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A Low-Profile Electrically Small Antenna with a Circular Slot
for Global Positioning System Applications
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Abstract—A flexible, planar electrically small antenna (ESA) with omnidirectional radiation pattern
is designed and fabricated for GPS and WLAN applications resonating at 1.5GHz and 3.7GHz. The
design consists of a circular loop attached with 3 rectangular bars, and it is fed by a 50Ω feed line. The
circular loop in the antenna provides impedance matching. Generally, these electrically small antennas
have narrow bandwidth. Here the antenna is fabricated on a polyimide substrate having a thickness of
0.1mm, εr of 3.4mm, and it occupies a size of 38mm× 34mm. Electrically small antenna is designed
at 1.5GHz, 3.7GHz, and the parameters that are measured are S11, VSWR, Ka values, quality factor,
and radiation patterns.

1. INTRODUCTION

Researchers are becoming interested in electrically small antennas (ESAs) because of their compact size,
ease of integration, and multiband capabilities [1]. Nowadays, there is a growing demand for miniature
multiband resonating antennas for wireless systems. Numerous singular-band electrically small antennas
have been proposed in the literature, and researchers have proposed a number of electrically small
antennas for a range of purposes. Researchers have created a 2.4GHz antenna for biomedical purposes
which is electrically small and has a partial ground plane [2]. Electrically small antenna is described in [3]
as an active, superconductive array-based antenna for the 200MHz band. A small slotted electrically
small antenna for multiple-input multiple-output (MIMO) applications is designed using a meander
line and a partial ground plane antenna, as illustrated in [4]. For 2.40GHz bluetooth applications,
a trident shaped antenna with an electrically small meandered line is recommended [5]. [6] describes
a flexible antenna operating at 2.40GHz which is electrically compact and based on a thin substrate
material. [7, 17–20] suggest a small, circularly polarised WiMAX antenna made of Taconic TLY-5
substrate material with a high gain. As devices get more complicated, multiband and dual band
antennas become more necessary. Therefore, a large number of dual-band and triple-band antenna
types have been described for the usage in several applications. [8, 31] provide a portable, multi-band
electrically small antenna that operates at 0.1GHz and 0.5GHz and has a planar inverted F-antenna
shape. [9] shows a multi-band circularly polarised 4 short stub loaded patch antenna for wireless
communication applications, although due to its size it is not categorised as a tiny antenna. For
the usage in ultra-wideband (UWB) applications, a novel antenna with an area of 40 × 40mm2 [10]
is proposed. As a conductive adhesive, carbon composite is used. A compact, dual band notched
UWB slotted antenna is suggested by [12, 22–25]. A reflector array antenna has been designed at
millimetric band, and two antennas were there in which an electrically small antenna has been used as
the transmitting antenna [21]. [13, 26–28] suggest an electrically small circular antenna with near-field
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resonance and 0.3GHz broad-band properties using a non-Foster element. When circular polarisation
is implemented using cross-shaped fractal slots, 4 cross-shaped slot structures are used to provide a
broad band [14, 29, 30]. Metamaterials, single pole antennas with disc structures, alternating current-
fed structures, 3D-shaped structures, and ring-type structures are only a few of the architectures that
have been proposed to enhance the performance [15, 16]. [32] describes the fundamental elements of an
antenna with antenna size limitations.

An electrically small antenna with dual band characteristics is modelled by using three rectangular
microstrip transmission lines with a circular slot attached by a feed line having an impedance of 50Ω.
This circular slotted electrically antenna resonates at 1.5GHz and 3.7GHz applicable to GPS and
WLAN applications. The dimensions are very small for this circular slotted antenna compared to the
other electrically small antennas existing in the literature.

2. GEOMETRY AND DESIGN METHODOLOGY

An electrically small antenna is designed by utilizing a circular patch, and a circular slot in the proposed
design will provide better return loss. A rectangular bar is attached to the antenna, and it is tapped
by an impedance of Z0 having 50Ω. The simulated antenna is modelled on a polyimide substrate
material having 0.1mm thickness with (εr) of 3.4 and loss tangent (tan δ) of 0.006. The basic structure
of an antenna has a feeding path, and it is tapped by an impedance of 50Ω. This circular slotted
electrically small antenna is simulated by using HFSS V13 which is based on finite element method
and method of moments, and the ground plane is partial to provide a positive gain value which is
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Figure 1. Iterative based design of a circular slotted electrically small antenna. (a) Stage I, (b) Stage
II, (c) Stage III, (d) Stage IV, (e) Stage V.



Progress In Electromagnetics Research C, Vol. 133, 2023 29

(a) (b)

Figure 2. (a) Geometry of circular slotted electrically small antenna. (b) Fabricated prototype.

Figure 3. Measurement of circular slotted electrically small antenna with MS2037C combinational
analyzer.

under the substrate. This circular slotted antenna resonates at 1.5GHz, 3.7GHz and applicable to
GPS and Wi-Max applications. The dimensions are very small compared with the other electrically
small antennas existing in the literature. Figure 1 represents the stepwise design of an electrically small
antenna. At first, a rectangular bar is attached with length and width of 17mm and 5.05mm, and it
resonates at 1.5GHz. In iteration 1, two rectangular bars are attached, and this antenna resonates at
1.5GHz. In iteration 2, three rectangular bars are attached to the feed line, and this antenna resonates
at 2.4GHz and 3.7GHz with a less amount of return loss values. In iteration 3, a circle of radius 8mm
is attached to the existing antenna structure, and this antenna resonates at 1.5GHz and 3.7GHz. The
final electrically small antenna is designed by subtracting a circle of radius 6mm to the existing antenna
structure, and the antenna resonates at the above mentioned frequencies with higher return loss values.
Figure 2(a) represents the image of a circular slotted electrically small antenna with its dimensions.
Figure 2(b) represents the fabricated prototype of the circular slotted electrically small antenna in
which the antenna is fabricated on a polyimide material. Figure 3 represents the measurement of a
circular slotted electrically small antenna measuring various antenna parameters such as return loss
and voltage standing wave ratio (VSWR) by using MS2037C Anrtisu Combinational Analyser. The
dimensions utilised in designing the circular slotted antenna are represented in Table 1.
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Table 1. Dimensions of the electrically small antenna with a circular slot.

Parameter Values (mm) Parameter Values (mm)

L 38 L3 4.5

W 34 W3 18

L1 4.5 LA 17

W1 32 WA 5.05

L2 4.5 Ts 0.1

W2 26 R 6

∆l = 0.412h
(εreff + 0.03)(w + 0.26h)

(εreff − 0.258)(w + 0.8h)

The dielectric constant of the substrate is shown below
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The length and width of an antenna are calculated as per the formulae shown below

Lg = 6h+ L (4)

Wg = 6h+W (5)

where L and W are the length and width of the microstrip patch, and h is the thickness of the FR4
substrate.

Radius of the patch is measured by using Equation (6)
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Three rectangular bars help an antenna function efficiently, while a circular slot inside the antenna
creates a capacitance effect. Due to the tiny antenna size, which results in low radiation and high
reactance, impedance matching is the ESA’s main issue. Capacitance and inductance are provided by
this circular slot and three rectangular bars. By altering the size of the circular slot and rectangular bars,
the antennas resonant frequencies may be changed. According to that, an electrically small antenna
has been designed with a circular slot at the top plane, resonating at 1.5GHz for WLAN applications
and at 3.7GHz for wireless communication applications like GPS.

3. RESULTS AND DISCUSSIONS

Figure 5 illustrates simulated and manufactured S11 for a dual band electrically small antenna, with a
circular slit in the middle. Using an Anritsu combinational analyzer MS2037C, the S11 of the antenna
is measured. It should be recognized that the manufactured and simulated results provide a strong
knowledge, and small variance is seen due to manufacturing tolerances. At 1.5GHz and 3.7GHz, the
circular slotted electrically small antenna offers a return loss of −21 dB and −37 dB, respectively. The
circular slotted electrically small antenna offers a bandwidth at 1.25–1.75GHz and 3.6GHz–3.75GHz
for return loss less than −10 dB. The ratio of power delivered from the antenna’s source to the load,
or VSWR, should be typically less than 2. A antenna should generally have a VSWR of less than 2,
which can be well defined as the power supplied from the antenna’s source to the load. The circular
ring’s VSWR for an ESA is less than 2 and is equal to 1.2. Figure 11 & Figure 12 show the ESA’s
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Figure 4. Iterative based return loss of circular slotted Electrically Small Antenna.

Figure 5. Simulated and measured S11 of a circular slotted Electrically Small Antenna.

circular ring radiation pattern. By looking at this pattern, we can readily conclude that the antenna has
an omnidirectional radiation pattern for all frequencies between 0◦ and 180◦. This parametric analysis
is important because it gives a complete view of the antenna’s characteristics and allows for a better
understanding of the concept of electrically small antennas’ parameters. This analysis has been carried
out by using finite element method-based software tool An-soft HFSS. Figure 4 represents the return
loss of an electrically small antenna by considering the stepwise analysis. In iteration 0, the electrically
small antenna resonates at 1.5GHz with a return loss of −16 dB. In iteration 1, our antenna resonates
at 1.5GHz with an S11 of −18 dB. In iteration 2, our antenna resonates at 1.5GHz and 3.7GHz with a
return loss of −20 dB and −17 dB, respectively. In iteration 3, ESA resonates at 1.5GHz and 3.7GHz
with a return loss of −20 dB and −27 dB, respectively. The proposed antenna resonates at 1.5GHz and
3.7GHz and offers a return loss of −22 dB and −37 dB, respectively.

The circular slotted electrically small antenna is designed to keep an antenna’s bandwidth at
ka = 0.612 for 1.5GHz, ka = 0.75 for 3.7GHz. Chu suggested using Eq. (1) to determine the electrically
tiny antenna’s minimum sphere radius, which is a = 14.5mm [33]. Qchu is 6.0007 at 1.5GHz and 8.0057
at 3.7GHz. Chu calculated the smallest radiation quality factor for electrically small antennas under
the assumption that the patch antenna should be contained within a closed sphere. Chu developed
Eq. (1), which is based on the quality factor [10, 11], to establish the constraint of an electrically tiny
antenna.

Q =
1

ka
+

1

k3a3
(7)

where K is the wave number and varies proportionately to the frequency of proposed antenna. For
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Figure 6. Variation of Ka with frequency.

Figure 7. Quality factor variation with Ka value.

a small antenna Ka is the most significant parameter and must be less than 1. Figure 6 shows the
variation of the Ka with frequency. In small antennas by using miniaturizing techniques, size of the
antenna decreases and becomes smaller. Due to reactive input impedance of the small antenna, it
exhibits narrow band of operation. Low operating band causes high quality factor (Q), while dealing
with small antennas it should require to take care about the quality factor and maintained as low as
possible, and at the same time antenna Q must be not less than the Qchu. Figure 7 shows the variation
of Q and Qchu with respect to Ka value. At resonant frequency, Ka is 0.46; Qchu is 14.7; and the
obtained Q value is 52.4, close to the chu limit. From the figure it is observed that when Ka value
increases, Q and Qchu decrease.

Figure 8 shows the variation of Max(G/Q) with the frequency for the proposed ESA. The instance
when we move from lower frequency to higher frequency the physical size of the antenna is extremely
large compared with the wavelength. Gain of the antenna depends on its physical size, and from the
figure it is observed that gain increases with increases in frequency.

Ka is the wave number of the antenna. At high frequencies Ka is large, and for small antenna
Ka should be less than 1. For the proposed design, the Ka value is 0.612 for 1.5GHz and 0.75 for
3.7GHz. Figure 9 represents the variation of Max(G/Q) to Ka as G/Q value increases with the increase
in frequency and is almost zero at small value of Ka.

Figure 10 shows the VSWR variation of the antenna with frequency. The proposed antenna
resonates at a frequency of 1.5GHz and 3.7GHz. At resonant frequency of 1.5GHz, simulated VSWR
is 0.55, and measured VSWR is 0.7. Similarly at 3.7GHz, simulated VSWR is 0.77, and measured
VSWR is 0.9. The radiation patterns of a circular slotted electrically small antenna are modelled by
using HFSS for the resonant frequency ranges of 1.5GHz and 3.7GHz, and the results are collected
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Figure 8. Max(G/Q) variation with frequency in GHz.

Figure 9. Variation of Max(G/Q) with Ka value.

Figure 10. Simulated and measured VSWR of circular slotted electrically small antenna.

from an anechoic chamber utilizing antenna measurement equipment. A standard horn antenna is used
as the reference antenna.

Antenna efficiency of 0.5 is calculated using the formula by taking the values of incident and
radiated power. Radiation pattern is the next important antenna characteristic. Figures 11 and 12
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(a) (b)
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Figure 11. Simulated and measured radiation pattern of electrically small antenna in terms of elevation
angle with a circular slot. (a) θ = 0◦, (b) θ = 90◦, (c) θ = 180◦.

(a) (b)

Figure 12. Simulated and measured azimuthal radiation pattern of electrically small antenna with a
circular slot. (a) ϕ = 90◦, (b) ϕ = 180◦.

demonstrate an antenna’s gain and the radiation patterns of the antenna, which are plotted at 0, 90,
and 180 degrees, respectively. The minor variations between the fabricated and simulated outcomes are
caused by measurement and alignment issues. The E-field and current distribution of an electrically
tiny circular ring antenna are shown in Figure 13. Maximum radiation is indicated by the colour red,
minimum radiation indicated by the colour blue, and average distribution of surface currents indicated
by the colour green.

Table 2 compares the proposed antenna in this article to various mentioned electrically small
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(a)

(b)

Figure 13. E-field distributions and current distribution of a circular slotted electrically small antenna.

Table 2. Comparison of the proposed electrically small antenna with the available literary works.

Reference
Antenna

Type

Antenna

Size (mm2)
VSWR

Return

Loss (dB)

Resonating

bands

[1] Dual band 41× 42 1.21
−18 dB,

−22 dB

2.4GHz,

3.1GHz

[2] Dual band 48× 48 1.425
−22 dB,

−19 dB

1.5GHz,

3.3GHz

[8] Dual band 51× 50 1.356
−17 dB,

−19 dB

1.5GHz,

1.8GHz

[9] Dual band 60× 60 1.78
−15 dB,

−19 dB

0.8GHz,

1.7GHz

[14] Dual band 40× 40 1.69
−12 dB,

−15 dB

0.9GHz,

1.7GHz

Proposed model Dual band 38mm× 34mm 0.55
−21 dB,

−37 dB

1.5GHz,

3.7GHz

antennas in terms of results in antenna size, VSWR, and return loss. Furthermore, among the
equivalents, the VSWR remains the lowest. When the results are observed, it is evident that the
antenna presented in this study occupies less size and has better return loss.
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4. CONCLUSION

A dual-band circular slotted electrically small antenna resonating at 1.5GHz and 3.7GHz is designed,
simulated, and measured by using MS2037C Anritsu Combinational Analyzer. Simulated S11 of circular
slotted electrically small antenna is −20 dB at 1.5GHz and −37 dB at 3.7GHz. Measured bandwidth
of circular slotted electrically small antenna for S11 < −10 dB is 1.46–1.67GHz (bandwidth 0.2GHz)
and 3.72–4.15GHz (bandwidth 0.43GHz) of the dual band ESA. There is a good match between the
simulated and measured results in terms of VSWR and S11. Radiation pattern is omnidirectional for the
two frequencies 1.5GHz and 3.7GHz, thus it is suitable for GPS applications and WLAN applications.
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