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In this work, we present a highly compact multi-branch structure multi-band antenna with a grounded coplanar waveguide
(GCPW)-fed structure printed on 26 x 13 x 1.6 mm? sized FR-4 substrate having dielectric constant ¢, of 4.3 and loss tangent & of
0.02. In the proposed antenna, five branches are extended from the main radiator to provide multi-band behavior. Two branches
are introduced at the upper end of the main radiator, effectively covering the lower bands, while the other three branches are
introduced near the center of the main radiator to extend operation to higher bands. The designed antenna covers five different
bands: 2.4 GHz, 4.5 GHz, 5.5 GHz, 6.5 GHz, and 7.8 GHz, with respective gain values of 1.34, 1.60, 1.83, 1.80, and 3.50 dBi and
respective radiation efficiency values of 90, 88, 84, 75, and 89%. The antenna shows a good impedance bandwidth, ranging from
170 MHz to 3070 MHz. The proposed antenna is simulated in CST Microwave Studio, while its performance is experimentally
validated by the fabrication and testing process. The antenna has potential applications for IoT, sub-6 GHz 5G and WLAN (both

enablers for IoT), C-band, and X-band services.

1. Introduction

Due to rapid innovation in communication technologies,
new electronic devices are now being designed, with support
for multiple wireless applications. This translates into re-
quirements for multiple antennas in a single device, enabling
it to perform operations at multiple application-specific
bands, leading to a greater size, higher costs, and lower
radiation efficiency. An alternative solution is to use multi-
band or frequency reconfigurable antennas. Frequency
reconfigurable antennas enable communication at various
resonant frequencies, using a single antenna structure, thus
providing more compact designs [1, 2]. Such antennas in-
volve using active elements (i.e., PIN-diodes, MEMS, and

optical switches) that enable frequency reconfigurability.
However, such antennas generally have higher power
consumption and costs, with lower radiation efficiency.
Another solution is multi-band antennas, which can also
perform operations on multiple frequencies, while having
compact sizes, low costs, and lower power consumptions [3].
Due to their advantages over simple single-band antennas
and frequency reconfigurable antennas, multi-band anten-
nas are considered as suitable candidates for modern
communication devices supporting multi-band operations.

In the literature, a lot of work has been carried out on
multi-band antennas. In [4], a 55 x 110 x 5mm? sized dual
band meander line planar inverted-F antenna (PIFA) for
cellular applications is presented. The antenna covers
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793-962 MHz and 1700-2730 MHz operating bands, with
gain and radiation efficiency ranging from 3.34 to 4.19 dBi
and 17.03-50.17%, respectively. Similarly, a quad-band PIFA
for GSM 1800, GSM 1900, UMTS, Wi-Fi, and cellular ap-
plications is presented in [5]. A slotted structured quad-band
antenna for mobile phone applications is reported in [6]. It
has a compact size of 20 x 30 mm?, having a slotted radiator
and ground structure and fed by a slotted microstrip line.
The antenna covers 1.79-2.63GHz, 3.46-3.97 GHz,
4.92-5.85GHz, and 7.87-8.40 GHz ranges, with radiation
efficiency ranging from 54 to 86.3%. In [7], a compact
40 x 20mm? sized dual band monopole antenna is intro-
duced. It operates over 2.42 and 5.34 GHz bands, having
respective gain values of 2.05 and 2.83 dBi. A metamaterial-
based dual-band antenna supporting LTE, Bluetooth, and
WiMAX frequency bands is presented in [8]. It has a
branchy structured radiator having two metamaterial unit
cells installed on both sides of microstrip feed line. The
antenna covers the L and S bands, while also supporting LTE
and WiMAX applications. Similarly, another dual-band
metamaterial-based antenna is introduced in [9], resonating
at2.1-3.9 GHz and 5.01-6.4 GHz frequencies. The antenna is
a monopole type having a radiator with a thin slot and a
metamaterial unit cell loading. In [10], a multi-band, two-
element slotted MIMO antenna having composite right/left-
handed (CRLH) unit cell loading is introduced. The antenna
operates at three different bands (ie., 2.37-2.64 GHz,
3.39-3.58 GHz, and 4.86-6.98 GHz) and is well suited for
multiple WLAN/WiMAX applications. A double layer dual-
band antenna covering 2.4 and 3.5 GHz bands is reported in
[11]. It has two substrates printed with slotted patches and
has a common ground. Due to its large size (i.e.,
100 x 100mm?), the antenna can radiate with a good peak
gain of 7.4 dBi and has WiMAX and WLAN applications. In
[12], a penta-band double slot antenna for WLAN and LTE
applications is presented. A dual-band antenna for wireless
power transmission is reported in [13], which has a fractal
structure and operates at 2.25-2.8 GHz and 5.5-6 GHz
bands. In [14], a narrow-band, novel-shaped, resonator-
based, quad-band antenna is introduced. It offers high gain
unidirectional radiation patterns in 4.6, 5.05, 5.8, and
6.3 GHz bands. Another narrow-band, flower-shaped multi-
band, monopole antenna is reported in [15]. The antenna has
overall size of 56 x 59 x 1.6 mm? and resonates at 3.363 GHz,
2.668 GHz, and 1.576 GHz with gain of 3.23, 2.59, and
1.63 dBi, respectively. A meander line-shaped dual-band
composite right/left-handed transmission line (CRLH-TL)
zeroth-order resonator (ZOR)-based antenna is introduced
in [16]. The antenna has 60 x 90mm? sized ground system,
covering 698-960 MHz and 1710-2690 MHz, and is pro-
posed for cellular applications. In [17], a coplanar waveguide
(CPW)-fed metamaterial-based tri-band antenna is pre-
sented. The antenna uses a split ring resonator (SRR) loaded
radiator and a truncated triangular shaped ground. The
antenna operates at 5.9 GHz, 3.5 GHz, and 2.4 GHz bands,
hence having WLAN and WiMAX applications. However,
most of these antennas do not support larger number of

frequency bands and services or compromise on size or
bandwidth.
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In this work, a highly compact grounded CPW-fed
branched structure multi-band monopole antenna is pre-
sented. The five branches provide multi-band behavior. The
proposed antenna exceeds the performance of the antennas
discussed in the literature, in terms of number of bands, size,
bandwidth, and gain. The prototype has been tested, with the
measurement results agreeing well with the simulations.

The rest of the paper is organized as follows. Section 2
describes the methodology of the antenna design. The
performance analysis and discussion of the proposed an-
tenna are discussed in Section 3, while the conclusions of the
paper are presented in Section 4.

2. Methodology

The proposed radiating structure is a GCPW-fed monopole
antenna with five branches introduced to the main radiator
to provide the multi-band behavior. Two branches are in-
troduced at upper end of main radiator, to enable operation
at lower bands, while other three branches are introduced
near the center of main radiator, for higher frequency bands.
A finite ground plane is used, for providing good efficiency
and better far-field results.

2.1. Antenna Geometry. The geometry of proposed branch
structure multi-band antenna is depicted in Figure 1. It is of
monopole type, fed by 50 @ GCPW, printed on 1.6 mm thick
FR-4 substrate having relative permittivity ¢, of 4.3 and loss
tangent & of 0.02. Each of the five branches, introduced to
enable the multi-band behavior, tunes to a particular band
according to its resonant length. Two branches of lengths
(Lp+L5+L6+L7) and (S + L4) are introduced at upper end
of main radiator to allow radiation at intended lower bands.
Two other branches of length L1 and L2 are introduced on
the left side while one branch of length (A +L3) is intro-
duced on the right side of radiator, allowing resonance at
intended upper bands. A finite ground is used for better far-
field performance. All the dimensions of antenna’s geometry
are listed in Table 1.

For designing the antenna, the effective resonant lengths
for intended resonant frequencies are calculated using
transmission line equation [18]. The relationship of resonant
length and the respective guided wavelength (1) is generally
given by L¢=A/4.

2.2. Design Evolution. An overview of the design evolution
of the antenna is presented in Figure 2. In Step 1, a simple
monopole antenna with a straight pole like radiator of length
Lf=14.9 mm is designed. This preliminary design provides a
single resonant band of 5.15-7.00 GHz. In the second step, in
order to introduce multi-band response and shift the cov-
ering band to intended lower frequency band of 2.4 GHz, a
0.70 mm thick branch of length Lp+ L5+ L6+ L7 is intro-
duced at left top of main radiator. In Step 3, with the ob-
jective to shift the upper band to the intended 4.5 GHz
frequency, a 0.5mm thick branch of length S+ L4 is in-
troduced at right top of main radiator. In the fourth step, in
order to match the antenna for 5.5GHz band, a tilted
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FIGURE 1: Geometry of multi-band antenna.

(¢=145°), 0.5 mm thick branch of length L2 is introduced on
the left side of main radiator. In Step 5, to add the intended
band of 6.5 GHz, another tilted branch of 0.3 mm thickness
having length L1 is introduced about 0.56 mm below the first
tilted one. In the final step, for introducing a wide band of
7.43-10.50 GHz, a 0.5mm thick branch of length A +L3 is
introduced in the right-side radiator.

Figure 3 shows all the steps of the design evolution and
their respective reflection coefficients. As can be observed,
the initial design of the single band antenna has been
upgraded to a multi-band antenna through design
improvisation.

A summary of supported frequency ranges with respect
to steps of antenna design evolution is presented in Table 2.

3. Performance Analysis and Discussion

The antenna is simulated and analyzed using the CST MWS
software. The proposed antenna operates at five different
bands with good radiation efficiency and gain. The results
have been measured at the National University of Sciences
and Technology (NUST), using the chamber available at
their antenna measurement laboratory. The CST view of the
proposed antenna and its prototype during the measure-
ments are shown in Figure 4.

The proposed multi-branch structure antenna has a penta-
band response, covering 2.33-2.50GHz, 4.32-4.72 GHz,
5.34-5.87 GHz, 6.32-7.08 GHz, and 7.43-10.50 GHz bands. In
these operating bands, the antenna resonates at 2.4 GHz,
4.5GHz, 5.5GHz, 6.5GHz, and 7.8 GHz, with respective re-
flection coefficient values of —23, —26, —34, —50, and —26 dB.
The analysis of the measured reflection coefficient shows that
the matching impedance of the antenna is good for all intended
frequencies. At the respective resonant frequencies, the pro-
posed antenna provides gain of 1.34, 1.60, 1.83, 1.80, and
3.50dBi and radiation efficiency of 90, 88, 84, 75, and 89%,
respectively. The simulated gain ranges from 1.30 to 5.30 dBi
while impedance bandwidth ranges from 170 MHz
(2.33-2.50 GHz) to 3070 MHz (7.43-10.50 GHz).

TaBLE 1: Parameters of the proposed structure.

Parameters Values (mm)
Ls 26
Ws 13
Lgl 6.0
wgl 5.05
Lg2 4.0
Wg2 13
Lf 14.9
wf 2.0
L1 5.83
el 0.3
L2 6.92
e2 0.5
L3 6.0
e3 0.5
L4 5.0
ed 0.5
L5 9.9
e5 0.70
L6 8.48
L7 3.7
Lp 3.95
Li 0.56
Lx 1.05
Le 2.0
S 0.9
A 1.0
d 0.45
H 1.6

The comparison between measured and simulated re-
flection coefficient and gain and radiation efficiency are
depicted in Figures 5 and 6, respectively. A good agreement
between the measured and simulated results is observed.

The 2D and 3D radiation patterns for all respective
resonant frequencies are analyzed. The 2D E and H-plane
polar plots are measured in anechoic chamber and com-
pared with simulated results, as shown in Figure 7. The
analysis shows that the E-plane radiation pattern resembles a
figure of eight, while it seems omnidirectional in pattern and
radiates dominantly in the H-plane. The main lobe direction
(MLD) and half power beamwidth (HPBW) of E-plane
radiation for all resonant frequencies are presented in
Table 3.

The simulated co and cross-polar plots at both E and
H-planes are illustrated in Figure 8. As depicted in this figure,
the antenna offers low values of cross-polarization levels,
which makes the proposed antenna a proper candidate for
various wireless communication applications with this re-
quirement. For a clearer understanding, 3D radiation plots of
all respective frequencies are provided in Figure 9.

The current density over the antenna surface for each
resonant frequency is depicted in Figure 10. For the lowest
band of 2.4 GHz, it is clearly indicated in respective illus-
tration that most of the area of whole antenna structure is
taking part in radiation. In case of 4.5 GHz, main radiator
and some parts of upper two branches are contributing to
radiation, along with a section of transmission line. In the
case of 5.5 GHz, the lower portion of the main radiator and
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FIGURE 2: Steps of design evolution.
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FIGURE 3: Reflection coefficients of various designs of the proposed antenna.

tilted branches are contributing, along with some areas of  the tilted smaller branch, is contributing to the radiation
the transmission line and ground. For 6.5GHz, it can be  along with some areas of the transmission line. While
observed that the right sided lower branch, while for 7.8 GHz =~ moving from lower toward higher frequencies, the
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TABLE 2: Stepwise resonant bands during antenna design.

Covering bands (GH
Steps of evolution overing bands (GHz)

Band 1 Band 2 Band 3 Band 4 Band 5
1 5.15-7.00 — — — —
2 2.36-2.57 4.98-5.62 — — —
3 2.34-2.54 4.31-4.85 — — —
4 2.33-2.50 4.32-4.73 5.31-5.95 — —
5 2.33-2.50 4.32-4.72 5.32-5.88 6.30-7.60 —
Final 2.33-2.50 4.32-4.72 5.34-5.87 6.32-7.08 7.43-10.50
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FIGURE 5: Simulated vs. measured reflection coefficient.
respective illustrations clearly indicate a continuous decrease The performance of the proposed antenna is summa-
in the contributing resonant area, which proves the inverse  rized in Table 4.
relationship of resonant frequency and its contributing The comparison of the proposed design with relevant

resonant area. previous designs is presented in Table 5. The analytical
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FIGUure 7: Comparison of measured and simulated 2D radiation patterns.
TaBLE 3: HPBW and MLD of E-plane radiation pattern of resonant frequencies.

Resonant frequency (GHz) MLD (in degrees) HPBW (in degrees)
2.4 180 87
4.5 177 89
5.5 174 74

6.57.8 170 163 107 63
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FiGure 10: Current density distribution for various operating frequencies.

TABLE 4: Summary of various performance parameters.

Resonant frequency (GHz)  Resonant band (GHz)  Gain (dBi)  Radiation efficiency (%)  Reflection coefficient (dB) VSWR

2.4 2.33-2.50 1.34 90 -23 1.15
4.5 4.32-4.72 1.60 88 -26 1.11
5.5 5.34-5.87 1.83 84 -34 1.05
6.5 6.32-7.08 1.80 75 -50 1.01
7.8 7.43-10.50 3.50 89 -26 1.10

TaBLE 5: Performance comparison with relevant previous work.

Ref no. Slze2 llilectrl.cal No. of Resonant bands (GHz) Bandwidth (MHz) Gain (dBi)
(mm?*) dimensions bands

[6] 40x22 0.321x0.16 A 2 24,54 450, 570 2.05, 2.83

[7] 42 x 32 0.08 1 x0.06 A 3 0.6-0.64, 2.67-3.40, 3.61-3.67 40, 730, 60 3.81, 3.75

(8] 45 x 40 0.31 1x0.28 A 2 2.1-3.6, 4.91-6.0 1500, 1090 >2

[10] 100 x 100 0.81%x0.8 A 2 2.4, 3.5 83, 210 7.1,7.4

[12] 60 x 30 049 A1x0.24 A 2 2.45, 5.8 550, 500 2.2,5.8

[14] 56 x 59 029 Ax0.3 A 3 1.57, 2.66, 3.63 21, 72.2, 98.9 1.63, 2.59, 3.23
2.14, 1.60, 1.45,

[17] 47x455 0.147 A x0.142 A 4 0.94, 2.4, 3.5, 5.2 237, 246, 90, 710 450

This 26x13 0.208 A x 0.104 A 5 2.33-2.50, 4.32-4.72, 5.34-5.87, 170, 400, 550, 760, 1.34, 1.60, 1.83,

work 6.32-7.08, 7.43-10.50 3070 1.80, 3.50
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comparison proves that the presented antenna has better
respective performance parameters. In terms of size (mm?),
number of bands, and bandwidth, the proposed antenna
outperforms all the designs listed in the table, while good
gain values are observed in comparable bands of the an-
tennas presented in [8, 17].

4. Conclusions

A multi-band multi-branch structure antenna is designed,
simulated, and experimentally validated by a fabrication and
testing process. The proposed antenna is a penta-band
antenna, covering the 2.33-2.50GHz, 4.32-4.72 GHz,
5.34-5.87 GHz, 6.32-7.08 GHz, and 7.43-10.50 GHz bands,
with gain values of 1.34, 1.60, 1.83, 1.80, and 3.50 dBi and
radiation efficiency values of 90, 88, 84, 75, and 89%, re-
spectively. The antenna shows a wide impedance bandwidth,
ranging from 170 MHz to 3070 MHz. Due to its superior
performance, the proposed antenna is a strong candidate for
future applications in IoT, sub-6 GHz 5G and WLAN (both
enablers for IoT), C-band, and X-band applications.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.
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