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Compact Modified Hexagonal Spiral Resonator-Based Tri-Band
Patch Antenna with Octagonal Slot for Wi-Fi/WLAN Applications

P. Rajalakshmi* and N. Gunavathi

Abstract—In this paper, a compact modified hexagonal spiral resonator-based tri-band patch antenna
with an octagonal slot is presented for Wi-Fi/WLAN applications. The proposed antenna is designed
on a low-cost FR4 substrate with a dielectric constant of εr = 4.4 and a loss tangent of δ = 0.02.
The tri-band operations have been achieved by a Modified Hexagonal Complementary Spiral Resonator
(MHCSR) and an Octagonal slot. The loading of the MHCSR at the bottom of the substrate is
to cover the 900 MHz (IEEE 802.11ah) band, and an Octagonal slot on top of the 5GHz (IEEE
802.11a/h/j/n/ac/ax) rectangle patch is to cover the 2.4 GHz (IEEE 802.11b/g/n/ax) band. The
prototype of the proposed antenna is fabricated and tested to validate the simulation results. The
measured impedance bandwidth is 105 MHz at 900 MHz, 160 MHz at 2.4 GHz, and 180 MHz at 5 GHz.
The designed antenna has a compact size with overall dimensions of 0.054λ0 × 0.066λ0 × 0.0048λ0

(18× 22× 1.6 mm3). The 82.2% reduction in size has been accomplished as compared to a conventional
patch antenna at 900 MHz (lower resonance frequency). The waveguide setup method has been used
to validate a negative permittivity property of the MHCSR. The parametric analysis of the proposed
antenna has been carried out using the Ansoft HFSS19 software.

1. INTRODUCTION

With the rapid development of wireless communication technology, future systems need a very tiny
antenna for recently introduced IEEE standards. The many standards of different frequency bands, such
as Wi-Fi (IEEE 802.11a/b/g/h/n/ax)/WLAN (IEEE 802.11 j/ac) bands, CDMA800/GSM900 (IEEE
802.11 ah)/1800/1900 bands, are used for multi-band frameworks. Nowadays, to design a compact
multi-band antenna, metamaterials are used. Metamaterials are artificial materials that do not exist
in nature. Metamaterials exhibit various properties, such as negative permittivity and permeability.
They are associated with antenna design and function, which leads to the enhancement of the antenna
parameters such as bandwidth, efficiency, gain, and miniaturization [1, 2].

In [3–7], the compact dual-band antennas concentrate only on WLAN standards. In [8], a reflector
metamaterial unit cell was demonstrated, making the dual-band operation at 5.7 GHz and 10.3 GHz
with the large size of 35 × 25 × 0.787 mm3. In [9], a microstrip antenna was designed by metamaterial
with a fractal structure of poor impedance matching of −6 dB at 2.7 GHz. In [10], a slot antenna with
SRR was designed for WLAN applications with a large size of 40 × 40 × 1.6 mm3. The combination of
a Split Ring Resonator (SRR) and an Electromagnetic Band Gap (EBG) with a fractal concept is used
for antenna miniaturization with a complex structure, which resonates at 2.5 GHz and 5.9 GHz [11]. A
low RCS circularly and linearly polarized slot antenna was designed only for dual-band operations by
using an L-shaped copper strip and a CSRR-SRR array [12].
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In [13], a complicated cross-shaped patch antenna with a hexagonal CSRR array was proposed only
to cover Wi-Fi applications. In [14], a complementary folded triangle split-ring resonator loaded dual-
band patch antenna was designed for GSM1800 and Wi-Fi (IEEE 802.11 ax) applications. A complex
structure of a dual-band CPW-fed metamaterial-inspired antenna was presented using the Composite
Right/Left Handed (CRLH) metamaterial for Bluetooth, WLAN/Wi-Fi applications [15]. In [16], a
modified split-ring resonator based short ended metamaterial antenna was discussed, which covered
only Wi-Max applications. A coplanar waveguide fed planar antenna was proposed only to cover IEEE
802.11ac applications [17, 18]. The above mentioned already proposed antennas had obstacles such as
large size or complex structure/design, and also they did not cover tri-bands. Hence, this work has been
developed to fulfill the requirement of the society, such as the design of a compact, tri-band, low-cost
planar antenna for the recently declared IEEE standards for Wi-Fi/WLAN applications.

This article demonstrates the loading of MHCSR that is enacted as a metamaterial with
an octagonal slot on a rectangle patch antenna for GSM900 (IEEE 802.11ah) and Wi-Fi/WLAN
(IEEE802.11a/b/g/h/j/n/ac/ax) applications. The use of MHCSR and octagonal slot makes the
antenna size compact compared to a conventional microstrip patch antenna.

This article is written as follows. In Section 2, the antenna evolutionary stages and design
specifications of the proposed antenna are presented. Section 3 address the design methodology of
the octagonal slot and MHCSR. The negative permittivity extraction of the MHCSR metamaterial unit
cell is explained in Section 4. Simulation and parametric analysis of the antenna are discussed in Section
5. The measured and simulated results of the designed antenna are given in Section 6.

2. ANTENNA EVOLUTIONARY STAGES AND DESIGN SPECIFICATIONS

The evolutionary stages of the designed antenna are depicted in Figure 1. Figure 2 shows the
geometry of the designed antenna for Wi-Fi/WLAN applications. The designed antenna is fabricated
on an FR4 substrate with a substrate thickness (h) of 1.6 mm. The designed antenna dimension is
0.054λ0 × 0.066λ0 × 0.0048λ0. 3D electromagnetic simulation software HFSS v.19 based on FEM is
used for the simulation of the designed antenna. Initially, the rectangular patch antenna dimensions
are computed by the equations in [19].

Top View Top View Top View Bottom View

(a) Rectangle patch (b) Rectangle Patch + Octagonal (c) Rectangle Patch + Octagonal Slot + MHCSR

antenna (5 GHz) Slot (5 GHz and 2.4 GHz) (5 GHz, 2.4 GHz and 900 MHz)

Figure 1. Design evolutionary stages of the designed antenna.

The proposed antenna’s input port excitation is given through the 50 Ω characteristic impedance
of a microstrip transmission line. Initially, a 5 GHz rectangle-shaped patch antenna is designed for
single-band operation. The dual-band characteristics are at 2.4 GHz and 5GHz, while an octagonal slot
is introduced in the rectangular patch. Furthermore, MHCSR is loaded at the bottom of the ground
plane to accomplish a new band at 900 MHz apart from two existing bands (2.4 GHz and 5GHz). The
optimized dimensions of the designed antenna (in mm) are given in Table 1.
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Figure 2. The geometry of the designed antenna.

Table 1. Optimized dimensions of the designed antenna.

Parameters L W Lp W p Lf W f D1

Dimensions in mm 22.0 18.0 13.0 13.5 6.75 2.9 12.2
Parameters g1 w1 D2 g2 S w2 h

Dimensions in mm 0.9 1.0 5.0 1.0 2.25 0.5 1.6

3. OCTAGONAL SLOT AND MHCSR METAMATERIAL UNIT CELL DESIGN
METHODOLOGY

The octagonal slot and MHCSR (metamaterial unit cell) are designed for 2.4 GHz and 900 MHz,
respectively. These structures act as radiating elements within the rectangular patch, which are used
for miniaturization.

3.1. Design Equations of the Octagonal Slot

The resonant frequency (f) of the octagonal slot is calculated by the following equations [1, 2].

f =
c

2l√εeff
(1)

l = 8s − g1 (2)

l, s, and g1 are the perimeter, side length, and split gap of the octagonal slot, respectively. c is the
velocity of light. εeff is the effective permittivity of the substrate material.
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3.2. Design Equations of the MHCSR Metamaterial Unit Cell

The resonant frequency (f) of the MHCSR metamaterial unit cell is calculated by the following
equations [3–6]

Leq =
3μ0μr

2π

(
ln

(
S

w

)
− 1.405

)
(3)

Ceq = 0.75SCpul (4)

Cpul =
√

εeff

cZ0
(5)

f =
1

2Π
√

LeqCeq

(6)

Leq and Ceq are the total inductance and capacitance of the metamaterial unit cells, respectively. S
and w are the sides of the MHCSR outer hexagonal length and width, respectively. Cpul and Z0 are
the capacitance per unit length between the rings and the medium’s impedance, respectively. μ0 and
μr are the permeability of the free space and relative permeability of the medium, respectively.

4. NEGATIVE PERMITTIVITY EXTRACTION OF THE MHCSR METAMATERIAL
UNIT CELL

The waveguide setup technique proposed by Chen et al. [20] is utilized to calculate the negative
permeability and negative permittivity of the materials. z (Characteristic impedance) and n (Refractive
Index) are computed by Equations (7) and (8), respectively [21]. Figure 3 demonstrates the waveguide
setup created in HFSS to extract S21 and S11 of the proposed metamaterial resonator (MHCSR). In
a waveguide setup, the Perfect Magnetic Conductor (PMC) and Perfect Electric Conductor (PEC)
boundary are assigned in y- and x-directions, respectively. The electromagnetic wave is propagated in
the z-direction.

z =

√
(1 + S11)

2 − S2
21

(1 − S11)
2 − S2

21

(7)

n =
1
kd

cos−1

[
1

2S21

(
1 − S2

11 + S2
21

)
]

(8)

Figure 3. Simulation waveguide setup of the MHCSR metamaterial unit cell.
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ε =
n

z
(9)

where k = 2π/λ is a wave number, and d is the slab thickness. The simulation-based S-parameters (S11

and S21) representing the passband occurrence of the MHCSR at 900 MHz are portrayed in Figure 4.
MATLAB code was written for Equations (7)–(9) to retrieve the negative permittivity characteristics
of the MHCSR metamaterial unit cell structure from S11 (Reflection Coefficient) and S21 (Transmission
Coefficient). The real part of the permittivity characteristics of the proposed metamaterial unit cell
were found to be negative at 900 MHz, which suggests that MHCSR is a single negative substance
containing the properties of the metamaterial, as shown in Figure 5.
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Figure 4. Frequency versus transmission and
reflection coefficient plot of the MHCSR at
900 MHz.

Figure 5. Frequency versus negative permittivity
plot of the MHCSR at 900 MHz.

5. SIMULATION RESULT AND PARAMETRIC STUDY

From Figure 6, it is ascertained that a rectangle patch antenna produces a primary resonance frequency
of 5.0 GHz. The introduction of this octagonal slot in the rectangular patch affects the patch’s surface
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Figure 6. The simulated reflection coefficient
characteristics of the evolutionary stages of the
designed antenna.
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current distribution, consequently making a current supplement path for dual-band of operation. The
octagonal slot-loaded radiating patch is combined into MHCSR to achieve tri-band resonances.

For the best results, a parametric study was done by using Ansoft HFSS19. The MHCSR
metamaterial unit cell and octagonal slot parameters were controlled to tune the lower resonance
(900 MHz) and middle resonance (2.4 GHz) frequencies of the designed antenna, respectively. As
the side length (S) of the MHCSR decreases, the lower resonance frequency, as well as the higher
resonance frequency of the designed antenna, decreases, and proper impedance matching is observed
at S = 4.25 mm, as shown in Figure 7. Figure 8 shows that a decrease in g1 decreases the middle
resonance frequency. Figure 9 shows that a decrease in w1 increases the middle resonance frequency
of the antenna. The proper impedance matching is obtained at g1 = 0.9 mm and w1 = 1mm. Based
on the reflection coefficient plots, the MHCSR and octagonal slot parameters are optimized to achieve
900 MHz band and 2.4 GHz band, respectively.
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Figure 8. Simulated reflection coefficient
characteristics for variation of g1.
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6. RESULTS AND DISCUSSION

The fabricated structure of the designed antenna is shown in Figure 10. The return loss of the designed
antenna is estimated by utilizing Agilent PNA 8362B Vector Network Analyzer. The measured and
simulated reflection coefficient characteristics of the designed antenna are exhibited in Figure 11, and
the three resonance frequencies are obtained at 900 MHz, 2.4 GHz, and 5 GHz. As can be observed
from Figure 11, the measured −10 dB impedance bandwidths are 105 MHz (842–947 MHz) at 900 MHz,
160 MHz (2.3–2.46 GHz) at 2.4 GHz, and 180 MHz (4.98–5.16 GHz) at 5 GHz, respectively.

The simulated and measured radiation patterns in the xz-plane (phi = 0◦) and yz-plane (phi = 90◦)
for 900 MHz, 2.4 GHz, and 5 GHz are shown in Figures 12(a)–12(c), respectively. The results show

Figure 10. Photograph of the top view and bottom view of the proposed antenna.
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that the designed antenna exhibits an omnidirectional radiation pattern in xy-plane for all resonant
frequency bands. The dipole-like radiation pattern is at 900 MHz and 5 GHz resonant frequencies, with
the directional radiation pattern at 2.4 GHz in the yz-plane. The small discrepancies observed in the
simulated and measured results are due to soldering and fabrication errors.

The simulated surface current distribution at each resonant frequency band of the designed antenna
is shown in Figure 13. At 5GHz, the maximum current distribution flows in the rectangular patch of
the antenna. The substantial concentration of the surface current at 2.4 GHz is observed in the feed
position and ends of the octagonal slot of the antenna. The maximum current is distributed around the
MHCSR at 900 MHz.

The simulated 3D gain plots of the designed antenna for all the resonance frequencies are shown
in Figure 14. Figure 14 shows that the simulated 900 MHz and 5 GHz gains are 2.63 dB and 0.6 dB,
respectively. The antenna achieves a simulated maximum peak gain of 10.9 dB at 2.4 GHz. Based on
Table 2, the designed antenna has the best compactness and higher number of bands than [8, 11, 12–
14, 16].
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Figure 11. Simulated and measured reflection coefficient (dB) characteristics of the designed antenna.
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Figure 12. (a) Simulated and measured radiation pattern at 900 MHz. (b) Simulated and measured
radiation pattern at 2.4 GHz. (c) Simulated and measured radiation pattern at 5 GHz.
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(b) 2.4 GHz (c) 5 GHz

Figure 13. Simulated surface current distribution of the designed antenna.

(a) 900 MHz (b) 2.4 GHz

(c) 5 GHz

Figure 14. Simulated 3D gain plot of the designed antenna.
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Table 2. Comparison between the proposed antenna with existing antennas.

Reference Year
Substrate
material

Patch Dimensions
((W× L× h)mm3)

Operational
Bands

Frequency
(GHz)

[8] 2019 RT Duriod 35 × 25 × 0.787 Dual-band 5.7/10.39
[11] 2017 FR4 40 × 40 × 1.6 Dual-band 2.5/5.9
[12] 2020 FR4 50 × 50 × 1.56 Dual-band 2.35/3.85
[13] 2018 FR4 20 × 25 × 1.6 Dual-band 2.4/5
[14] 2019 FR4 16 × 21 × 1.6 Dual-band 1.8/2.4/5
[16] 2017 FR4 20 × 25.5 × 1.6 Dual-band 3.17/5.39

Proposed FR4 18× 22 × 1.6 Tri-band 0.9/2.4/5

7. CONCLUSION

A miniaturized tri-band MHCSR loaded patch antenna with an octagonal slot is designed, fabricated,
and validated in this work. The proposed antenna exhibits tri-band operation at 900 MHz (842–
947 MHz), 2.4 GHz (2300–2460 MHz), and 5 GHz (4980–5160 MHz), which meets the necessities of the
recently introduced IEEE standards for the Wi-Fi/WLAN applications. The size reduction of 82.2%
is achieved using an MHCSR metamaterial unit cell structure and octagonal slot. The metamaterial
property is proved by using the negative permittivity plot of the MHCSR. The antenna characteristics
such as proper impedance matching, multi-band operation, and compactness of the designed antenna
make it suitable for the Wi-Fi/WLAN (IEEE 802.11a/b/g/h/j/n/ac/ax/ah) applications.
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