Progress In Electromagnetics Research C, Vol. 101, 261-273, 2020

UWB Microstrip-Fed Slot Antenna with Improved Bandwidth and
Dual Notched Bands Using Protruded Parasitic Strips

Naser O. Parchin® *, Haleh J. Basherlou?, and Raed A. Abd-Alhameed®

Abstract—In this research work, a new and simple design method of a compact slot antenna with
dual notched bands is demonstrated for ultra-wideband (UWB) wireless networks. The presented
antenna design is printed on a low-cost FR-4 substrate. Initially, an antenna with improved impedance
bandwidth is designed. This is archived by employing an extra slot with two T-shaped strips which
increases the upperfrequency band of the design from 9 to 15 GHz. Later, undesirable bands including
4GHz C-band, worldwide interoperability for microwave access (WiMAX) at 3.5/5.5 GHz (3.3 to
3.7 GHz and 5.15-5.85 GHz), wireless area network (WLAN) systems at 5-6 GHz (5.15-5.35 and 5.725—
5.825 GHz) are eliminated by modifying the upper layer of the antenna using the protruded L-shaped
strips inside the square radiation stub and the protruded E-shaped strip inside the feed-line. The
proposed antenna offers quite good fundamental properties in terms of impedance bandwidth, gain,
fidelity, radiation pattern, etc. A good agreement is observed between the measured and simulated
results. Due to the simple structure and excellent performance of the design with controllable band-
notch function, the presented microstrip antenna is useful for modern UWB wireless networks and can
be an attractive candidate for portable internet of things (IoT) sensors.

1. INTRODUCTION

In recent years, a lot of attention is acquired by ultra-wideband (UWB) radio technology, owning
to its high data transmission rate, low power consumption, low cost, and small size features [1,2]. In
comparison to many other existing wireless communication standards, UWB has a very wide bandwidth.
The frequency band of 3.1-10.6 GHz is allocated by FCC (Federal communication commission) for UWB
systems which has attracted the researchers from the academic and industrial background for current
and future small range wireless applications [3]. Low-profile antennas with the low-cost fabrication
process and omnidirectional radiation patterns, as well as large bandwidths, are desirable for UWB
systems [4-7]. UWB antennas have found their niche in applications involving high or low data rate
transmission over short ranges, surveillance systems, medical applications, wireless body area networks
(WBAN), and internet of things (IoT) [8]. Compact and low power-consumption antennas are considered
essential for portable WBAN or IoT sensors as they can be easily embedded within these devices to
reduce their complexity and/or weight [9,10]. In order to design a UWB antenna, there are certain
challenges that antenna designers must deal with. Recent works exhibit intensive research on designing
compact UWB antennas with some attractive features for wireless applications [11-13].

As the operating range of the UWB antenna is very wide, there is a possibility of interference
of different frequency bands such as 4 GHz C-band, WiMAX at 3.5/5.5 GHz (3.3-3.7 GHz and 5.15—
5.85 GHz), WLAN systems at 5.2/5.8 GHz (5.15-5.35 and 5.725-5.825 GHz), etc. [14-16]. These narrow-
band signals, with relatively high power in the UWB, can seriously contaminate the UWB spectrum
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without proper narrow-band signal rejection schemes. A typical method for avoiding interference is to
associate a stopband filter with the UWB system to block the interfering frequency range. However, this
method consumes excessive room and increases the outline of intricacy significantly [17, 18]. To mitigate
this problem, rather than using an extra filter, UWB antennas with inherent band notch characteristics
are deployed which reduce the area, complication, and cost of a UWB system [19,20]. Recent work
reports several UWB antennas with dual band-stop techniques which are proposed to generate dual
notch bands [21-29]. The most common technique is to etch slots in the radiating element, which affects
the current distribution of the radiating patch resulting in the elimination of undesired frequency ranges
overlapping the operational frequency of the antenna. Parasitic elements, defected ground structures
(DGS), and use of fractal geometry are also observed to obtain band notch characteristics.

Unlike the reported design, here we propose a simple and different design method of a novel,
compact, multi-resonance slot antenna with dual notched bands for UWB systems. The multi-resonance
property is achieved by employing an extra slot with a pair of T-shaped strips in the back layer. By
modifying the upper layer of the antenna using the protruded L-shaped strips inside the square radiation
stub and the protruded E-shaped strip inside the feedline, good dual notched bands are achieved [30—
32]. The band-notched characteristics of the antenna can reject the complete operating bands of the
C-band, WLAN, and WiMAX wireless systems. Therefore, a good impedance bandwidth of 2.5-15 GHz
with two notched bands over 3.3-4.2 and 5-6 GHz is obtained for the proposed slot antenna. Good
impedance bandwidth, antenna gain, and radiation patterns are obtained. The microstrip-fed UWB
slot antenna has a low profile with a simple structure. The design is successfully realized and verified by
both simulations and measurements and could be used in UWB applications. This paper is organized
as follows. The design procedure for the dual band-notch antenna is described in detail in the next
section. In Section 3, the simulation and measurement results of the antenna design and the fabricated
sample are presented, compared, and discussed. Concluding remarks are presented in the last section.

2. ANTENNA DESIGN AND SCHEMATIC

Figure 1 plots the schematic of the proposed antenna. As can be observed, its configuration contains
a square-ring radiation stub with a pair of protruded L-shaped strips, a modified feeding line with
protruded E-shaped strip inside, and a slotted ground plane protruded inside an extra rectangular
slot. The high-frequency structure simulator (HFSS) software has been used for design and simulation
purposes [33]. The antenna is designed on a low-cost FR-4 dielectric with details of ¢ = 4.4, § = 0.02,
and A = 1.6 mm. The parameter values of the designs are listed in Table 1.

L
e

(b)

Figure 1. (a) Side view of the proposed slot antenna, (b) the protruded T-shaped strips in the ground
plane, (c) the modified radiating stub, and (d) the feedline.

The work is started by designing the basic slot antenna and choosing the aperture length Lg.
Choosing this parameter is very flexible. The aperture length can highly affect the impedance-bandwidth
of an antenna. By decreasing the size of Lg the antenna bandwidth can be improved and vice versa.
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Table 1. The dimension values of the presented antenna.

Param. mm Param. mm Param. mm
Waub 20 Lo 20 hsub 0.8

Ly 4 Wy 15 W 7
Lgnd 6 Wr 5 Ly 5.5
Wp 45 Ly 225 Wp o 025
Ls 11 W 18  Lsi 65
Wsi 65 Ly 575  Wx 475
Lx: 1 Wx1 3.5 Le 3.8

We 1.2 Lt 3.6 Wer 0.8
Leo 3.2 Wea 0.2 Wxo 0.75

Later, the width of the slot aperture (Wg) should be determined. This depends on different parameters
such as the slot width as well as the permittivity and thickness of the substrate. The final step is to
choose the size of the antenna radiating stub (W) in the top layer. The width of the feedline is also
dependent on the parameters of the substrate and the operation frequency of the antenna.

In recent years, growing research interest has been shown in applying various shapes of defected
ground structures (DGS) to improve the performance of microwave circuits, such as microstrip antennas,
filters, and couplers. DGSs are achieved by etching off a defected pattern from the ground plane of
the microstrip line [34-38]. Such structures disturb the current density in the ground plane and hence,
introducing higher effective inductance and capacitance of the microstrip circuit, reject certain bands
and create frequency resonances. Therefore, by employing the extra slot with a pair of T-shaped strips
in the ground plane, new resonances can be created which increases the upper-frequency band and
enhance the impedance bandwidth of the design. In the square-ring radiation stub of the top layer, two
identical L-shaped strips have been protruded to generate the first notched frequency band with variable
characteristics. Besides, the modified E-shaped strip protruded at the feeding line causes the second
notched band. Thus, a multi-resonance slot antenna with variable dual notched bands is designed to
suppress interferences from C-band, WLAN, and WiMAX [39, 40].

3. CHARACTERISTICS AND RADIATION BEHAVIOR OF THE DUAL
NOTCHED-BAND UWB ANTENNA

The motive behind the proposed microstrip antenna design is to achieve a broad impedance bandwidth
with compact-size and capability of dual-band filtering characteristics. This has been achieved by the
new design method and using protruded strips inside extra slots. Return loss characteristics of the basic
slot antenna (Fig. 2(a)), the antenna with modified ground plane and DGS including a pair of T-shaped
strips inside the extra slot in the ground plane the slot antenna with a modified ground plane (Fig. 2(b)),
the antenna with DGS and also modified radiation stub with a pair of L-shaped strips inside the ring
(Fig. 2(c)), and the proposed microstrip slot antenna (Fig. 2(d)) are studied and compared in Fig. 3.
It can be observed that the designed basic and conventional slot antenna provides a wide impedance
bandwidth covering the frequency range of 3-9 GHz [41-43]. However, by inserting the modified DGS in
the ground plane, the upper band of the antenna can be significantly increased from 9 GHz to more than
15 GHz. In addition, by adding protruded two identical L-shaped strips in the modified radiation stub,
the first notched frequency band with variable characteristic is achieved. Finally, by employing another
protruded strip with a modified E-shaped structure at the feeding line the second desired stopband can
be obtained. Therefore, a multi-resonance slot antenna with improved impedance bandwidth of 3 to
15 GHz and two filtering bands suppressing the frequency bands of 3.2-3.9 GHz and 5-6 GHz is achieve.

In order to demonstrate the working mechanism of the microstrip-fed slot antenna, the surface
current densities in the top and bottom layers are studied in Fig. 4. Fig. 4(a) illustrates the current
distribution at the new resonance frequency (9.5 GHz) improving the upper antenna bandwidth. It is
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Figure 2. (a) The basic structure of the antenna, (b) the antenna with a pair of protruded T-shaped
strips, (c) antenna with pairs of protruded T-shaped and L-shaped strips, and (d) the proposed design.

clearly seen in Fig. 4(a), that the current flows are extremely dominant around the extra slot with a pair
of T-shaped strips which verifies its impact on creating the new resonance at 9.5 GHz and increasing
the antenna upper bandwidth [33-35]. Figs. 4(b) and (c) studies the current distribution on the top
layer of the antenna design at the notched frequencies. As shown in Fig. 4(b), at the first notched
frequency (3.8 GHz), the employed L-shaped strips inside the square-ring radiation stub are highly
active in generating the first filtering band. In addition, it is shown in Fig. 4(c) that at the second
notched frequency (5.5 GHz), the employed E-shaped strip in the feeding line is surrounded by the
surface current and the flows are more dominant around it [44, 45].

The antenna frequency bandwidth and its notched bands are very flexible. The return loss and
VSWR characteristics of the antenna with various parameters are investigated in the following. Fig. 5
investigates different design parameters of the T-shaped strips protruded in the extra slot of the ground
plane. As mentioned above, the strips are playing an important role in the broadband function, since
they can adjust the coupling effects between the upper and bottom layers and improves its frequency
bandwidth without. Therefor by properly tuning its design parameters, the antenna can actually radiate
over a broad frequency band [46-48]. As it is evident from Fig. 5, the antenna frequency bandwidth
can be easily tuned. Four such protruded strips, different parameter sizes are listed in Table 2 including
cases 1~4. As illustrated by employing the two T-shaped strips with suitable dimensions, an extra
resonance is excited at 9.5 GHz and improves the antenna impedance bandwidth.
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Figure 3. Simulated return loss characteristics for the various structures shown in Fig. 2.
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Figure 4. Simulated surface current distributions for the proposed antenna, (a) in the ground plane

at 9.5 GHz (extra resonance frequency), (b) in the radiating patch at 3.8 GHz (first notched frequency),
and (c) in the feed-line at 5.5 GHz (second notched frequency).

Table 2. Four cases of the antenna with different values of protruded T-shaped strips.

Case | Wi (mm) Lp; (mm) Wrpe (mm) Lpz (mm)
Case 1 4 1.75 1 0.75
Case 2 5 2.25 0.5 0.5
Case 3 5.5 2 1 0.5
Case 4 5.5 2.25 0.5 0.25

The frequency and impedance bandwidth of the notched bands can be easily controlled by tuning
the impedance ratio of the protruded strips on the top player in the modified radiation stub and the
microstrip feeding line [49, 50]. Fig. 6 represents the VSWR characteristics of the proposed dual notched-
band slot antenna under the different values of Lx and L.2. We may note that the center frequency
of the notched band can be easily tuned from 3.5 and 5.1 GHz to 4.2 and 6.4 GHz, respectively when
the size of the mentioned parameters varies. Moreover, Fig. 7 investigates the tuning of impedance
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Figure 5. Simulated return loss characteristics for four cases 1, 2, 3, and 4 as shown in Table 2.
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Figure 6. Simulated VSWR characteristics for the proposed antenna with different values of L, and
Leo.

bandwidth of the notched bands. As can be observed from Fig. 7, the notched bandwidths of the
filtering bands can be easily varied by changing the radius of Wx; and W,3. It is evident when their
sizes change from 5.3&0.6 mm to 5.7&0.4 mm, the bandwidths of the notched frequencies are varied from
0.7 to 1.6 GHz. Therefore, it can be concluded that the operation frequency and impedance bandwidth
of notched frequencies are controllable for desired values.

A prototype sample of the proposed UWB dual notched slot antenna is fabricated and tested. The
characteristics of the fabricated sample are examined using the vector network analyzer. Fig. 8 shows
and compares the measured and simulated results of the antenna VSWR function. It is found that the
fabricated prototype works properly and provides an acceptable agreement with the simulations. As
shown, a good frequency bandwidth (S1; < —10dB) of 2.5-15 GHz with two filtering bands over 3.3-4.2
and 5-6 GHz is achieved for the fabricated antenna sample.
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Figure 7. Simulated VSWR characteristics for the proposed antenna with different values of Wx and
Wes.
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Figure 8. Measured and simulated VSWR, characteristics along with the fabricated prototype.

In addition, the radiation patterns of the antenna have been studied. Fig. 9 shows the simulated
radiation patterns of the antenna at the selected frequencies including 3, 6, and 9 GHz. These three
frequencies are chosen to support the lower, middle, and upper frequencies, respectively. In this design,
the yz-plane is E-plane (¢ = 90°) and the xz-plane is H-plane (¢ = 0°). From Fig. 9, we can see that the
antenna can give dumbbell-like radiation characteristics in E-plane and nearly Omni-directional patterns
are discovered in the H-plane [51-55]. It can be observed when the antenna frequency increases the
antenna radiation patterns can be deteriorated a bit. However, radiation properties are almost stable.
In addition, the cross-polarizations of the antenna radiation cab be increased at upper frequencies due
to the increased horizontal surface currents.

The peak gains of the UWB slot antenna with and without the dual band-notch function over
its operation band are illustrated in Fig. 10. As shown, almost stable and constant gain values are



268 Parchin, Basherlou, and Abd-Alhameed

90

180

180

Y-Z ©) X-Z
— Co-Pol --- Cross-Pol

Figure 9. Radiation patterns of the proposed antenna, (a) 4.5 GHz, (b) 8 GHz, and (c) 12 GHz.

achieved over the antenna operation band. However, the antenna gain is increased from 3.2 to nearly
5.8 dB which is caused by the deteriorated radiation at the higher band. It is found that the gain of the
basic structure is decreased with the use of the modified DGS. Obviously, the gain level of the design
falls sharply in the notched frequency bands, since the radiated power is reflected in the antenna. For
other frequencies outside the notched bands, the gain characteristic with the filtering function is almost
similar to those without it [56-59].

In the UWB antenna systems, the time-domain characteristics are equally as important as the
frequency domain. In the time domain method, the fidelity factor is an important factor indicating the
characteristic of the antenna. The values of the fidelity factor vary between 0 and 100%. A system
fidelity factor value of 100% shows that the received signal perfectly fits the input signal [60]. The
fidelity is employed as a factor of similarity between the input and received signal and obtained as

follows:
+oo
/ s(t)r(t — )
F = Max, —= (1)

/+OO s(t)2dt - /+oo r(t)2dt

—00 — 00
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Figure 10. The simulated maximum gain of the proposed dual band-notched slot antenna.
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Figure 11. Transmitted and received pulses (a) side by side and (b) face to face.
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Figure 12. Simulated Phase of S5 for face to face and side by side orientations.

where s(t) and r(t) are the input and received signals, respectively. Two identical configurations of
the designed UWB antenna including side-by-side and face-to-face orientations with a 100 mm shift of
their center points are studied. The antenna in the transmitting mode is excited by using a modulated
Gaussian pulse. As shown in Fig. 11, a relatively good similarity has been achieved for the Rx and T'x
pulses. In addition, using (1) the fidelity factor of the reference antenna pair are calculated and good
results have been obtained (equal to 0.85 and 0.75, respectively). The transient response of the antenna
is also investigated through its transfer function. The simulated phase of So; with the side-by-side and
face-to-face orientations are shown in Fig. 12. As previously expected, the plot shows a linear variation
of phase in the total operating band except for notched bands.

Table 3 presents the characteristic comparison of some reported antennas with our proposed antenna
in terms of antenna size, fractional bandwidth, notched bands, maximum VSWR, and gain levels. It
can be observed that compared to the reported antennas [16-24], our proposed UWB antenna offers

some attractive advantages such as a much smaller size, a wider fractional bandwidth, and variable
rejecting bands.

Table 3. Comparison of the design characteristics with the referenced UWB antennas with dual notched
bands.

Ref. Size (mm®)  FBW (%) Notched Frequencies /. VSWR Gain (dBi)
(GHz)
16 40 x 44 % 0.1 311 5.25, 5.8 9.8, 8 24
17 40 x 30 x 1.2 3-11 3.5, 5.5 6.5.4.5 2.7
18 35 %30 x 1.6 2.9-10 (110%) 3.75, 5.8 6.8, 6.2 -
19 33x28x15  2.4t010.1 3.75,5.75 6,5 -
20 30 x 28 x 0.8 3-11 5,5.8 5.5, 6 2.5-7
21 32 x 22 % 0.8 3-11 5.1,5.8 6,6.5 2-5.5
22 28 x 24 x 1 3-11 5.2,5.8 30, 24 26
23 25 %20 x 1.6 2.85-12 (123%) 3.5, 5.55.15-5.85 5.4, 6. 2-6.5
24 28 x 15 x 1.6 2.7-14.4 (137%) 3.5, 5.4 76,6 245
This Work | 20 x 20 x 0.8 2.5-15 (142%) 3.75, 5.5 8, 7.5 2-6
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4. CONCLUSIONS

In this manuscript, a novel and compact microstrip-fed antenna with double stop bands at 3.8/5.5 GHz
is introduced for UWB wireless systems. Its configuration contains a square-ring radiation stub with
a pair of protruded L-shaped strips, a modified feeding line with a protruded E-shaped strip inside,
and a slotted ground plane with a pair of T-shaped strips protruded inside an extra rectangular slot.
The designed antenna has a frequency band from 3.1 GHz to over 15.5 GHz with two notched frequency
bands including 3.3-4.2 and 5-6 GHz suppressing undesirable bands including C-band at 4 GHz, and
WLAN/WiMAX at 3.5/5.5 GHz The design is implemented in a low-profile 20 x 20x0.8 mm?® FR-4
dielectric. The antenna offers excellent behavior in terms of the fundamental characteristics which have
been successfully realized and verified by both the simulations and measurements.
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