length (x1, svy, x2,
sv2, and g) the rectangular notch is realized.

IIl. ANTENNA MEASUREMENTS AND ANALYSIS

The designed UWB antenna was fabricated on Taconic
TLY 5A (1.52 mm) for experimental verification shown
in Figure 13. The proposed antenna’s |S11| characteristic and
the radiation patterns are measured by an Agilent Vector
Network. Figure 14 depicts the |Sii| characteristics, and
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Figure 15 shows the measured and simulated gain results.
Both results are well-matched. The peak gain curve shows
the stability for frequency range with the maximum value
of 3.8 dBi while there has been a sharp decrease in the rejected
bands. This characteristic makes a rectangular notch antenna
more effective than the conventional notch antennas.

The radiation pattern in the H-plane (xz-plane) and
E-plane (yz-plane) at 3, 7, and 9 GHz of measured and
simulated results are shown in Figure 16. From the over-
all view of these radiation patterns, the proposed antenna
exhibits an Omni-directional in H-plane for both simulated
and measured results. Radiation patterns at lower frequencies
are stable showing bidirectional patterns while it shows little
changes in higher frequencies.

Finally, a comparison with previously reported rect-
angular notched antennas with the designed antenna is
shown in Table 1. None of the reference antennas have
a triple- rectangular notching characteristics. The antennas
presented [8], [10], [12], [13], [15], [17] have conventional
triple notches. The antenna presented in [19], [20], [25] is
offering rectangular notch-bands only the WLAN band. The
design presented in [21] offers a WLAN band and satel-
lite downlink band, using the step slot technique. Refer-
ences [22], [23] offer WLAN band rejection using inductively
coupled-resonator pairs and etching slots on patch respec-
tively. The antenna in [24] rejects 5G and WLAN bands,
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TABLE 1. Performance comparison of the proposed antenna with the existing notched antenna.

Reference | Antenna size | No of notch Notch bands Rectangular Notching technique
antennas (mm?3) bands notch
3.3-3.75GHz
[8] 19x24x1.2 3 5.15-5.82 GHz No Quarter-wavelength slots
7.25-7.75 GHz
2.23-2.45 GHz
[10] 54x47x1 3 3.26 - 3.48 GHz No Slots on pafti‘ daE:eSRR on the
5.54 - 5.88 GHz
3.3-3.8GHz
[12] 50x42x1.6 3 5.15-5.82 GHz No EBGs
7.1-7.9 GHz
3.3-4.0GHz
[13] 24x24x1.6 3 5.1-5.8 GHz No EBGs
7.2-7.8 GHz
3.39-3.82 GHz
5.13 -5.40 GHz
15
[13] 40x30x0.78 4 571591 CHy No SRR
7.5-8.61 GHz
3.26-3.71 GHz
[17] 30x22x3 3 5.15-5.37 GHz No Parasitic strips
5.78 - 5.95 GHz
[19] 48x50~1 1 5.15-5.82 GHz Yes EBGs
[20] 50 x 50 x 1.575 1 515-582 GHz No SRR on the feed line
6.2-6.9 GHz
[21] 28 x18 x 0.8 2 51-6.0GHz Yes Stepped slot
7.83 -8.47 GHz
[22] 38 x42 x0.5 1 5.15-5.35 GHz Yes Inductively coupled resonator
[23] 8.5x22x0.8 1 5.15-5.82 GHz Yes Etched slots on patch
[24] 25x10x1 2 3.3-38GHz Yes Coupling the parasitic strip
5.0-5.9 GHz
[25] 16x25x1.52 1 5-6GHz Yes EBGs
This 3.4-39GHz
20 x 26 x 1.52 3 5.15 - 5.82 GHz Yes EBGs and SRRs
work
7.25-7.75 GHz

using the parasitic strips. In short, the proposed design has the
benefit of rejecting SG, WLAN band, and satellite downlink
band with high selectivity.

IV. CONCLUSION

The proposed antenna has an impedance bandwidth
of 3.1-11.8 GHz. The conventional notch is realized by
using a single EBG structure, and the novel rectangular
notch at the 5G and WLAN band is realized by using
a pair of EBG structures. The new rectangular notch at
the satellite downlink band is attained by using a pair of
SRRs with optimized parameters. Simulated and measured
results of triple-band notch UWB antenna have been com-
pared which shows the rectangular notch characteristics at
5G (3.4-3.9 GHz), WLAN (5.15 - 5.825 GHz), and satellite

2514

downlink (7.25—7.75 GHz) bands as expected. The peak gain
value of the UWB antenna is 3.86 dBi but it sharply decreases
up to —13 dBi at stopbands.
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