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Analysis of Hexagonal Wide Slot Antenna with Parasitic Element
for Wireless Application
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Abstract—A rigorous analysis of hexagonal slot with electromagnetically coupled parasitic element is
presented in this article. The wide band feature of the antenna highly depends on the shape and location
of the parasitic element and tuning stub. It is found that tuning and overlapping of resonating modes
at lower frequency band are mainly achieved by parasitic element. The proposed antenna exhibits the
bandwidth of 120.83% from 1.45 to 5.8 GHz for S1; < —10dB. The parameters of the antenna and
circuit model are studied. The role of individual resonators in circuit modeling is also explained. Series
of equations for lower cutoff frequency and other resonating frequencies are deduced after inspecting
the surface current distribution. At frequencies 2.27, 4.17, and 5.2 GHz, the simulated and measured
far fields are compared.

1. INTRODUCTION

Basically, wide slot antenna possesses large number of resonating modes. In fact, the density of mode
increases as frequency increases. Before effective tuning of resonating modes, wide frequency response
and good impedance matching cannot be realized. The conceptual view of the non-overlapped modes is
shown in Figure 1(a). The impedance of some modes like fy2, fr4, fr¢ are also not matched. Combination
of tuning stub and parasitic element with wide slot antenna and overlapping the resonating modes (f,1,
froy frsy fra, frs, fre and fr7), and wideband frequency response of the antenna can be achieved.
Figure 1(b) displays the overlapping of resonating modes. Wide slot antennas become popular in
wireless communication industry because of their wide impedance bandwidth, radiation pattern, and
planar geometry. In addition, these antennas possess some virtues like low cost, light weight, and ease
of integration with other microwave devices [1-4]. The main demerit of conventional planar antennas is
narrow fractional bandwidth that restricts their wide use. The shape and area of slot play crucial role
in planar antennas. Indeed, slot affects the current distribution and position of resonating modes. They

also modify effective capacitance, inductance, and the phase velocity (v, = 1 / V' LC) of the resonating

modes (T'M 19, TMgy1, TM12 and TMoy) [5-8]. A microstrip fed rotated slot antenna exhibits the
bandwidth of 48.8% and occupies the frequency span from 3.4 to 5.6 GHz for S1; < —10dB [9]. The
combination of simple feed line and wide slot does not show good impedance bandwidth. To improve the
performance of the antenna, combination of wide slot and tuning stub can be used. Here, the tuning
stub is responsible for impedance bandwidth and matching in the entire operating frequency band.
Moreover, a wide slot antenna with a fan-shaped tuning stub is proposed which covers the frequency
band from 1.55 to 5.66 GHz for S;; < —10dB [10]. Some more reported tuning stubs are circular,
elliptical, and fork-shaped [11-15]. The bandwidth of a wide slot antenna is critically affected when size
of ground plane is comparable to slot size. To adjust the impedance matching in the wide frequency
range, parasitic element is embedded. Shinde fabricated pentagonal slot with same shaped parasitic
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Figure 1. Sy; characteristic of the slot loaded antenna. (a) Before tuning. (b) After tuning of modes.

element and achieved the fractional bandwidth of 77.72% for S;; < —10dB [16]. Moreover, 108.7%
impedance bandwidth was reported by Jan and Wang. They designed a rhombus slot antenna with a
pair of parasitic elements [17]. A hexagonal slot with a hexagonal parasitic patch was reported by Rani
and Pandey. This antenna covered the frequency span from 3.71 GHz to 12.15 GHz with one frequency
notched band [18].

In this communication, an analysis of a hexagonal wide slot antenna is presented and discussed.
We have chosen an irregular hexagonal slot because of following reasons 1) The tuning of the area
of the slot, 2) Tuning of mutual coupling with parasitic element, 3) Tuning of impedance bandwidth.
Section 2 describes the physical structure and parameters of the antenna. The development of the
antenna and mathematical modeling are included in Section 3. The circuit behavior of the antenna
and effect of elements are studied in Section 4. The impact of parameters on frequency response of the
antenna is investigated in Section 5. The experimental results are discussed in Section 6. The frequency
formulation of resonating frequencies and lower cutoff frequency are described in Section 7. The far
field results are compared in Section 8.

2. ANTENNA CONFIGURATION

Figure 2 illustrates the physical structure of the hexagonal wide slot antenna with parasitic element
which is designed on a commercially available FR-4 substrate. It is positioned on the azimuthal, and
Z axis is perpendicular to the tuning stub. The properties of chosen substrate are dielectric constant
of 4.4, thickness of 1.6 mm, and loss tangent 0.02. The overall volume of antenna is 50 mm x 50 mm
x 1.6mm. The thickness of the conducting layer is taken 0.035 mm. The hexagon-shaped tuning stub
(Ly x Wy) is integrated with microstrip feed line (M) x M,,). Both elements (tuning stub and feed line)
are printed on the top surface of the substrate. The tuning stub plays a significant role in impedance
matching at higher frequency band and overlapping of resonating modes. The other elements like slot
loaded ground plane and parasitic element of the antenna are designed on the back side of the substrate.
The parameters of the ground plane are L, and W,. To produce large number of resonating modes an
irregular hexagonal shaped wide slot is created. The area of wide slot is varied by two parameters Ly,
and Wj. The broadband response of the antenna depends on the overlapping of modes. The parasitic
element with parameters L, and W), is embedded at the centre of the wide slot. It enhances the mutual
coupling between tuning stub and wide slot. In simulation, the structure is energized by waveguide
port. The parameters and dimensions of the proposed antenna are listed in Table 1.



Progress In Electromagnetics Research C, Vol. 94, 2019 147

A
¥
X
|
Lt
¥ Parasitic element
Front view Back view
Patch
Substrate
Ground

Side view

Figure 2. The physical structure of hexagonal wide slot antenna with parasitic element.

Table 1. Structural parameters and dimensions of hexagonal shaped wide slot antenna.

Dimension Dimension Dimension Dimension
Parameter Parameter Parameter Parameter
Ly 50 My, 2.2 Wh 21 Ly 23.5
Wy 50 H: 24.96 L, 12 Hs 23.47
Ly 22 Ho 20 Wy 9 M, 6
W, 16 Wx 12.5

3. EVOLUTION OF THE HEXAGONAL WIDE SLOT ANTENNA

Figure 3 exhibits the development of the proposed antenna. As shown in Figure 3, a tuning stub and
parasitic element are integrated in the consecutive steps. The compared S1; characteristic of antennas is
displayed in Figure 4. Antenna 1 consists of feed line and irregularly shaped hexagonal slot. It exhibits
the bandwidth (BW (%) = 200 * (fr, — f1)/ (fn + f1)) of 29.70% from 2.15 to 2.9 GHz for S1; < —10dB
with one resonating frequency at 2.48 GHz. This resonating frequency is produced due to feed line
which can be estimated by following equations.

Lfeed = M;+ L; = 28 mm (1)
c 300
ffeed = =
Lfceav/e, 28%+/4.4

where Ly.cq is the length of feed line in antenna 1, and fy.cq is the frequency generated by feed line.
In antenna 2, a tuning stub is integrated with the feed line. Tuning stub plays two role 1) improves
impedance matching at higher frequency band 2) produces new resonance frequencies. The fundamental
frequency due to tuning stub can be computed by following steps [19, 20].

a) By equating the area of circle and irregular hexagonal patch

mry = Ap (3)
re = VA /7 (4)

where r. and Ay are the radius of circle and area of irregular hexagonal patch, respectively. The

calculated value of 7. is 8.74 mm, and computed value of A}, is 240 mm?.

=~ 2 57 GHz (2)
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Figure 3. Development of hexagonal wide slot antenna with parasitic element.
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Figure 4. Development of hexagonal wide slot antenna with parasitic element.

b) Calculation of effective radius and resonance frequency

2h Te 1/2
Feep = (70) [1 toe {1n <%> + (LAle, + 1.77)}] (5)
1.8412 # Cy
_ 6
fi 2% T * Teoff * V€, (6)

where 7. and €, are the effective radius of circle and dielectric constant of the substrate. The calculated
value of reeg is 9.72mm, and computed value of f; is 4.32 GHz. Antenna 2 covers the frequency band
from 2.57 to 6 GHz for S1; < —10dB. In the next step, a parasitic element is added which is responsible
for impedance matching in lower frequency band. This parasitic element changes the capacitance of the
antenna and enhances the mutual coupling between wide slot and tuning stub. Antenna 3 exhibits the

bandwidth of 119.14% from 1.52 to 6 GHz for S1; < —10dB with four resonating frequencies at 1.66,
2.27, 4.25, and 6 GHz.

4. EQUIVALENT CIRCUIT MODEL

The circuit model of probe-fed patch antenna is shown in Figure 5. It is the parallel combination of
inductance (Ly), capacitance (C7), and resistance (R;) [21-25].
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Figure 5. Circuit model of the rectangular patch antenna.

The values of L1, C, and R; can be calculated by the following equations.

cr - Mt (22) "
Ry = % (8)
L= g (9)
Q- (10)

where L and W are the length and width of the patch. zg and e. are the feed location and effective
permittivity of the substrate. @@ and h are the quality factor and height of the substrate, respectively.
The input impedance of the rectangular patch antenna is given by

1 1

Zin = jWLprobe + 1/ (R_l + jWLl +jwc1> (11)
A patch antenna exhibits a narrow impedance bandwidth. The above mentioned circuit model resonates
only at single frequency. To create more resonating frequencies, a slot is embedded on patch which
modifies the position of resonating frequencies. A wideband characteristic of the antenna is achieved by
the overlapping of the resonating frequencies (see Figure 1). The circuit model of proposed hexagonal
wide slot antenna is displayed in Figure 6 which is the cascaded connection of the seven parallel RLC
circuit. The elements of the first and second resonators control the position of the lower cutoff and
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Figure 6. Circuit model of proposed hexagonal wide slot antenna with parasitic element.
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first resonating frequencies. The impedance matching and position of the second resonant frequency are
controlled by third and fourth resonators. The elements of the 5th resonator change the position of the
third resonant frequency as well as impedance at mid and higher frequency bands. The elements of the
6th and 7th resonators control the impedance matching at higher frequency band. The total impedance
of the proposed circuit model can be computed by the equation below.

7
1 1 ,
Zin=_ 1/ (E + +iji> (12)
=1

Jwk;

The values of all elements are listed in Table 2. The comparison of reflection coefficient
characteristics is shown in Figure 7.

Table 2. Obtained values of R, L, C.

Resistance Capacitance Inductance Resistance Capacitance Inductance
(@) (pF) (nH) (@) (pF) (nH)

Ry 2896 (4 3.144 Ly 3132 Rs 2786 Cjs 8.95 Ly 0.184

Ry 98.644 () 24.033 Lo 04632 Rg 65.196 Cg 1.2 Lg 0.769

Rs 41.6 Cs 11.33 Ls 0428 R; 12012 (% 4.015 L7 0.1602
Ry 8307 Cy 19.24 Ly 0.127
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Figure 7. Comparison of frequency responses obtained from CST and circuit simulation.

5. TUNING OF PARAMETERS

5.1. Effect of Width of Feed Line

The simulated S1; characteristic vs frequency for different values of M, is depicted in Figure 8. With
increasing M,,, the impedance matching at frequency band 4 to 6 GHz is improved while uneven variation

of impedance matching is investigated in mid frequency band. This parameter also changes the position
of resonant frequencies fro and f3.
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5.2. Impact of Tuning Stub on S;; Characteristic

The simulated S1; characteristic vs frequency for different values of L; and W; is depicted in Figure 9.
For L; > 24 mm, the overlapping area with parasitic element and effective capacitance of the antenna
increase. Due to this, the impedance matching degrades at higher frequency band. Moreover, the width
of tuning stub (W) critically affects impedance matching in the entire operating frequency band. This

parameter also changes the effective capacitance of the antenna and mutual coupling between wide slot
and tuning stub.
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Figure 8. Simulated Sy versus frequency for different value of M, of the proposed antenna.
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Figure 9. Simulated Sy, versus frequency for different value of L; and W; of the proposed antenna.

5.3. Impact of Parasitic Element on S7; Characteristic

The simulated S1; characteristic vs frequency for different values of L, and W), is depicted in Figure 10.
Both parameters modify the area of parasitic element, electromagnetic interaction between the elements,
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Figure 10. Simulated S versus frequency for different value of L, and W), of the proposed antenna.
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Figure 11. Simulated Sy versus frequency for different value of L, and W}, of the proposed antenna.

and capacitance of the antenna. The position of resonating frequencies is changed due to the change
in phase velocity (v, =1 / VLC) of them. It is noticed that length of parasitic element controls the

impedance matching at mid and higher frequency bands whereas the width of parasitic element does

not affect the fractional bandwidth of the antenna significantly.

5.4. Impact of Hexagonal Wide Slot on S7; Characteristic

The simulated 577 characteristic vs frequency for different values of L, and W), is depicted in Figure 11.
Here L,(Ly + Lpp) is the total length of hexagonal slot (from bottom to top apex). The length L,
modifies the area of hexagonal slot which directly affects the mutual coupling and impedance matching
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in the entire frequency band. It is investigated that with increasing L,, the impedance matching is
improved. The width of the slot affects the position of lower cutoff frequency and increases the path
length of current vectors which are scattered around the wide slot.

6. RESULTS AND DISCUSSION

After numerical investigation of the proposed antenna, it is fabricated on an FR-4 substrate. The
prototype of proposed antenna is illustrated in Figure 12. The frequency response of fabricated antenna
is measured through Vector network analyzer N9923A in frequency range 1 to 6 GHz. The compared S11
characteristic is displayed in Figure 13. This antenna exhibits five resonant frequencies and 120.83%
fractional bandwidth. Table 3 represents the performance characteristics of the hexagonal wide slot
antenna in terms of bandwidth and resonant frequencies. It is noticed that the measured and simulated
reflection coefficient characteristics do not match at higher frequency band due to various reasons 1)
connector and conductor loss, 2) variation of dielectric constant, 3) effect of ground plane which shifts
the resonant frequency.

Figure 12. Schemetic view of fabricated hexagonal wide slot antenna.

Table 3. Bandwidth and resonating frequency of the hexagonal wide slot antenna.

Lower cutoff Higher cutoff Fractional Resonating
frequency frequency bandwidth frequency
(GHz2) (GHz2) For S1;<-10dB (GHz2)
Simulated 1.52 6 119.14% 1.62, 2.27, 4.17, 6
Measured 1.45 5.8 120.83% 1.62, 2.97, 4.12, 4.95, 5.4

Figure 14 illustrates the compared input impedance characteristic of the antenna. It is noticed that
multiple loops are formed inside of the VSWR circle. Formation of loop confirms the overlapping and
mutual coupling of the modes.

7. SURFACE CURRENT DISTRIBUTION

At frequencies 1.52, 1.62, 2.27, 4.17, and 6 GHz, the symmetric distribution of current vectors is displayed
in Figure 15. It is noticed that current distribution becomes complicated at higher frequencies due to
the presence of higher order modes. The lower cutoff frequency (1.52 GHz) is produced due to edges of
the ground plane. The resonant length and lower cutoff frequency are computed by following equations

w, W,
Lp=1Ly+ <%+ =% = 100mm (13)

1, C o~ 30 oy icm (14)

T Live, 100+ vA4d
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Figure 14. Compared input impedance of hexagonal wide slot antenna with parasitic element.

where ¢, is the dielectric constant of the substrate, and f; is the lower cutoff frequency. Ly is the
resonant length for lower cutoff frequency. The estimated error between calculated, simulated, and
measured lower cutoff frequencies is listed in Table 4.

After investigating the surface current distribution at frequency 1.62 GHz, it has been noticed that

this frequency is generated due to edges of the ground plane. Frequency formulation for the first resonant
frequency is given below

4%
L :Lg+79+w >~ 87.5mm (15)
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Table 4. Computed error between calculated, simulated and measured lower cutoff frequency.

Measured Simulated Computed

E E E
lower cutoff  lower cutoff lower cutoff rror rror rror

frequency fi,, frequency f;; frequency f; between between between
lm ls le
(GHz) (GHz) (GHz) fim and fis  fic and fis  fim and fic

1.45 1.52 1.44 4.60% 5.26% 0.68%

2

i 28.4

15.2
5.08

4.3
2.28
1.2
0.629
0.322
0,159
0.0715
0.0249
1}

Figure 15. Schematic of surface current distribution at lower cut off frequency and other resonating
frequencies.

c 300
= o =~ 1.64 GHz 16
h L1veE,  87.5x+/44 16)

W, is the partial length of the lower edge of the ground plane. It can be noticed that the computed,
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simulated, and measured values of f; are nearly equal. The current vectors are also scattered on the
boundary of the hexagonal wide slot. A resonance frequency due to wide slot can be estimated by
following equations

Lpe'rimeter = Hi 4+ Hy + H3 = 68.43 mm (17)

C o 300
Lperimeter\/gr B 68.43 * vV 4.4

where Lyerimeter is the half perimeter of the hexagonal wide slot. An error of 7.29% is computed between
calculated and simulated second resonant frequencies. To minimize the error, an effect of fringing is
considered in the following equations.

f2= =~ 2.09 GHz (18)

Ahe:ragonal = Arectangular = Lyect * Wrect (19)

where Apezagonat and Apectangular are the areas of hexagonal and rectangular slots, respectively. Lyecs
and W, are the length and width of the rectangular slot (see Figure 16). Here, the length of hexagonal
slot is equal to the length of rectangular slot.

1764 = 44 % W, (20)

The calculated value of Wiee is 40.09 mm. The effective dielectric constant and fringing field length
can be computed by following equations.

1 -1
seﬁ:‘g’“; o <1+12*

-0.5
= 4. 21
. ) 09 (21)

rect

hox 0.412 % (g, + 0.3) x (Wseet +0.258)
(e, — 0.258) % (Wseet +0.8)

The effective length of the slot and modified second resonant frequency are estimated by below equations.

Leg = Lyeet — 2 % Lfringing = 66.9514 mm (23)

£, S 300 ~ 9,92 GH (24)

T LpVEy  66.9514 % /400

At frequency 4.17 GHz, two half wavelength variations of current vectors are investigated along the
wide slot. This frequency is nearly equal to the second harmonics of 2.27 GHz. It is noticed that the
broad frequency response near 4.2 GHz range is achieved after overlapping of two resonant frequencies
1) second harmonics of wide slot 2) fundamental frequency of tuning stub. The fundamental frequency
produced by parasitic element is 3.87 GHz which can be calculated by Equations (3) to (6). At 6 GHz,
three half wavelength variation of the current vectors has been investigated along the wide slot. This
frequency is nearly equal to the third harmonics of 2.27 GHz.

Lfm'nging = = 0.7393 mm (22)

Lrect

Wrect

Figure 16. Schematic of hexagonal and rectangular slot.
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8. FAR-FIELD PATTERN

At frequencies 2.27, 4.17, and 5.2 GHz far field has been simulated and measured in E plane and H
plane. The comparison of far field patterns of proposed antenna is displayed in Figure 17. At frequency
2.27 GHz, the eight-shape pattern is investigated in E plane. In simulation, directional pattern is
obtained in H plane which does not match the measured result. The reason may be radiating nature
of coaxial cable at lower frequencies. At frequency 4.17 GHz, the shape of pattern almost matches the
measured pattern in both planes. It can also be noticed that at 4.17 GHz, the pattern shape is changed
in both planes. This occurs due to existence of some higher order modes. At frequency 5.2 GHz, the
patterns in both planes are changed due to the presence of higher order modes. As frequency increases
the higher order modes also increases (see Figure 15).

—e— Simulated o
0 »— Measured e
.

Figure 17. Radiation patterns (E plane (left), H plane (right)) of proposed antenna resonating
frequencies, (a) 2.27 GHz, (b) 4.17 GHz and (c) 5.2 GHz.
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9. CONCLUSION

A hexagonal slot antenna with parasitic element has been investigated. The wide frequency response
characteristic of this antenna is achieved by selecting proper dimension of the parasitic element and
tuning stub. These two elements also control the impedance matching in the entire frequency band.
For investigation, the circuit model is also proposed, and it is found that the position of resonant
frequencies and impedance matching depend on the circuit elements. This antenna covers the bandwidth
of 120.83% from 1.45 to 5.8 GHz for S1; < —10dB. A series of equations have been deduced for resonating
frequencies. This frequency formulation is achieved after inspecting the surface current distribution. At
frequencies 2.27, 4.17, and 5.2 GHz, the far field patterns are investigated. It is noticed that the shape
of the pattern is changed due to the presence of higher order modes.
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