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Element for Wideband Applications
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Abstract—In this communication, a novel design of a hybrid open slot antenna is investigated and
experimentally verified. The proposed structure comprises a slotted tuning stub, a proximity fed
parasitic element, and slotted ground plane. Tuning and overlapping of best matching frequencies
fri, fro, fra, fra, frs, fre, and fr7 are accomplished by varying the dimension of the parasitic element
and elliptical slot. The experimental results reveal that this antenna covers the fractional bandwidth
(BW (%) = 200 = (fr, — f1)/(fn + f1)) of 139.5% from 0.98 GHz to 5.5 GHz for |S11| < —10dB which
is suitable for GSM 1800, WiMAX, PCS, and ITM-2000. After the analysis of current distribution,
mathematical equations are developed for frequencies 1.04, 1.52, 3.06, 3.67, and 4.58 GHz. The
structural analysis is also carried out for optimization and to know the electromagnetic behaviour
of the antenna. Asymmetric radiation patterns are found at resonating frequencies due to open slot
geometry.

1. INTRODUCTION

Printed open slot antennas become popular in the wireless communication industry due to their
compactness, impedance bandwidth, the capability to produce linear and circular polarization, and far
field characteristics. Moreover, they also offer features like conventional microstrip patch antennas [1, 2].
Due to quarter wave resonance (\/4), the sizes of open slot antennas are smaller than wide slot
antennas [3]. The core functions of slots are 1) modify the path length of current vectors, 2) change the
equivalent capacitance of the antenna, 3) alter the position of modes (T'M 1o, T Moy, T M2 and T'M o),
4) change the phase velocity (v, = 1/V LC) of the resonating frequencies. In addition, slot loaded
antenna exhibits a large number of resonating modes (fr1, fr2, fr3, fra, fr5, fre, and fr7) (as shown in
Figure 1(a)). By choosing an appropriate dimension of the antenna, the overlapping of these modes (as
shown in Figure 1(b)) can be achieved, and wide impedance bandwidth is achieved [4-6]. By introducing
notches on the L shaped open slot, the resonant path length can be varied which directly affects the
impedance bandwidth of the antenna [3]. Reshaping the open slot affects the bandwidth of the antenna
and position of lower and higher cutoff frequencies [7-9]. Rotation of the radiating structure changes
the position of resonating modes. By choosing a suitable angle, the bandwidth can be improved [10].
Reshaping the feed structure and radiating element are also techniques to enhance the bandwidth of an
open slot antenna [11-14]. Tuning stub performs the operation of overlapping of resonating modes. By
integrating a tuning stub with radiating element, wide bandwidth can be realized [15]. In this article, we
present a novel design of a hybrid open slot antenna with proximity fed parasitic element for wide band
applications (GSM 1800, WiMAX, PCS and ITM-2000). The hybrid open slot geometry is obtained
after the integration of elliptical and rectangular shaped slots. The proposed structure occupies the
impedance bandwidth of 139.5% for |S11| < —10dB that covers the frequency range from 0.98 GHz to
5.5 GHz. The input impedance behaviour of this antenna is also analyzed. At best matching frequencies,
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Figure 1. Impedance characteristic of the slot loaded antenna. (a) Before tuning. (b) After tuning of
modes.

the surface current distribution is investigated, and the mathematical model has been developed. The
effect of the key parameters on the |S11| characteristic and bandwidth are investigated. Finally, the far
field characteristic of the antenna is measured and compared with the simulated results.

2. ANTENNA CONFIGURATION

The two-dimensional geometry and parameters of the proposed hybrid open slot antenna with proximity
fed parasitic element are illustrated in Figure 2, which is placed on the Z = 0 plane. In the simulation,
we have taken 0.035 mm thin conducting layers. A 50 microstrip feed line (M,, x M;) is designed on
the top layer of an FR-4 substrate (tan(d) = 0.02, &, = 4.3 and A = 1.6 mm) which is terminated on
the elliptical shaped tuning stub with variables Rj; (semi minor axis radius) and R, (semi major axis
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Figure 2. Configuration of the propose hybrid open slot antenna with proximity fed parasitic element.
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radius). Moreover, a hybrid slot which is the union of four triangular slots is loaded on the stub for
bandwidth enhancement. On the bottom side of the substrate, the ground plane has been printed with
the parameters of Lg,;, and Wy,,. For performance improvement, a composite slot is embedded on the
ground plane. This hybrid slot is made after the combination of a rectangular shaped slot (Lj x Wj)
and elliptical slot (Rp; (semi minor axis radius) and Rpa (semi major axis radius)). The size of the
elliptical slot plays a vital role in impedance matching which will be discussed later. For overlapping of
resonating modes, a rectangle-shaped parasitic element (L1 x W),1) is integrated on the bottom layer.
An L-shaped slot is etched on the right bottom side of the ground plane which is also responsible for
tuning of modes. In addition, a small rectangular slot (Lgo X Wj2) is also Boolean subtracted at the left
bottom corner of the ground plane. Table 1 represents the chosen dimension of the proposed antenna
after the parametric study.

Table 1. The proposed dimension of the hybrid open slot antenna with proximity fed parasitic element.

Dimension Dimension Dimension Dimension
Parameter Parameter Parameter Parameter
M., 3 Wsub 70 Rpo 12 R 19
M, 33.5 Ly 45 L1 3 Wha 26
Ry 11.5 Wh 40 W1 2 Lpa 27
Rua 13.5 Lp1 27 Wsa 5 Lo 5
Ty 10 W1 34 Lsup 80

3. EVOLUTION OF ANTENNA

Evolution of the proposed antenna is shown in Figure 3. In succeeding stages, the ground plane and
tuning stub are modified for bandwidth enhancement and proper tuning of the resonating modes. The
comparison of reflection coefficient characteristics of all stages is depicted in Figure 4. Antenna 1

Antenna 1 Anrenna 2 Antenna 3

Antenna 4 Antenna 5

Figure 3. Schematic of development of the hybrid open slot antenna with proximity fed parasitic
element.
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Figure 4. Comparison of reflection coefficient characteristics of antenna 1, 2, 3, 4, and 5.

comprises a full ground plane and an elliptical shaped tuning stub. This antenna exhibits single band
response and resonates at 5.2 GHz.

The behavior of Antenna 1 is similar to the conventional microstrip antenna which shows narrow
impedance bandwidth. Further, a hybrid slot is etched on the ground plane which introduces slow wave
effect [9]. This composite slot has two functions i) Impedance matching, ii) Overlapping of resonating
modes. Antenna 2 covers the frequency range from 1.7 GHz to 6 GHz and exhibits the bandwidth of
111.68% for |S11| < —10dB with three best matching frequencies 2.19, 2.53, and 4.51 GHz. In Antenna
3, a rectangle-shaped parasitic element is integrated in the ground plane which improves the mutual
coupling between radiating patch and hybrid slot. This parasitic element also improves the impedance
matching in the lower frequency band. It exhibits the bandwidth of 132.038% for |S11| < —10dB
and covers the frequency range from 1.068 to 5.25 GHz with five best matching frequencies 1.18, 1.49,
3.08, 3.65, and 4.59 GHz. For impedance matching in the lower frequency band, the L-shaped slot is
truncated on the right bottom side of the ground plane. Slot enhances the path length of the current
which reduces the frequency of the resonating modes [4, 5]. Antenna 4 covers the bandwidth of 137.45%
from 0.96 to 5.16 GHz for |Si;| < —10dB with one notched frequency band from 1.12 to 1.22 GHz.
It resonates at five frequencies 1.04 GHz, 1.52 GHz, 3.06 GHz, 3.67 GHz, and 4.58 GHz. In the final
step, to suppress the notched frequency band, a hybrid slot on tuning stub and rectangle-shaped slot on
ground plane are incorporated. These slots also affect the impedance matching at resonating frequencies
3.06 GHz, 3.67 GHz, and 4.58 GHz. Antenna 5 covers the bandwidth of 137.45% from 0.96 to 5.16 GHz
for |811| < —10dB.

4. TUNING OF PARAMETERS

To know the effect of key parameters on bandwidth and impedance matching, the parameters are varied
in a specified range. In this section, we study the drift of best matching frequency due to the tuning of
parameters. In this study, only a single parameter is varied at a time.

4.1. Influence of Parameters (Rp; and Rps) of the Elliptical Slot

The impact of Rp; (major axis radius of the elliptical slot) and Rps (minor axis radius of the elliptical
slot) on [S11| characteristic of the proposed antenna is illustrated in Figure 5. It is noticed that
by increasing Rpi, the lower cutoff frequency (f;), fundamental frequency resonating (f,1), second



Progress In Electromagnetics Research C, Vol. 90, 2019 99

-10

R
L

=30

-40

Reflection coefficient (dB)
Reflection coefficient (dB)

50/ 3 I o | ! .

+— Rh1=17Tmm 1 —+— Rh2=10mm

—+— Rh1=18mm 401 l Rh2=11mm ||
60; +— Rh1=19mm || Rh2=1Zmm

Rh1=20mm 45/ —+— Rh2=13mm ||
—a— Rh1=21mm | —=— Rh2=14mm

o 1 2 3 4 5 s 0 1 2 3 4 5 6

Frequency (GHz) Frequency (GHz)

Figure 5. Simulated reflection coeflicient characteristic versus frequency for different value of Rp; and
Ry of the proposed antenna.

resonating frequency (fr2), and fifth resonating frequency (f,5) are drifted in a leftward direction.
Increment in Rp; increases the equivalent capacitance of the antenna which reduces the phase velocity
of fi, fr1, fr2, and f.5. In addition, for higher value of Rp; > 19 mm, the impedance matching is reduced
in lower and mid-frequency band. A good impedance bandwidth is obtained for Rp; = 19mm. Apart
from this, the resonating frequencies f,3 and f.4 are shifted in rightward direction, and impedance
matching is increased at f,4 while decreasing at f.3. With increasing the value of Rj9, the slot area of
the ellipse also increases which enhances the path length of the current vectors. Due to increment in
path length, f;, fr1, and f.o shift in a leftward direction. Moreover, the impedance matching is improved
at frequency fr3 due to the capacitive coupling between slot and tuning stub. It is also noticed that the
impedance matching is improved at lower frequency band while it decreases at higher frequency band
with increasing the value of Rjs. The maximum bandwidth is found for Rjo = 12 mm.

4.2. Influence of Parameter (Lpl and Wpl) of the Parasitic Element

The impact of Ly (length of the parasitic element) on |S;;| characteristic of the proposed antenna is
depicted in Figure 6. It is clear from the figure that with increasing the length of the parasitic element,
the impedance matching is improved on lower frequency band while it is deteriorated in the frequency
band near 2 GHz. Moreover, this parameter slightly affects the position of higher cutoff frequency (f3)
which is shifted in leftward direction. In addition, impedance matching at the fundamental frequency
(fr1) and second resonating frequency f,2 is improved while it is decreased at frequencies f,3 and fg.
The resonance frequency fo is drifted in a leftward direction due to increment in equivalent capacitance
of the antenna. Uneven impedance matching is noticed at frequency f,4. The maximum bandwidth of
the antenna is obtained for L,; = 27mm. The influence of the width of the parasitic element is also
displayed in Figure 6. It is noticed that the impedance matching is improved with increasing the value
of Wp1 which indicates that the mutual coupling between open slot and tuning stub is improved by
Wp1. The maximum bandwidth is obtained for Wj; = 34 mm. The resonance frequencies f.2 and f4
are drifted in left direction while frequencies f.3 and f,5 are shifted towards higher frequency band.
The left shift of higher cutoff frequency is also observed. The shift of resonance frequencies is noticed
in the frequency spectrum due to the change in equivalent capacitance of the antenna which directly
affects the phase velocity of the resonating modes.
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Figure 6. Simulated reflection coeflicient characteristic versus frequency for different length and width

of the parasitic element.

4.3. Influence of Parameter (Ls; and Wy1) of the L-Shaped Slot

The effect of Lg; on |S11| parameter of the proposed antenna is displayed in Figure 7. This parameter
slightly affects the position of the lower cutoff frequency and first resonating frequency. With increasing
parameter Ly, the positions of f; and f,1 are shifted in rightward direction. Slot modifies the equivalent
capacitance of the antenna which enhances the phase velocity of resonating modes. The optimized value
of Lg1 is 3mm because this value offers the maximum bandwidth. In addition, impedance matchings at
frequencies f.1, fr3 and f,.5 are enhanced while they are decreased at frequencies fo and f.4. Parameter
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W1 mainly affects the position of lower cutoff frequency and impedance matching in lower and mid
frequency band. With increasing W1, the lower cutoff frequency is shifted towards the lower frequencies
while impedance matching becomes poor in the lower frequency band. The optimized value of Wy is
2 mm.

5. EXPERIMENTAL RESULTS AND DISCUSSION

5.1. Reflection Coefficient Characteristic

In this section, the reflection coefficient characteristic and input impedance of the proposed antenna
are discussed. The numerical analysis of the antenna is achieved by CST Microwave Studio. The
structure is excited by waveguide port with height 12.96 mm and width 25.72 mm. After the simulation
and optimization of the dimension of the antenna, the proposed structure is manufactured on an FR-4
substrate. The pictorial view of the fabricated hybrid open slot antenna with a proximity fed parasitic
element is displayed in Figure 8.

Figure 8. Configuration of fabricated hybrid open slot antenna with proximity fed parasitic element.

The experimental results such as reflection coefficient characteristic and input impedance are
obtained from Agilent Technologies based Vector Network Analyzer N2223A in the frequency span
0.8 to 6 GHz. The compared reflection coefficient characteristics of the proposed antenna are illustrated
in Figure 9. It has been noticed that the lower cutoff frequency of this antenna depends on the dimension
of the hybrid slot which is truncated on the ground plane. The mathematical equation for lower cutoff
frequency is deduced after inspecting the current distribution at frequency 1.04 GHz (see Figure 11).

Lflc =L1+L2+L3+L4—|—L6/2 (1)
Ly = Leuwp— Lp+ Wi (2)
(3)

)

L. =2m\/(R;,+ R7,)/2 3
c

f lc Lflc \/5
where c and ¢, are the speed of light and permittivity of the substrate, respectively. From Equation (4),
the calculated value of lower cutoff frequency is 0.9 GHz. An error of 8.16% is computed between
measured and simulated lower cutoff frequencies. The proposed antenna shows the bandwidth
(measured) of 139.5% from 0.98 GHz to 5.5 GHz for |S1;| < —10dB. It also exhibits the resonances
at frequencies (measured) 1.12, 1.82, 2.8, 3.1, 3.67, 4.5, and 5.1 GHz. A mismatch between measured
and simulated results has been found due to SMA connector and fabrication tolerance. Another cause
of inaccuracy is a variation of dielectric constant.

(4

5.2. Input Impedance

Figure 10 illustrates the comparison (simulated and measured) of the real and imaginary part of the
input impedance (Z;;,) which is the function of frequency. It is noticed that resistance (measured) is
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higher in the lower and higher frequency bands than simulated resistance. The simulated and measured
resistances oscillate around 50 2. The maximum peak of measured resistance is 270€). The measured
reactance of the antenna varies between 1702 and —80¢). As shown in Figure 10, the simulated
imaginary part of the input impedance oscillates around 0 €2.

6. SURFACE CURRENT DISTRIBUTION AND FAR-FIELD PATTERNS

The simulated vector current distributions at frequencies 1.04 GHz, 1.52 GHz, 3.06 GHz, 3.67 GHz, and
4.58 GHz are displayed in Figure 11. The current vectors are scattered on the tuning stub, parasitic
element and ground plane. At first resonating frequency (f; = 1.04 GHz), the maximum strength of the
current is found along the hybrid slot which is embedded in the ground plane. This frequency is produced
due to the side edge of the ground plane and can be determined by following Equations (5)—-(10).

Ly = Ls + Lg + L7 + Lg (5)
L5 = Wsub - Wp2 - Ws2 - Wsl (6)

f=1.04 GHz
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Figure 11. Surface current distribution at frequency 1.04, 1.52, 3.06, 3.67 and 4.58 GHz.

L¢ = Lo+ Lg (7)

Ly = Wg + Wp2 (8)

L8 = Lsub - le - Lp2 (9)
C

_ 10

fi W (10)

The computed length of Ly is 135mm, and the calculated value of f; is 1.06 GHz (using
Equation (10)) which is nearly equal to 1.04 GHz. An error between the simulated and calculated
values of the first resonating frequency is 1.88%. At the second resonating frequency (f2), the current
vectors are distributed along the circumference of the parasitic element. After inspection, it is noticed
that this resonance frequency is developed due to the parasitic element and can be determined by
following equations.

Lf2 = Q*Wpl —|—Lp1 (11)
fy = c
YT Lpye
The computed length of Lo is 95 mm, and the calculated value of f5 is 1.51 GHz (using Equation (12))
which is nearly equal to 1.52 GHz. An error between the simulated and calculated values of the second

resonating frequency is 0.65%. At frequency 3.06 GHz, one half wave variations of current vectors are
investigated along the elliptical slot which is etched on the ground plane. This resonating frequency is
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developed due to the elliptical slot and can be calculated by the following equations
Lyz = Le/2 (13)
c

= — 14
f3 Lave (14)
where L is the total circumference length of the elliptical slot. The computed value of L¢3 is 49.89 mm,
and the calculated value of f3 is 2.88 GHz. An error between the simulated and calculated values of the
third resonating frequency is 5.88%. The resonating frequency f4 (3.67 GHz) is developed due to the
elliptical shaped tuning element. At this frequency (fy), one half wave variations of current vectors are
investigated along the elliptical patch, and this frequency can be calculated by following equations

Ley =m\/(Rf + Ryy)/2 (15)
fa = 2 (16)

Lel Er

where L.; is the half circumference length of the elliptical shaped tuning element. The calculated
value of L. is 39.37 mm, and the calculated value of fy is 3.64 GHz (using Equation (16)). An error
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Figure 12. (a) E plane and (b) H plane pattern at frequencies f; = 1.04 GHz, fo = 1.52 GHz,
f3 = 3.06 GHz and f4 = 3.67 GHz.

between the simulated and calculated values of the fourth resonating frequency is 0.81%. At frequency
f5 (4.58 GHz), complicated current distributions are investigated which indicates the presence of higher
order modes. At this frequency (f5), multiple variations of current vectors are analyzed along elements of
the antenna. Figure 12 exhibits the compared far field pattern at resonating frequencies 1.04, 1.52, 3.06,
and 3.67 GHz. F plane patterns are asymmetric due to asymmetry in the ground plane. At frequencies
1.04 and 1.52 GHz, an eight-shaped pattern is observed in H-plane while the eight-shaped pattern
is changed at frequencies 3.06 and 3.67 GHz due to the existence of higher order modes. Measured
patterns slightly differ from the simulated pattern because of measurement and fabrication error. The
gain and efficiency of the proposed antenna are exhibited in Figure 13. The antenna gain is calculated
at frequencies 1.04, 1.52, 3.06, and 3.67 GHz. The simulated realized gain is varied between 2.1 and
5.2dBi. It is noticed that the efficiency of the antenna is decreased as operating frequency increases.
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7. CONCLUSION

A hybrid open slot antenna with proximity fed parasitic element is numerically analyzed, fabricated, and

expe

rimentally verified for wideband applications. It has been found that parameters of the elliptical

slot and L-shaped slot play an important role in impedance matching and bandwidth. The proposed
antenna covers the bandwidth of 139.5% from 0.98 GHz to 5.5 GHz for |S1;1| < —10dB. This antenna

is su

itable for GSM 1800, WiMAX, PCS, and I'TM-2000 applications. At best matching frequencies

1.04 GHz, 1.52 GHz, 3.06 GHz, 3.67 GHz, and 4.58 GHz, the surface current distribution is investigated,
and the mathematical model is developed for each resonating frequency. The far field pattern is analyzed
in both planes. The asymmetry in radiation pattern is due to asymmetric open slot configuration, and
the shape of the pattern is changed due to higher order modes at higher frequencies.
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