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ABSTRACT: This paper introduces a new triple-band antenna driven indirectly by a feed line for multiple wireless applications. The
structure of this antenna is based on the creation of a set of slots and slits on the ground plane mounted on a substrate with relative
permittivity of 4.4 and thickness of 1.6mm. On the other hand, a 50-ohm microstrip feed line has been fixed. It is found that the
proposed antenna offers a triple-band fashion with −10 dB impedance bandwidths suitable for most recent wireless applications. The
first band extends from 1.6GHz to 2.8GHz, which covers LTE bands (1, 2, 3, 4, 9, 10, 23, 24, 25, 33, 34, 35, 36, 37, 39 and 40), 2.4GHz-
Bluetooth, and 2.45GHz ISM. The second band extends from 3.38GHz to 3.6GHz, which covers most WiMAX applications, while
the third band reconciles 5.8GHz-ITS and 2.4/5.8GHz-WLAN. A prototype of the proposed antenna has been successfully simulated,
fabricated, and measured.

1. INTRODUCTION

Designers of microstrip or printed antennas are still looking
for ways to get antennas with miniaturized size and multi-

band resonant or wideband behavior to suit the continuous re-
quirements of modern mobile devices and recent wireless ap-
plications [1].
One of the broadband techniques is inducing multiple res-

onances (modes), which can be approached by the use of the
following [2]:

- Parasitic elements.

- Slotting patches.

- An aperture, proximity coupling.

The indirect and approximated feeding antenna approach can
be reached in various forms. Firstly, some of these forms fix-
ing the feeding element on the same side of the radiating patch
spaced by a gap between them, the coordinates and size of the
feeding element with respect to the radiating patch play an es-
sential role in antenna behavior (also this form of feeding is
called gap-coupled) [3–8]. Secondly, depending on the cou-
pling of the electromagnetic field, aperture coupling is another
indirect form of feeding the radiating element [9–14]. The an-
tenna structure in this form consists of at least two substrates
separated by a ground plane. The upper substrate contains the
radiating patch, while the bottom substrate contains the mi-
crostrip feed line. An aperture with a finite size is created in
the ground plane to enhance the coupling from the microstrip
feed line to the radiating patch.
Finally, other forms, consisting of a single substrate layer,

making it easy to fabricate, are included. The feed line is fixed
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on one side of the substrate, while the radiating slot element
is on the other. Emphasis will be focused on the latter method
because the design of the proposed antenna in this paper will
align with this method.
Many research works have been reported concerning the de-

sign of these antennas that are indirectly fed through which the
resulting bandwidth(s) can be enhanced [15–32]. This type of
feeding is more desirable when being needed to improve the
operating bandwidth.
However, variations in the shape of slots play a main role in

the behavior of the designed antennas. Besides, wider band-
width can be obtained by exciting more operating modes at the
desired frequency. This can be achieved by introducing ele-
ments of various shapes associated with the microstrip feed line
as stubs.
Many researchers have adopted fractal geometry-based

shapes such as Koch, Cantor, Hilbert, Sierpinski, and other
fractal curves because of these shapes’ enormous advan-
tages [15–21]. Other researchers adopted Euclidean shapes
such as triangles, squares, rectangles, and other polygons in
the design process [22–31].
In [15], the slot of the antenna structure has been formed by

using the fractal geometry of Cantor square with the second
iteration. It is found that variation in the aspect ratio of slot
dimensions changes the resonant band positions.
Different shapes based on Koch fractal geometry, like

snowflakes and curves, have been used with different itera-
tions to excite more resonances to produce wide-slot antennas
and bandwidth enhancement [16–19].
Besides, various fractal geometries like tree fractal and

Moore spacing filling have been adopted to design different
slot structures. The results demonstrated a multi-band behavior
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FIGURE 1. The layout of the modeled antenna. (a) Front, (b) back.

with enhanced bandwidth introduced in [20, 21]. Antennas
with different slots based on H, U, and V shapes have been
used to widen the bandwidth, as in [22–24]. As in [25–27],
other forms, like ellipse and hexagon, have been adopted to
produce different slot structures for wide bandwidth applica-
tions. Many researchers depended on conventional shapes like
rectangle, triangle, square, and rhombus for multi-band and
wideband antennas, as demonstrated in [28–31].

2. THE PROPOSED ANTENNA STRUCTURE
This paper introduces a new curve to create a multi-slot struc-
ture. The proposed curve is based on a set of shapes consisting
of squares and rectangles with various dimensions, as shown in
Fig. 1. These shapes are combined in a manner and then sub-
tracted to create this curve to produce the multi-slot structure
used in the antenna design. The method of producing the slot
structure can be explained as follows. A set of slots consists of
a main square slot created at the center of the ground plane and
four rectangular slots; each one is aligned with each side of the
main square slot. Besides, a set of four L-shaped slits has been
created such that each slit has been fixed at each vertex of the
main square slot, as illustrated in Fig. 1.
Themulti-band behavior was achieved by creating these slots

and slits that differed in shape, size, and position, as well as the
arrangement of these slots and slits. Creating a slot or slit in the
antenna structure makes it resonate at a new frequency (new
modes), with the amount depending on the shape and size of
the slot or slit. Therefore, when multiple slots and slits are cre-
ated, more frequencies (modes) are generated, which results in
a new multi-band antenna. In other words, creating different
slots and slits in the proposed antenna generates different res-
onating modes. Controlling these bands can be performed by
changing the dimensions and shapes of these slots and slits. The
generated modes in the antenna either have frequencies close to
each other or are adjacent. They will generate a wide frequency
band depending on a number of these modes, or they will have
frequency values far apart, generating many individual bands.

In this paper, both of the above cases have occurred, represented
by the lower band, and the other, middle and the higher, as will
be noted in the discussion of the obtained results.
Electromagnetic numerical analysis and performance evalu-

ation of the proposed antenna were carried out using the Mi-
crowave Studio Suite of the Computer Simulation Technology
(CST) [33] and High Frequency Structure Simulator (HFSS) to
validate and prove the results.

3. STEPS TO REALIZE THE PROPOSED ANTENNA
The procedure of the accomplished proposed antenna in this pa-
per can be explained through the following five antennas using
a substrate material of FR-4 with a relative permittivity of 4.6
(δ = 0.025) and dimensions of 50mm × 50mm, as shown in
Fig. 2. Each step is related to the design of an antenna until the
realization of the desired antenna, and the resultant response of
each antenna is shown in Fig. 3. In antenna No. 1, a squared-
shaped slot antenna with tapered corners has been created in the
center of the ground plane. It is noted that a noticeable response
can be adopted. In antenna No. 2, rectangular slots have been
created on the right and left of the main square slot in antenna
No. 1.
A resonant bandwidth with a frequency of nearly 4.5GHz is

obtained. Then, two rectangular slots have been added above
and under the main square, as shown in antenna No. 3. The
resultant band is shifted up and centered nearly at 4.8GHz with
a low matching level. Antenna No. 4 represents a combination
of antennas 2 and 3; this structure starts to demonstrate a dual-
band behavior at positions 2.0GHz and 5.7GHz. The higher
band has a very low level ofmatching, as shown in Fig. 3, which
requires an enhancement inmatching tomake this antennawork
efficiently. An L-shaped slit is created at each vertex of the
main square slot in antenna No. 4 to produce the antenna of
antenna No. 5, which is the final one in this search. Appropriate
dimensions for these slots and slits have been chosen such that
the triple-band behavior and wide bandwidth are achieved. The
symmetrical geometry of the proposed antenna is maintained
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FIGURE 2. The generation process of the proposed antenna.

FIGURE 3. The reflection coefficient response of the five antennas.

for the purpose of keeping the same effect as the feed line on
the ground plane as well as obtaining a symmetrical radiation
results.
It is noted that in the fifth step, how the L-slots at each corner

played a major role in supporting and strengthening the middle
band, in addition to strengthening the other two bands. This is
because creating the slots in this way and choosing the appropri-
ate dimensions for them, in addition to choosing the appropri-
ate locations in the antenna structure, leads to releasing modes
operating around the specified frequency and enhancement of
matching in the other two bands.

4. PERFORMANCE EVALUATION
In this section, the evaluation of antenna performance is accom-
plished by investigating most parameters shown in Fig. 1. It is
found that some of these parameters have a significant influ-

ence on the amount of reflection coefficient in a specific band.
At the same time, these parameters slightly affect the location of
resonant frequency and bandwidths. In contrast, other param-
eters have a distinguished impact on the amount of bandwidth
besides the resonant frequency.
Parameter s, as seen in Fig. 4, has a noticeable effect on the

antenna performance. In the lower band, the reflection coef-
ficient decreases as the value of s increases which in turn im-
proves the matching level in this band. Meanwhile, antenna be-
havior is enhanced in the middle band with an increasing value
of this parameter. In the higher band, with any increase in s
value, the location of the center frequency will move up while
the reflection coefficient is slightly changed.
Parameter h plays approximately the same role as parameter

s in the higher and oppositely in the lower bands as noted in
Fig. 5. In the middle band, it is found that this parameter can
play an important role in the response shape of this antenna.
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FIGURE 4. The reflection coefficient responses with s as a parameter.

FIGURE 5. The reflection coefficient responses with h as a parameter.

The reduction of h value further enhances the matching level
in this band, and at the same time, the location of the center
frequency moves up.
Parameter d has the same effect on the three resultant bands

regarding the matching level but at different grades, especially
at the lower side of the lower band, as shown in Fig. 6. As
well, this parameter affects the location of the center frequency
of the middle band such that increasing the value of d leads to
moving down the location of the center frequency. Considering
parameter v which represents the length of the slit, this param-
eter plays a role concerning the locations of resonant frequen-
cies and the level of matching, particularly the lower side of the
lower band, as shown in Fig. 7. However, the significant effect
of this parameter is symbolized in controlling the location of
the center frequency of the middle band besides the matching
level. As the value of this parameter increases, the center fre-

quency and matching level decrease until this band vanishes.
Therefore, this parameter is responsible for enhancing or sup-
pressing the middle band by selecting an optimum value.
The length of the feeding line in the proposed antenna must

be considered to demonstrate its effect on the performance of
the antenna. This effect is represented by the parameter lf. The
location of the center frequency of the higher band has been
more affected by variations of feeding line length such that de-
creasing the length leads to moving up the location of center
frequency, as shown in Fig. 8. In contrast, an increase in the
length increases the matching level in the lower band, particu-
larly in the lower side of this band. The response regarding the
middle band has been relatively unaffected by the variations of
the feed line length.
The purpose of investigating the influence of these param-

eters is to demonstrate how the appropriate value for each pa-
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FIGURE 6. The reflection coefficient responses with d as a parameter.

FIGURE 7. The reflection coefficient responses with v as a parameter.

rameter gives the best performance for the proposed antenna. In
addition, it is noted that the most influential parameters of the
middle band enhancement are h and v. In this paper, the em-
phasis has been focused on parameter v rather than parameter
h due to fine and reasonable response. Also, some parameters
are characterized by any minor change in their value, leading
to a significant change in antenna response.
Finally, the appropriate values of these parameters have been

listed in Table 1. Accordingly, the influence of each of the ge-
ometrical parameters on the antenna performance can be illus-
trated by changes in the location of center frequency and the
reflection coefficient value in each of the three resultant band-
widths for the proposed antenna as summarized in Table 2 by
using an indication as follows: increase (▲), robust increase
(▲▲), decrease (▼), robust decrease (▼▼), and slightly changed
(▶◀). It was found that most of these parameters did not have

evident effects on the center frequency of the lower bandwidth;
somewhat, its effects have receded on determining the amount
of reflection coefficient level.

TABLE 1. Parameters of the modeled antenna.

Parameter Symbol Value (mm)
Rectangular slot width s 9.2
Rectangular slot height h 12
L-shaped slit trace d 1.35
L-shaped slit length v 8
Feed line width wf 3
Feed line length lf 28
Substrate width W 50
Substrate length L 50
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FIGURE 8. The reflection coefficient responses with lf as a parameter.

TABLE 2. Parameters influence of the modeled antenna on center frequencies and reflection coefficient.

Parameter
Range of

variation (mm)
Step size (mm) Frequency drift Reflection coefficient drift

(fo)BW1 (fo)BW2 (fo)BW3 (S11)BW1 (S11)BW2 (S11)BW3

s 6.20–9.20 1.0 ▶◀ ▶◀ ▲ ▼▼ ▼▼ ▲
h 10.0–14.00 1.0 ▶◀ ▼▼ ▲ ▲ ▲▲ ▶◀
d 1.35–4.35 1.0 ▶◀ ▼ ▶◀ ▲▲ ▲ ▲
v 5.00–10.0 1.0 ▶◀ ▼▼ ▼ ▲ ▲ ▶◀
lf 24.0–28.0 1.0 ▶◀ ▶◀ ▼▼ ▼▼ ▶◀ ▲▲

The total length of the slot structure, which is related to the
parameters in Table 1, can be determined by Equation (1):

Lt = 8[9 + 0.5s+ h+ d+ v] (1)

Meanwhile, it is noted that each of the parameters, h and v, has a
significant impact on strengthening the middle bandwidth and
making it operate within the required frequency besides their
effects on the other bandwidths.
The geometric parameters’ effects on the behavior of the

middle band were different; some of these parameters had less
effect. However, the most influential of these parameters were
both h and v, which played a significant role in determining
the location of the center frequency and the impedance match-
ing level of this band, as noted in Table 2. Parameter lf has
no noticeable effect. By checking the influence of different
parameters on the antenna performance, it was found that the
significant factor in the performance of the proposed antenna
is the total length of the slot structure in terms of the guided
wavelength λg:

λg =
λ◦√
εeff

(2)

where εeff is the effective dielectric constant.

The lowest frequency fl that is relative to half of the Lt is
expressed in Equation (3);

fl =
c◦

2Lt
√
εeff

(3)

where c◦ is the speed of light in free space.
As said previously and noted in Table 1, the lower band was

not significantly affected by the changes in geometric param-
eters proposed to study the behavior of the proposed antenna.
This gives the impression that the total slot length derived in
Equation (1) determines the frequency in the low band as in
Equation (3).
It is evident that the final simulation results of the proposed

antenna demonstrated a triple-band behavior with −10 dB
impedance bandwidth of approximately 1.2GHz extending
from 1.6GHz to 2.8GHz centered at 2.2GHz for the lower
band, 0.202GHz (202MHz) extending from 3.38GHz to
3.6GHz centered at 3.49GHz for the middle band, and
0.720GHz (720MHz) extending from 5.65GHz to 6.36GHz
centered at 6GHz for the higher band as shown in Fig. 9.
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FIGURE 9. The simulated reflection coefficient response.

FIGURE 10. The simulated gain responses throughout: (a) lower band (b) middle band, and (c) the upper band.

5. GAIN RESULTS, RADIATION PATTERN AND SUR-
FACE CURRENT DISTRIBUTION

The simulated gain variations versus frequency over each band
are illustrated in Fig. 10. As shown from Fig. 10, using two
simulators, CST and HFSS, an average gain is about 3.48 dBi
(3.40 dBi) at a frequency of 2.2GHz over the lower band and
about 3.10 dBi (2.80 dBi) at a frequency of 3.5GHz through the
middle band. Over the higher band, the average gain reaches
4.64 dBi (5.35 dBi) at a frequency of 5.8GHz, and the gain
ranges at the three bands are 2.17–3.11 dBi (2.12–3.86 dBi) in
the lower band, 2.51–2.86 dBi (2.55–3.10 dBi) in the middle
band, and 4.13–4.58 dBi (5.14–6.54 dBi) in the higher band. It
is noted that the gain variation through the middle and higher
bands is nearly stable. Meanwhile, through the lower band, the
gain behaves approximately in a linear change due to the wide
range in this band compared to other bands.

There is a good agreement between the two simulated gains
(CST and HFSS), especially in the lower band at the frequency
range (1.6–2.5) GHz and acceptable agreement in the middle
band except for a higher gain value in CST than that of HFSS
at a frequency of 3.5GHz. In the higher band, all gain values
of HFSS are higher than those of CST, with variation less than
1.2 dBi. However, the obtained gain at three bands meets the
operation needs in most of the recent wireless communication
systems.
Far-field radiation pattern characteristics of the proposed an-

tenna, for specified frequencies, have been simulated by us-
ing two simulators to verify the validity of results, as shown
in Fig. 11, illustrating a polar plot of the radiation pattern
in three planes; XZ (φ = 0◦), XY (θ = 90◦), and Y Z
(φ = 90◦). The proposed antenna demonstrates sensible ra-
diation pattern attributes. The radiation characteristics in terms
of cross-polarization were not addressed because the proposed
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XZ YZ XY

FIGURE 11. The simulated far-field radiation patterns at (a) 1.8GHz, (b) 2.4GHz, (c) 3.5GHz, and (d) 5.8GHz.

antenna did not show a circular polarization characteristic, as no
technique was used to make it circularly polarized. It is neces-
sary to discuss the surface current distribution over the resultant
radiating patch; the proposed antenna especially demonstrated

a multi-band behavior. At frequency 1.8GHz, a relatively high
amount of current is concentrated around the middle portion of
the lower, right, and left sides of the radiating patch beside the
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FIGURE 12. The simulated surface current distributions of the proposed antenna at (a) 1.8GHz, (b) 2.4GHz, (c) 3.5, and (d) 5.8GHz.

slits on these sides, with a weak current in the middle part of
the above side, as shown in Fig. 12(a).
In Fig. 12(b), which represents the surface current distribu-

tion at a frequency of 2.4GHz, the same distribution is noted
as in the case of 1.8GHz. It is observed that the surface current
is equally distributed around all sides of the radiating patch at
a frequency of 3.5GHz, as shown in Fig. 12(c).
At the frequency of 5.8GHz, a high surface current concen-

trates at the middle portion of the lower side and also around
the adjacent slits, as shown in Fig. 12(d), while the amount of
current gradually decreases at the left and right sides up to the
upper side, and the value of the current reaches the lowest level
especially in the upper right and left corners. According to the

above, it is noted that as the frequency increases, the current dis-
tribution begins to recede gradually, that is, it is concentrated in
a specific portion only, and it is clear from comparing the cur-
rent distribution at frequency 1.8GHz with that at frequency
5.8GHz. This is related to the electrical length resulting from
the slot created in this proposed antenna, which is achieved by
Equations (1) and (3), by which the total length of the slot as-
sociated with the lowest resonant frequency is calculated.
Concerning the effect of the current distribution on the ra-

diation characteristics, due to the slots created in the proposed
antenna, as we said, these slots will release many modes with
frequencies that depend on the shape and dimensions of these
slots. These slots have changed the distribution of the spread
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FIGURE 13. Photo of the fabricated prototype. FIGURE 14. Photo of the fabricated prototype measurements.

FIGURE 15. The measured and simulated reflection coefficient.

TABLE 3. Comparison of the simulated and measured results of the three bands.

1st Band 2nd Band 3rd Band
fo (GHz) fL (GHz) fH (GHz) fo (GHz) fL (GHz) fH (GHz) fo (GHz) fL (GHz) fH (GHz)

CST 2.20 1.50 2.80 3.49 3.38 3.60 6.00 5.65 6.36
HFSS 2.26 1.61 2.92 3.46 3.39 3.54 5.97 5.65 6.30

Measured 2.17 1.65 2.70 3.50 3.40 3.60 6.25 6.00 6.50

surface current over the antenna, as there will be a pattern of
specific distribution at each resonant mode. Therefore, changes
in the distribution of surface currents will lead to determining
the antenna’s radiation pattern at each particular frequency, as
evident in Figs. 11 and 12.

6. FABRICATION AND MEASUREMENTS

A photograph of the proposed antenna prototype is shown in
Fig. 13. The measurement procedure has been accomplished
by Anritsu MS4642A vector network analyzer, as shown in

Fig. 14. The simulated and measured reflection coefficients of
the proposed antenna are shown in Fig. 15. Themeasured band-
widths extend from 1.65GHz to 2.7GHz for the lower band,
3.4GHz to 3.6GHz for the middle band, and 6GHz to 6.5GHz
for the higher band. By observing the simulation and measure-
ment results, it is seen that there is a slight divergence between
the results particularly in the lower andmiddle bands. Also, it is
noted that a relatively high impedance matching is achieved at
the middle band. This divergence occurred due to the soldering
effect of the SMA connector, the losses from the connecting ca-
bles, and the fabrication processes involving the operations of
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TABLE 4. A comparison between the cited works and the proposed one.

Ref.
Substrate
thickness
(mm)

Relative
permittivity

(εr)

Antenna
configuration

Bandwidth frequency
range, resonant
frequency (GHz)

Gain
(dBi)

Antenna size
(mm2)

[15] 1.6 4.4

A cantor
square

fractal-based
slot antenna

(2.350–3.610), 2.450
(5.150–6.250), 5.800

2.86, 3.77 50× 50

[16] 1.5 4.1
A Koch

fractal-shaped
slot antenna

(2.710–3.820), 2.980
(3.820–4.700), 4.260

5.1, 4.22 70× 70

[19] 1.524 4.5

A Koch
snow flack
fractal-based

annular
slot antenna

(2.240–2.930), 2.500
(4.480–5.540), 5.200

3, 5.3 40× 40

[21] 1.6 4.4
A Moore
pre-fractal
slot antenna

(2.350–2.520), 2.407
(3.000–3.350), 3.122
(4.000–4.400), 4.029

3.13, 3.32, 3.82 70× 70

[23] 0.6 4.43
An opened
U-shaped
slot antenna

(0.690–0.750), 0.690
(1.700–4.200), 2.400

0.6, 2.1 65× 120

[24] 0.7 4.7
An H-shaped
slot antenna

(1.555–1.577), 1.575
(2.395–2.695), 2.500
(4.975–5.935), 5.800

0.26, 3.5, 3.7 60× 60

[27] 1.6 4.4
A multi-polygonal-

shaped slot
antenna

(1.827–5.900), 3.875 4.3 72× 72

[28] 1.6 4.4

A rectangular
slot with
a small

trapezoidal
slot antenna

(1.850–5.780), 3.800 4.4 92× 120

[30] 1.6 4.4

A modified
rhombus
slot

antenna

(2.210–7.420), 4.950 1.7–5.8 37.4× 54

This work 1.6 4.4
A multi-slots
and slits-based

antenna

(1.600–2.800), 2.200
(3.380–3.600), 3.490
(5.550–6.360), 6.000

3.48, 3.10, 4.93 50× 50

cutting, scraping, and drilling, which often significantly affect
the measured results, particularly at high frequencies. The re-
sults of both simulation and measurements are summarized in
Table 3.
It can be noted from Table 3 that the simulated lower

bands using CST and HFSS are 2.2GHz (1.5–2.8GHz) and
2.26GHz (1.61–2.92GHz), respectively, while the measured
lower band is 2.17GHz (1.65–2.7GHz). The simulated
middle band is 3.49GHz (3.38–3.6GHz) in CST and 3.46GHz
(3.39–3.54GHz) in HFSS, and the measured band is 3.5GHz
(3.4–3.6GHz). Finally, the simulated higher bands 6GHz

(5.65–6.36GHz) and 5.97GHz (5.65–6.3GHz) while the
measured is 6.25GHz (6–6.5GHz).
To demonstrate the most important features shown by the

proposed antenna, a comparison with the cited works is pre-
sented in Table 4. In addition to the simplicity of the profile
that characterized this antenna, it showed three separated band-
widths, and one is very wide, and the gain was at rates close to
or more than some of those found in the cited works. Finally,
this antenna is smaller than most of the comparable antennas
and the same size as some of them.
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7. CONCLUSIONS
A multi-slots-based printed antenna has been designed in this
paper as a candidate for 4G LTE and WLAN wireless applica-
tions. It has been found that etching slits with specific dimen-
sions in the radiating structure led to releasing and enhancing a
resonating band besides the other bands. The performance eval-
uation of the proposed antenna is accomplished by carrying out
a parametric study to determine which antenna elements have
the most significant effect on antenna behavior. The proposed
antenna demonstrated a triple bands behavior with resonating
frequencies centered at 2.2GHz, 3.5GHz, and 6GHz, respec-
tively. The first band is wide and tends to be 1.2GHz, cover-
ing more than 16 bands of LTE systems, 2.4GHz Bluetooth,
and 2.45GHz ISM. The second band extends from 3.38GHz
to 3.6GHz, which covers most WiMax applications, while the
third band reconciles 5.8GHz-ITS and 2.4/5.8GHz-WLAN.
Moreover, the presented antenna offers high gain and sensible
radiation pattern attributes.
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