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ABSTRACT This article describes the design of a tri-band antenna that operates at 2.45 GHz (ISM band),
3.5 GHz (5G sub-6-GHz band), and 5.8 GHz (WLANband). The antenna design is inspired by a conventional
quarter-wave monopole which is fed using a coplanar waveguide feed. Initially, the radiator is loaded with
an inverted L-shaped stub to attain broadband across the band spectrum of 2.4 GHz. Then, a pair of two
open-ended stubs are etched to achieve a higher frequency band of 5.8 GHz. Hereafter, another open-ended
stub is loaded to the right end of the radiating structure, which results in the generation of the Sub-6 GHz
5G (3.5 GHz) band. Finally, the antenna is optimized using parametric analysis to improve the impedance
matching across all bands. The proposed antenna offers a tri-band operational mode having frequency ranges
from 2.38–2.51 GHz, 3.44–3.84 GHz, and 5.53–7.23 GHz. The reported gains of the proposed antenna at
respective frequencies are 2 dBi, 2.1 dBi, and 2.5 dBi having an omnidirectional stable radiation pattern.
The antenna prototype is created on a small 20 × 16 × 1.6 mm3 board and measured to validate the results.
Furthermore, the performance of the antenna is compared with the state-of-the-art works to demonstrate its
key advantages over similar designs.

INDEX TERMS Tri-band antenna, ISM band, WLAN band, 5G sub-6-GHz antenna.

I. INTRODUCTION
With the exponential increase in the number of wireless
devices, significant progress in improved standards with
multiple operating frequencies for wireless communication
applications has been made in recent years. Moreover, the
merging of numerouswireless systems into a single electronic
device has boosted the need for multi-band, low-profile,
planar, low-cost, and miniature antennas [1], [2], [3]. The
band spectrum allocated for Bluetooth (2.4 GHz), Industrial
Scientific and Medical (ISM-2.4 GHz), LTE (Long-Term
Evolution), the 5G sub-6 GHz spectrum (3.5 GHz), Wire-
less Local Area Network (WLAN), and 2.45 GHz and
5.8 GHz Radio Frequency Identification (RFID) channels are
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all popular frequency bands lying inside the frequency band
ranging from 2–7 GHz [4], [5], [6], [7], [8], [9]. The simple
remedy to the problem is to devise a wide-band antenna
covering the complete band spectrum. However, it results
in the covering of unwanted band spectra, causing undesir-
able interference with these bands [10]. Thus, the multi-band
antenna becomes the possible solution to overcome this crit-
ical challenge.

Among various types of antennas, including Defected
Ground Structure (DGS) based antennas [11], metamaterial-
based antennas [12], and multi-layered antennas [13], the
printed antennas offer more potential, having the advantages
of simple structure along with the compact size and broad
bandwidths and multiple resonances [14]. A tri-band antenna
having a dual inverted L-shaped radiator loaded with an
open-ended stub is presented in [15]. The antenna operates
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at 1.9, 3.5, and 5.5 GHz, having a maximum gain of 0.13,
2.12, and 3.55 dBi. In [16], a rectangular-shaped monopole
is modified using various slits to achieve triband behavior
having resonance around 2.44, 3.5, and 5.5 GHz. The antenna
offers limited bandwidth at the lower resonance while the
radiation pattern is also distorted at all resonating frequen-
cies. A conventional broadband monopole is converted into a
triband antenna using a uniplanar asymmetric coplanar strip
(ACS) feeding technique along with a modified F-shaped
structure [17].

Another ACS-fed antenna mounted with two Split Ring
Resonators (SRR) to achieve three distinctive frequencies of
2.4, 5.2, and 5.8 GHz has a peak gain of 0.94, 1.45, and
2.61 dBi, respectively [18]. Another intriguing paper is [19],
in whichmirrored L-shaped stubs are loadedwith anACS-fed
monopole and then a pair of SRRs are loaded at the rear
of the radiator to create a multi-band antenna. However, the
combination of stubs and SRR increases complexity, and
narrow bands along with low gain, limit its usage for modern
wireless systems. On the other hand, a metamaterial-inspired
printed antenna has been designed [20]. The introduction of
metamaterial structure converts the dual-band antenna into
a triband antenna at the cost of structural complexity and
narrow bandwidths. Moreover, the reported gain is also lower
than 2.2 dBi in all passband regions.

A tri-band folded dipole antenna is designed in [21]. The
antenna has the advantages of broad bandwidth and high
gain at all resonances; however, its large physical size lim-
its its applications for modern-day compact-size devices.
Another high gain antenna is presented in [22], where an
asymmetric feeding technique is utilized along with vari-
ous open-ended stub loading techniques to attain multi-band
performance. The reported work has the drawback of poor
impedance matching at lower resonance along with nar-
row bandwidth. A geometrical simple conical flask-shaped
printed antenna loaded with a slot and pair of open-ended
stubs is designed in [23]. The presence of the slot and
stub introduces additional resonances at the higher bands;
however, the bandwidth is very narrow, resulting in not
covering the complete band spectrum allocated globally for
targeted applications. A triband antenna for a USB dongle
is proposed in [24], and a meander line structured antenna
is designed where every arm of the structure results in the
generation of different bands. An antenna offers broadband
alongwithmoderate gain values but has the drawback of large
dimensions.

It can be deduced from the above discussion that there
is still a need for multi-band antennas having a compact
size, broad bandwidth, high gain, and a geometrically simple
structure. Therefore, a compact-sized tri-band antenna is pro-
posed in this article. The conventional Coplanar Waveguide
(CPW)-fed L-shaped stub radiator is further modified using
a pair of horizontal stubs to achieve resonance of 2.45 GHz,
while a vertical stub is inserted to satisfy the frequency
band of 3.5 GHz. The optimization of the antenna results in
miniaturization while keeping the structure simple, having

FIGURE 1. Geometry and configuration of the suggested tri-band antenna
(a) front and (b) side views.

TABLE 1. The optimized parameters of the proposed tri-band antenna.

broad bandwidth and a high gain of more than 2 dBi in all
resonances.

II. PROPOSED TRI-BAND ANTENNA DESIGN
This section discusses the proposed tri-band antenna system’s
structure and process. The working mechanism of the pro-
posed antenna, along with the design steps also explained in
this section.

A. CONFIGURATION OF THE PROPOSED TRI-BAND
ANTENNA
The layout of the proposed tri-band antenna is exhibited in
Fig. 1. The antenna is developed on an FR-4 lossy surface
with a dielectric constant εr=4.3, and loss tangent = 0.025.
The finalized antenna structure consists of an open stub, a
T-shaped strip, a mirrored L-shaped strip, and a coplanar
ground plane. The coplanar ground plane is designed on both
sides of the feedline with different sizes. The ground plane on
the right side has a height andwidth ofK andK1, respectively.
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FIGURE 2. Design transformation of the presented tri-band antenna.

FIGURE 3. |S11| of different antenna design phases (a) antenna-1, and
antenna-2 (b) antenna-3, and proposed antenna.

At the same time, the ground plane on the left side has a height
of K2 and a width of K3. For both simulation and fabricated
antenna, standard copper thickness is used as t = 0.035 mm.
The antenna is fed by a 50-ohm microstrip feed line, which is
connected with a 2.92 mm connector. The suggested antenna
system has a small footprint of 20 mm × 16 mm × 1.6 mm3.

B. ANTENNA DESIGN PROCEDURE
The step-by-step design evolution of the proposed tri-band
antenna is illustrated in Fig. 2. The proposed tri-band antenna
evolved from the single-band coplanar monopole antenna
(Antenna-1). To achieve broadband across the 2.4 GHz band
spectrum, the antenna-1 is equipped with an inverted L-shape
stub. The radiating patch of antenna 1 offers an operating
frequency from 2.38 to 2.51 GHz. To achieve another res-
onance at 5.8 GHz a horizontal open stub with width and
height of f1 and b1, respectively, is designed, which can be
seen in antenna 2. The S parameter of antenna 2, which also
reflect the s parameters of antenna 1 is presented in Fig. 3(a).
It can be observed from Fig. 3(a) that the horizontal line
provides a wider resonance at 5.8 GHz. In antenna 3, another
vertical stub which is situated on the antenna’s right side is
constructed and optimized and to get resonance at 3.5 GHz.
This new stub combined with the horizontal line on the right
side offers a resonance at 3.5 GHz. And the left side part
of the horizontal radiator gives the resonance at 5.8 GHz.
However, the bandwidth is decreased at the upper band for
the antenna 3. The s-parameter result of antenna 3 is shown in
Fig. 3(b). To reduce the antenna size, the substrate is reduced
from the upper part of the positive y-axis, and the patch is
extended to the left side, as seen in Fig. 2. In the suggested
antenna, the combined effect of the optimized parameter
provides a wider resonance at the upper-frequency band. The
reflection coefficient of the proposed antenna is illustrated in
Fig. 3(b).

FIGURE 4. Results of the antenna at different design stages (a) gain and
(b) radiation performance.

The gain and radiation efficiency of the antenna at different
design stages are illustrated in Fig. 4, where Fig. 4(a) repre-
sents gain values and Fig. 4(b) shows the radiation efficiency.
It can be seen from the results that the suggested antenna has
higher gain and radiation characteristics than the initial-stage
antenna.

The proposed antenna also has the highest gain character-
istics at a higher operating frequency. Overall the proposed
antenna offers comparatively high gain and better radiation
efficiency while providing a tri-band with a wider operating
frequency band than the other antenna stages.

By checking the input impedance, the resonance of any
antenna can be realized. At the resonance frequency, ideally,
the value of the real part (Rin) of the input impedance should
be 50 ohms, while the value of the imaginary part (Xin)
should be 0 ohms. The input impedance for the antenna at
different design stages is shown in Fig. 5. Input impedance
values of all the design stages verify the corresponding stage’s
resonance which is shown in Fig. 3. In Fig. 5(c), it can be seen
that antenna-3’s input impedance doesn’t match properly at
the higher frequency, which results in a poor resonance for the
antenna-3 at the higher frequency, and this weak resonance
charismatic is observed in Fig. 3(b).
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FIGURE 5. Input impedance at different design steps (a) Antenna-1
(b) Antenna-2 (c) Antenna-3 and the proposed tri-band antenna.

FIGURE 6. The proposed antenna’s current distribution at various
frequencies.

The current distribution of the finalized antenna for differ-
ent operating frequencies is depicted in Fig. 6. The current
distribution graph verifies the design procedure by represent-
ing the active elements for the different frequencies. From
the distributed current of the finalized antenna, it is evident
that the T-shaped stub works at the 2.4 GHz frequency band
(2.38–2.51 GHz), while the open stub combines with the ver-
tical stub of the right-side resonating at the 3.5GHz frequency
band (3.44–3.84 GHz). And the open stub on the left side
offers a wider resonance band at 5.8 GHz (5.53–7.23 GHz).

C. PARAMETRIC ANALYSIS
The performance impact on the proposed tri-band antenna is
examined in this section by analyzing the length of A1, f1,
and f2 of the proposed antenna structure. The results of this
investigation are presented in Fig. 7. The optimized values for
the proposed antenna are given above in Table 1. This para-
metric analysis shows the suggested antenna’s impedance
matching can be altered by changing these parameters, and
also the operating frequency band can be shifted based on the
requirement by optimizing these parameters.

FIGURE 7. Parametric analysis of the proposed tri-band antenna.

FIGURE 8. Manufactured model and measurement (a) front view, (b) rear
view (c) radiation characteristics measurement setup in the anechoic
chamber.

FIGURE 9. S11 of the recommended tri-band antenna.

Fig. 7(a) shows the analysis of the parameter A1 from
12.5 mm to 14.5 mm. The operating frequency of the lower
frequency band shifts to the right side by decreasing the value
of A1 and to the left by raising the value of A1. Similarly,
by increasing and decreasing the value of f2 and f1, the
middle and upper-frequency bands can be changed, respec-
tively, based on the user requirement. Fig. 7(b) illustrates the
parametric analysis of f2 from 15.5 mm to 18.5 mm. At the
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FIGURE 10. Patterns of radiation of the suggested antenna.

FIGURE 11. Gain versus frequency graph of the proposed work.

same time, the parametric analysis of f1 from 14mm to 16mm
is presented in Fig. 7(c). The f1 is responsible for the tuning
of the higher frequency band.

III. RESULTS AND DISCUSSION
A prototype of the proposed tri-band antenna is manufac-
tured and measured to verify the suggested design. Fig. 8(a)
and Fig. 8(b) represent the proposed antenna’s front view
and back view, respectively. At the same time, the radiation
characteristics measurement setup in the anechoic chamber
is shown in Fig. 8(c). The proposed antenna’s results are pre-
sented in this section, alongwith the performance comparison
of the proposed antenna with state-of-the-art works.

A. REFLECTION COEFFICIENT
Fig. 9 displays the reflection coefficient (S11) for both
simulation and measurement from 2 GHz to 8 GHz. The

measurements and the findings of the simulation are in agree-
ment. The matching point for impedance is also suitable, and
the antenna resonation is supported in 3 bands. Two lower
bands from 2.38–2.51 GHz, and 3.44–3.84 GHz. And an
upper band from 5.53–7.23 GHz.

B. RADIATION PATTERNS
The proposed antenna’s predicted and measured radiation
patterns are examined in both theE- andH -radiating planes at
three distinct frequencies which are 2.45 GHz, 3.5 GHz, and
5.8 GHz. The polar plot radiation characteristics of the pro-
posed tri-band antenna are depicted in Fig. 10. The proposed
tri-band antenna offers an omnidirectional radiation pattern
at all operating frequencies.

C. GAIN AND RADIATION EFFICIENCY
Fig. 11 displays the finalized tri-band antenna’s gain char-
acteristics. The antenna provides 2 dBi, 2.1 dBi, and
2.5 dBi gain, respectively, at 2.45 GHz, 3.5 GHz, and
5.8 GHz. It depicts the antenna’s stable gain characteris-
tics. The gain is lower at non-radiating bands due to the
miss-matching losses, showing the tri-band operation of the
antenna.

The simulated and measured radiation efficiency of the
proposed tri-band antenna is shown in Fig. 12. The antenna
showed a high radiation efficiency of at least 86 % across the
operating frequency bands.

The simulated 3D directivity of the antenna at the resonant
frequencies is shown in Fig. 13. Directivity and gain patterns
are the same for antennas with high radiation efficiency. Since
the proposed antenna’s radiation efficiency is more than 86%,
the directivity plots are similar to the gain radiation curves
(shown previously in Fig. 10).
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TABLE 2. Performance evaluation in comparison to the published tri-band antennas.

FIGURE 12. Radiation efficiency of the proposed work.

D. PERFORMANCE EVALUATION OF THE SUGGESTED
ANTENNA WITH SIMILAR TRI-BAND ANTENNAS
The performance of the recommended antenna is evalu-
ated with the tri-band antennas already available from the

FIGURE 13. Directivity of the proposed tri-band antenna.

literature, which are shown in Table 2. The comparison is
done based on the antenna’s overall dimension, operating
frequency band, and peak gain. Some design offers slightly
higher gain, especially [21] and [24]. However, those designs
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occupy a larger overall volume. The proposed antenna is
dominant in terms of size while offering a tri-band char-
acteristic with a comparatively high gain in the operating
frequency bands.

IV. CONCLUSION
In this article, a compact tri-band antenna is proposed for
ISM, sub-6-GHz, and WLAN applications. The antenna is
developed on an FR-4 lossy surface. The antenna is very
compact in size (20 × 16 × 1.6 mm3). The antenna design
is based on a CPW-fed quarter-wavelength monopole. Later,
different iterations are made to realize multi-band oper-
ation and size reduction. The proposed antenna provides
tri-band resonance in three important bands: 2.38–2.51 GHz,
3.44–3.84 GHz, and 5.53–7.23 GHz. The antenna offers an
omnidirectional radiation pattern at all operating frequencies
while the antenna provides 2 dBi, 2.1 dBi, and 2.5 dBi gain,
respectively at 2.45 GHz, 3.5 GHz, and 5.8 GHz. This design
also shows more than 86 % radiation efficiency across the
operating frequency bands. In summary, the antenna offers a
compact size and good radiation performance, which makes
it a good candidate for small devices.
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