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1. INTRODUCTION

At present, in view of communication technologies progress, there is an increasing demand for
miniature antennas with multiband and/or wideband operations and which have great radiation efficiency. In
the literature, we find various methods to generate multiband operations to respond to development
requirements [1-19]. Numerous techniques are suggested to generate multiband and/or wideband operations
to cover wireless local area network (WLAN), worldwide interoperability for microwave access (WiMAX),
and C band applications [1]-[4]. Fractal antennas are one of the methods that allows miniaturizing and
providing a multiband and/or wideband characteristic at low cost, as these patches perfect the input
impedance matching. To cover the band 1.64-1.94 GHz, Zhong and the the other authors in [5] present a
bow-tie patch antenna. Various fractal antenna methods (Sierpinski, Koch, Minkowski and Hilbert) are
proposed in the literature for multiband operation [6]-[10]. A modified Sierpinski joint fractal antenna is
presented in [6] for c-band and X-band applications. To design a wideband antenna, Nsir et al. [8] adopted
the fractal Koch antenna and introduced a slot inside the patch to cover global system for mobile (GSM),
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universal mobile telecommunication system (UMTS), wireless local area network (WLAN), and long-term
evolution (LTE). However, fractal antennas with a self-affinity and self-similitude structure are one of the
methods that allow antennas to be miniaturized and provide a multiband characteristic [11], [12]. It also
proves to be one of the best techniques for having a compact and multiband patch antenna. In [13]-[16]
presented different forms of spiral structure geometry. Benavides et al. [13] incorporated these spiral
antennas into a faulty ground plane where they intentionally modified the ground plane to increase antenna
performance such as gain and bandwidth.

A novel multiband monopole fractal antenna with a compact size is presented in this paper. For the
proposed antenna design, we welded two half rings onto the main ring in the first iteration. Then, in the
second iteration, we added the second ring with the same diameter as the main ring after dividing it into two
halves, and finally, we added four quarter rings in the last iteration. The proposed antenna can thus operate in
three frequency bands between 2 and 6 GHz to cover WiIMAX, WLAN, and C band, with wide bandwidth
and excellent radiation characteristics. We designed, simulated, and optimized the antenna using the
commercial electromagnetic wave (EM) simulator Ansys heart failure survival score (HFSS), and validated
the results with CST studio. After manufacturing the optimized antenna, we tested it with the vector network
analyzer augmented and virtual reality (AVR) Rohde and Schwarz ZVB20.

The suggested three-band fractal antenna is presented in section 2, along with its final dimensions.
This section explains the various procedures involved in obtaining the final antenna, as well as an evolution
comparison of the bandwidth, adaptability, and gain. The fabricated antenna is shown in section 3, along with
a synthesis of the results obtained and a table comparing the results to those found in the literature.

2. ANTENNA DESIGN

Figures 1(a) and 1(b) present the top and bottom view of the proposed antenna. The patch is fed by a
50 Q microstrip line fabricated on an FR4 substrate with a dielectric constant of 4.4 and a size of
50x50x1.6 mm?3. On the other side of the substrate, we engraved the ground plane. We propose in this work
an antenna geometry based on a self-repeating geometric. For the patch design, Figure 2 depicts the proposed
fractal antenna geometry step configuration. We extracted a ring from the initiator circular antenna. Then, we
soldered a ring of the same diameter as the main ring after dividing it into two to create the first iteration
shown in Figure 2(a). Similarly, in the second iteration, we added a second ring divided into two, which we
displayed in Figure 2(b). We added in the third iteration, the third ring divided into four, as shown in
Figure 2(c). We note that the three rings added in the three iterations have the same dimensions as the main
ring. To have a well-matched response, two rectangular slots of width “eg” are etched on the ground plane.
By adopting this configuration, we have been able to reduce the size of the starting circular antenna and
increase the number of resonant frequencies between 2 and 6 GHz with excellent radiation characteristics.
The proposed antenna was manufactured with all design parameters. Table 1 presents the ultimate
dimensions.

Iu

(@) (b)

Figure 1. Suggested patch geometry (a) top view and (b) bottom view

Figure 3 illustrates the antenna design process suggested by this letter. To design the initiator
antenna shown in Figure 3(a) of radius R1, which operates at the resonant frequency of 2.48 GHz, we have
adopted the simplest method, which is the transmission line, even if it presents less precise results. Balanis
[20], Devi and Neog [21] describes this model in detail:
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After optimizing the initiator antenna dimensions, we get the size of 60x70x2 mm?®. The first
iteration is presented in Figure 3(b), Figure 3(c) displays the second iteration, and the suggested patch is in
Figure 3(d). The return losses of the initiator antenna as shown in Figure 3(a), the antenna with the first
iteration as shown in Figure 3(b), the antenna with the second iteration as shown in Figure 3(b), and the
suggested antenna as shown in Figure 3(d) are given in Figure 4.
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Figure 2. The proposed fractal antenna geometry steps configuration (a) first iteration, (b) second iteration,
and (c) third iteration

Table 1. Proposed fractal antenna ultimate size

Settings Values (mm)

w 50

L 50

Wi 45

Lf 12.19

R 1

E 2

Eg 1
Lgl 21
Lg2 14

(@) (b) (© (d)

Figure 3. Suggested patch design steps (a) initiator, (b) first iteration, (c) second iteration, and
(d) third iteration

Figure 4 shows that the initiator antenna returns losses can cover the frequency range
2.31-2.58 GHz with a return loss reaching -15.93 dB. For the first iteration, the antenna can cover the
frequency range 2.11-2.51 GHz and 3.96-4.15 GHz with a return loss of -20.25 and -12.45 dB successively.
Regarding the second iteration, the antenna may cover the three-band 2.40-2.73 GHz, 3.97-4.32 GHz, and
4.86-5.03 GHz with a return loss that varies between -13.96 and -23.54 dB. The suggested antenna can be
operated in the frequency range 2.38-2.85 GHz, 3.90-4.35 GHz, and 5.12-5.33 GHz with a return loss that
can reach -32.13 dB at the resonant frequency 5.23 GHz. The results of Figure 4 show that, in addition to the
antenna size reduction, we have an increase in the number of resonant frequencies with an improvement in
adaptation, and we have also increased the width of the bandwidth; this is due to the path of the surface
current, which has become longer, and the proposed patch perimeter appears to be larger. We summarize the
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proposed fractal antenna process of changing the number of resonant frequencies, the operating frequency
range, the resonating frequency, the return loss, and the gain in Table 2. According to Table 2, we note that
we have also improved the gain that varies between 3.76 and 5.02 dB. This is due to the proposed antenna
shape increasing the radiation intensity. With this increase in the number of operating ranges and gain, the
proposed antenna can operate efficiently in WiMAX, WLAN, and C band applications.
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Figure 4. Simulated reflection coefficients result for initiator antenna at different iterations

Table 2. The increasing process of the resonances number, frequency ranges, resonating frequency, return

loss, and gain
Iteration Resonances Number Frequency Ranges (GHz) Resonating Frequency (GHz) Return Loss (dB)  Gain (dB)

Initial antenna 1 (2.31-2.58) 2.49 -15.93 271
Antenna with the 2 (2.11-2.51) 2.29 -20.25 2.85
first iteration (3.96-4.15) 4.03 -12.45 3.58
Antenna with the 3 (2.40-2.73) 2.57 -15.01 2.94
second iteration (3.97-4.32) 4.18 -13.96 3.37
(4.86-5.03) 494 -23.54 3.14

Antenna with (2.38-2.85) 2.67 -26.62 3.76
thethird iteration 3 (3.90-4.35) 414 -21.76 4.06
(5.12-5.33) 5.22 -32.13 5.02

The simulated voltage standing wave ratio (VSWR) depicted in Figure 5 is considered an important
criterion in the study of antenna impedance matching. We can notice that the VSWR values of the proposed
fractal antenna are less than 2 on all bandwidths; therefore, the antenna is suitably matched in impedance.
The input impedance is shown in Figure 6. At the three bands, Figure 6 demonstrates that the input
impedance agrees extremely well with the S11. Depending on the resonant frequency, the imaginary and real
parts of the impedance vary.
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Figure 5. VSWR of the proposed antenna Figure 6. Antenna input impedance
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The patch input impedance is affected by the surrounding environment, frequency, and geometry.
We can correctly depict the input impedance by employing equivalent circuits using localized elements. The
equivalent circuit of a broadband patch was calculated in the air by [22], [23]. The wideband antenna is
considered as a multiband antenna, represented by N cells (each cell equivalent of parallel RLC circuits) in
series with an inductance “LO” and a capacity “C0”. The equivalent circuit is illustrated in Figure 7.

CellO
L1 2 Ln
e L ] [ [ ]
co Lo I

Cell1 Cell 2 CellN

Figure 7. General topology of the patch equivalent circuit

The number of cells “N” corresponds to the number of resonant frequencies. We found three
maximums in this study, which matched three cells (N=3). The diagram of the real part of the impedance is
used to define the components (Li, Ri, Ci) of the cells (i=1, 2... N) of the equivalent circuit, and the diagram
of the imaginary part is used to determine the input cell (CO, LO0). In the air, [22], [23] describe the full steps
for finding the antenna equivalent circuit. The equivalent circuit characteristics of the patch are shown in
Table 3.

Table 3. Parameters of the patch equivalent circuit
Circuit Co Lo C1 L1 R1 C2 L2 R2 C3 L3 R3
Parameter
Value 28pF  027nH 4.65pF 096nH 866Q 885pF 029nH 335Q 342pF 047nH  82.1Q

3. RESULTS AND DISCUSSION

To understand the operation and determine the characteristics of the proposed fractal antenna, we
designed and simulated the antenna using the commercial Ansys HFSS electromagnetic (EM) wave
simulator, and we checked the results using CST microwave studio software. We made the proposed antenna
prototype. Afterward, we tested it using the vector network analyzer to prove the simulation results via the
measured results. Figures 8(a) and 8(b) ilustrates the top view and bottom view of the manufactured antenna.
The simulated and measured antenna return loss results are plotted in Figure 9.

(b)

Figure 8. Antenna manufactured, (a) top view and (b) bottom view

Figure 9 shows that there is a small difference between the results of the simulated and measured
reflection coefficient. For the second band, we have a very wideband in the measured results than in the
simulated one, and for the third band, we have a small offset. This deviation is due to certain parameters,
such as the manufacturing tolerance, the dielectric permittivity of the substrate, the simulation frequency
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width, the soldering conditions of the SubMiniature version A (SMA) connector, and the measurement
circumstances. In order to have precise results of the reflection coefficient of the designed antenna, it is
advisable to carefully manufacturing and measurement procedure, such as substrate quality, SMA, and
welding precision. But in general, we can say that the simulated and measured results are in acceptable
agreement. By observing the measured return losses results, we find a bandwidth of 0.31 GHz 2.46-2.77 GHz
with the resonant frequency of 2.68 GHz. The second band has a bandwidth of 0.67 GHz 3.99-4.66 GHz
where the resonant frequency equals 4.10 GHz, and the width of the third bandwidth is 0.19 GHz
5.24-5.43 GHz where the resonant frequency is 5.33 GHz. This result allows the proposed antenna to operate
efficiently in Bluetooth, WiMAX, WLAN, LTE, and C-band applications. Table 4 summarizes the reflection
coefficient results simulated and measured, and the commercial bands covered.
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Figure 9. Results of reflection coefficients measured and simulated with CST and HFSS

Table 4. Simulated and measured bandwidth and frequency bands covered by the antenna

Bandwidth (GHz) Covered Commercial Bands
Simulation by HFSS [2.46-2.86], [3.91-4.39], [5.13-5.33] Bluetooth, WiMAX, WLAN, LTE,
Simulation by CST [2.35-2.81], [3.84-4.36], [5.12-5.32] and C-band applications
Measured [2.46-2.77], [3.99-4.66], [5.24-5.43]

Figure 10 illustrates the radiation patterns in the YZ plane and the XZ plane. Figure 10(a) illustrates
the radiation pattern at the frequency 2.67 GHz, while at the frequency 4.14 GHz, it is shown in Figure 10(b),
and that of the 5.23 GHz frequency, it is shown in Figure 10(c). We notice from the figure that in the XZ-
plane, the radiation pattern at the resonant frequency of 2.67 GHz as shown in Figure 10(a) is
omnidirectional and approximately omnidirectional in both other operating bands. Because when we increase
in frequency, the FR-4 substrate experiences improper operation. Further, we notice that for the three
operating bands, the radiation pattern in the YZ-plane has an “8” shape, which means that we have
bidirectional radiation. As a result, it is clear that we have a monopoly-like radiation pattern.

To have an insightful understanding of the operation of the proposed fractal patch, we present in
Figure 11 the surface current distributions simulated using Ansys HFSS at the three resonant frequencies. By
analyzing Figure 11, we clearly notice that all parts of the suggested fractal patch are excited at the three
resonant frequencies. Figure 11(a) depicts the current distribution of the 2.67 GHz resonant frequency. We
note that the current flows largely in the center of the radiator and the feed line, which participates in a large
part of the radiation in the first band. While the current is less dense in the parts of the radiator above the two
slots of the ground plane, it helps to ameliorate the matching. By observing Figure 11(b), we notice that the
current distribution is dominant in the area above the ground plane slits. So, they contributed to the second
band. In addition, Figure 11(c) confirms that the distribution of current is distributed consistently throughout
the radiator. Thus, we obtain the most adaptable band with a return loss equal to -32.13, and the highest gain
which reaches 5.02 dB.

The comparison between our work and antennas in the literature for WLAN, Bluetooth, WIMAX,
and LTE applications is presented in Table 5. It is clear from the table that the design of this patch is
miniaturized with wide bandwidth and higher gain than most other antennas. These results allow the
proposed antenna to cover with great efficiency the Bluetooth, WiMAX, WLAN, LTE, and C-band
applications.
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Figure 11. Surface current distributions (a) 2.67 GHz, (b) 4.14GHz, and (c) 5.23 GHz
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4.

Table 5. Comparison between this work and the works in literature

Ref. Size (mm°®) Bandwidth (GHz) Gain (dB)
[24] 60x20x0.813 [2.4-2.48], [5.15-5.825] 1.63,4.9
[8] 60x70x3 [0.780-960], [1.17-2.79] 1.69, 2.92
[25] 67x74x3.175 [2.45-2.57], [5.1-5.4] 6.15, 5.27
[26] 40x40%0.764 [3.28-3.51], [5.47-6.03] 06,22
Our work 50x50x1.6 [2.46-2.77], [3.99-4.66], [5.24-5.43] 3.76, 4.06, 5.02
CONCLUSION

In this letter, a new circular fractal antenna with decreased dimensions and a simple structure is

designed and manufactured on an FR4 substrate. In order to cover the Bluetooth, WiMAX, WLAN, LTE, and
C-band operating bands. The results obtained by the measurement give bandwidths of 0.31 GHz
2.46-2.77 GHz, 0.67 GHz 3.99-4.66 GHz, and 0.19 GHz 5.24-5.43 GHz. By increasing in iteration, the
number of resonance frequencies increases. However, the suggested patch exhibits good radiation
characteristics and a high gain in the covered working bands. We conclude that the suggested antenna is very
attractive and a suitable candidate for multiband applications.
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