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Design of Flexible Dual-Band Tree Fractal Antenna for Wearable
Applications

Aya N. Alkhafaji1, *, Sinan M. Abdulsatar2, and Jawad K. Ali1

Abstract—A dual-band flexible monopole antenna for wearable applications is presented. The antenna
structure is built based on tree-shaped fractal geometry. The suggested antenna is printed on Rogers
RT5870, a semi-flexible material with a relative dielectric constant and loss tangent of 2.33 and 0.0012,
respectively. According to the results, the proposed antenna achieves dual impedance bandwidth ranging
from 1.72 to 1.88GHz for the lower band and 5.1 to 5.33GHz for the upper band. The simulated results
show that the fractional impedance bandwidths and realized gains of the antenna are 8.9/4.8% and
1.47/5.67 dBi for the 1.81/5.2GHz, respectively. The antenna’s performance under various bending
scenarios has also been demonstrated at both resonant frequencies. The overall size of the proposed
antenna is about 45 × 41 × 0.25mm3. The antenna shows good performance to be a candidate for
wearable applications.

1. INTRODUCTION

Wearable electronic devices have attracted attention due to their potential uses in various fields,
such as medical treatment, trace tracking, military applications, entertainment, and emergency rescue
operations [1–3]. Wearable antenna plays a crucial role in signal transmission in the above systems,
providing high flexibility and compatibility with other components. The antenna is responsible for
wireless communication between on-body sensors and other on-/off-body devices in these wearable
systems [4, 5]. Fractal antenna theory is a relatively recent field in antenna research. Fractals are
patterns of self-similarity inspired by natural phenomena such as coastlines, mountains, and clouds [6–8].
Antenna designs can use fractals to achieve multiband resonant behavior and size miniaturization [6–
12]. Self-similarity has been used in constructing multiband arrays and is helpful in the design of multi-
frequency antennas. Many fractal forms have been used to construct wearable antennas, including
Hilbert curve, Sierpinski gasket, Koch snowflake, Cantor’s comb, Mandelbrot set, and Fern Fractal
leaf [13–18].

In the past, many types of wearable antennas have been suggested. Fractal antennas have been
proposed by [19] and [20] for wearable applications. However, the two designed antennas are not
suitable for integrating with compact RFID wearable devices. Large-sized fractal antennas with full
ground plane [21, 22] are more sensitive to deformations. Other fractal antennas are proposed by [23]
and [24], where these designs provide a complex geometry. In [25], a monopole tree fractal antenna
consists of a patch element mounted on an isotropic dielectric layer over a truncated ground plane for
different wireless applications. However, the overall dimensions of the antenna are too large to be used
in any compact environment. In [26], a square microstrip fractal antenna operating at a multiband
between 1.7 and 7.4GHz is designed; however, the antenna has narrow fractional bandwidth.
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The presented antenna is designed according to fractal geometry due to the pioneer features of
this geometry, which makes it desirable in the field of antenna design in terms of multiband and size
reduction. In addition, wearable antennas preferably have features so that they can be embedded within
tissue arrangement, which makes this antenna very convenient in textile antennas.

The paper is arranged as follows. Section 2 introduces the nature of tree fractal. Section 3 discusses
the antenna design and modeling. Section 4 presents a parametric study. Section 5 shows the antenna
performance and simulation results. Section 6 offers the effect of bending on the dual-bands, followed
by Section 7, which includes the conclusion.

2. FRACTAL NATURE OF THE TREE

In general, a fractal is an object that starts with a simple geometry and makes a given number of scaled
duplicates of the initial object at each iteration. The geometry discussed in this paper is a fractal tree
that is self-similar. The method used to create trees here begins with a trunk and allows one of its ends
to branch off in two directions. Each of these branches is permitted to branch out again in the following
iteration stage, and the process is repeated indefinitely, as shown in Figure 1 [27].

Figure 1. Various fractal binary tree iterations.

The primary objective of this study is to verify the theory developed about the link between antenna
resonance characteristics and the fractal dimension of the geometry. As a result, two generalizations to
basic geometry are attempted in this paper. The first step is to change the angle (θ) of the branches
(angular separation of the branches at every iteration stage). The second method involves varying the
scaling ratio (rsc) (relative lengths of the branch in one stage relative to the next). These are depicted
in Figures 2 and 3. It should be remembered that after the initial branching, the geometry can be
created using a recursive process in both circumstances. To make fractal property computations easier,
we propose using only line segments for all branches of the geometry. Unlike Mandelbrot’s, the tree
structure employed here does not consider the width of the component segments.

We can change the scaling ratio between the lengths of the trunk and branches. The transformations
necessary to obtain branches of the geometry, in this case, are as follows in (1) and (2):
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Figure 2. Different branching angles in the third iterated fractal tree.

Figure 3. Binary trees with different scaling ratios in the third iteration.
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3. ANTENNA DESIGNING AND MODELING

A monopole antenna with a tree-shaped fractal component, a microstrip feed line, and a partial ground
plane is suggested. The design procedure for the tree-shaped fractal antenna is shown in Figure 4. The
basic unit of the tree-shaped fractal structure is a V-shaped metal strip (Iteration 1) with the length y
and width x, which are illustrated in Figure 4(a). In Figure 4(b), the length of the V-shaped unit cell
(y) is scaled by factor rsc, where rsc is the scale factor with a value ranging from 0 to 1 (Iteration 2).
The same procedure is applied to Iteration 3 and Iteration 4 to form the tree-shaped fractal structure,
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(a) (b) (c)

(d) (e) (f)

Figure 4. Evolution of the proposed antenna: (a) V-shaped unit cell, (b) Iteration 1, (c) Iteration 2,
(d) Iteration 3, (e) Iteration 4 (proposed antenna) and (f) Iteration 5.

Figure 5. Simulated reflection coefficient of different iteration for the tree-shaped fractal-antenna
structures.

as depicted in Figures 4(c) and (d). The unit cell’s length can be calculated based on (3), where n is
the number of iterations in the fractal

yn = rn−1
sc y n 1, 2, 3, ... (3)

The simulation results of the operating frequency, bandwidth, and reflection coefficients of the
proposed tree-shaped fractal antenna’s five first iterations are shown in Figure 5 and Table 1, where
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Table 1. Simulation results of each patch iteration.

Antennas
Operating

frequency (GHz)

Bandwidth

(MHz)

Reflection

coefficient (dB)

n1 2.59 230.11 −25.9

n2 2.16/5.71 188.12/147.45 −29.1/− 11.3

n3 1.92/5.40 167.22/209.48 −31.09/− 31.88

n4 1.81/5.20 157.51/231.72 −32.0/− 34.2

n5 1.71/5.07 148.31/222.24 −29.3/− 34.0

Table 2. Dimensions of the antenna.

Parameter Value (mm) Parameter Value (mm)

x 2 lg 1

y 12 W 41

lt 19.2 L 45

wt 3.4 rsc 0.65

rsc = 0.65, x = 2mm, and y = 12mm. The angle between branches (θ) is kept at 100◦. It has been
noted that the proposed design resonates at a frequency of 2.59GHz in Iteration 1. In Iteration 2, a
new resonant frequency of 5.71GHz is achieved. It could be seen that the resonant frequencies decrease
from 2.59 to 1.71GHz and 5.71 to 5.07GHz for the lower and upper bands when n fluctuates between
1 and 5. After four iterations, the proposed design is achieved, as shown in Figure 6. Table 2 shows
the suggested design’s optimal parameters. The suggested antenna is built on a semi-flexible Rogers
RT5870 substrate with a relative permittivity (εr) of 2.33, loss tangent (tanδ) of 0.0012, and thickness
(h) of 0.25mm. A transmission line feed with a length (lt) of 19.2mm and width (wt) of 0.8mm was
used to feed the proposed antenna. On the backside of the substrate, a partial ground plane with a size
of 41× 1mm2 is included.

(a) (b)

Figure 6. The proposed antenna geometry and dimensions: (a) Top view and (b) bottom view.
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4. PARAMETRIC STUDY

The parametric analysis was carried out to provide complete information regarding the antenna design.
Only one parameter was varied at any time, and others were kept fixed. The dimensions and electrical
properties of an antenna vary depending on the radiating patch and ground. As a result, the antenna’s
performance characteristics are altered. The antenna performance has been analyzed using a variety of
parametric studies.

4.1. The Influence of the Parameter y

The effect of changing the length of the V-shaped unit cell (y) on the reflection coefficient characteristics
is shown in Figure 7. The center of the lower and higher resonance bands shifts toward lower frequencies
as the value of y is increased from 9 to 12mm. The antenna’s upper resonant bandwidth is more extended
than its lower one. As a result, an optimum value of 12mm was considered in the proposed prototype.

Figure 7. Simulations of the proposed antenna’s reflection coefficients for various of the parameter y.

4.2. The Influence of the Parameter rsc

Figure 8 shows the effect of variation on rsc. The variation in rsc had a significant impact on the
reflection coefficient performance as it varies from 0.55 to 0.75. A higher rsc leads to a more inductive
impedance of each unit cell and, as a result, the more inductive input impedance of the antenna for a
fixed x in (3). So, raising rsc lowers the resonance frequency, as shown in Figure 8.

Figure 8. Simulations of the proposed antenna’s reflection coefficients for various of the parameter rsc.



Progress In Electromagnetics Research C, Vol. 125, 2022 57

4.3. The Influence of the Parameter θ

The reflection coefficient performance for various values of θ is given in Figure 9. By taking angle
variation from 90◦ to 120◦, the antenna provides dual-band reflection coefficient resonant responses
with interesting features. The resonance frequency is shifted towards higher frequencies when the angle
of θ has been increased. It was clear that the performance of the proposed design was far better at
θ = 100◦.

Figure 9. Simulations of the proposed antenna’s reflection coefficients with different values of the
branching angle (θ).

4.4. The Influence of the Parameter lg

Figure 10 illustrates the reflection coefficient responses of the proposed antenna with the ground plane
length as a parameter at a sweep frequency of (1–10)GHz. The ground plane is changed from 1mm
to 10mm in 3mm steps, with a more significant influence on the higher resonant band than the lower
band. The antenna achieves dual-band reflection coefficient resonant response matching with wearable
frequency bands of 1.8GHz and 5.2GHz when the ground plane length (lg) is 1mm.

Figure 10. Simulations of the proposed antenna’s reflection coefficients for different values of the
ground plane length (lg).

5. RESULTS AND DISCUSSION

CST Microwave Studio Software 2019 was used to develop and simulate the whole model. The suggested
antenna’s performance parameters, such as the reflection coefficient, gain, impedance bandwidth, and
radiation pattern, have been determined. Figure 11 shows the simulated reflection coefficient |S11|. The
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Figure 11. The S11 curve of the tree-shaped fractal antenna.

lower and upper bands’ impedance bandwidths (|S11| < −10 dB) are 8.9% (1.72–1.88GHz) and 4.8%
(5.08–5.33GHz), respectively.

The current distribution of the proposed antenna is as shown in Figure 12 for frequency bands
1.81GHz and 5.2GHz. At 1.81GHz, it can be seen that the current is concentrated near the feed
line and on the V-shaped unit cell of the tree-shaped fractal antenna, as shown in Figure 12(a). At
5.2GHz, the surface current distribution is mainly concentrated at the V-shaped unit cell of 1st and
2nd iterations. In contrast, weak current distributions are concentrated near the edges at 3rd and 4th

iterations as depicted in Figure 12(b).

(a) (b)

Figure 12. The current distribution of the proposed antenna at: (a) 1.81GHz and (b) 5.2GHz.

The simulated far-field radiation patterns for the total electric field in the two planes Phi = 0◦ and
Phi = 90◦ at the center frequencies of the two resonant bands are shown in Figure 13. At 1.81GHz,
the antenna seems to have an omnidirectional pattern in the Phi = 0◦ and a half wavelength dipole-like
pattern in the Phi = 90◦ as illustrated in Figure 13(a). Meanwhile, the antenna has an omnidirectional
pattern in Phi = 0◦ and a directional pattern in Phi = 90◦ at the higher frequency of 5.2GHz, as shown
in Figure 13(b). The realized gain and efficiency of the antenna are 1.47/5.67 dBi and 98.2/95.7% for
the 1.81/5.2GHz bands, respectively.

A comparison of the performance of several existing works with the proposed antenna is presented
in Table 3. In comparisons with listed wearable antennas, the proposed tree fractal antenna provides
size reduction which makes the antenna suitable for wearable applications.

The proposed antenna was constructed as illustrated in Figure 14 and experimentally verified.
Figure 15 shows the comparison between the measured and simulated results for the antenna’s reflection
coefficient.
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(a)

(b)

Figure 13. The 2D radiation patterns of the antenna for (phi = 0◦) and (phi = 90◦) at (a) 1.81GHz,
and (b) 5.2GHz.

(a) (b)

Figure 14. A photo of the manufactured proposed antenna.
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Table 3. Comparison between the proposed antenna and some other reported works.

Ref.
No. of

bands

Relative

permittivity

(εr)

Substrate

type

Antenna

configuration

Bandwidth frequency

range, resonant

frequency (GHz)

Gain

(dBi)

Antenna

size (mm3)

[28] single 1.6 Jeans
Microstrip

patch antenna
2.1–2.6, 2.45 2 90× 70× 1.57

[29] single 3.4
Polyimide

Film

Star-shaped

patch antenna
2.45 3.4 75× 50× 0.8

[30] quad 1.39
Polyester

cloth

V-shaped

slot antenna

1.70–2.01, 1.8

2.39–2.50, 2.4

3.59–3.70, 3.6

5.41–5.65, 5.5

4.91

7.84

2.58

4.12

70× 70× 2

[31] dual 3.5
Kapton

(polyimide)

Printed

monopole antenna

1.8–2.45

5.15–5.825

1.05

3.12
58× 40× 0.13

Proposed

work
dual 2.3

Rogers

RT5870

Tree-shaped

fractal antenna

1.73–1.89, 1.81

5.08–5.33, 5.2

1.41

4.42
41× 45× 0.25

Figure 15. Simulated and measured results of the proposed antenna.

A reasonable agreement is observed especially in the lower band. On the other hand, it can be seen
that the measured upper band reflection coefficient has a bandwidth that is wider than the simulated
one. The measured values range from 4.95 to 5.79GHz with a bandwidth of 840MHz (15.6%), while
the simulated values range from 5.1 to 5.33GHz with a bandwidth of 230MHz (4.8%). This might
be caused by the substrate material’s lossy properties. Furthermore, the S11 values in both bands are
almost equivalent to −18 dB. The results are summarized in Table 4.

Table 4. A comparison of the simulation and measurement results.

Simulated Measured

Frequency (GHz) 1.8 5.2 1.8 5.2

S11 (dB) −33 −34.8 −18.84 −18.61

fo (GHz) 1.8 5.2 1.8 5.37

BW (MHz) 160 230 170 840
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6. A STUDY OF THE BENDING DEFORMATION

This section uses simulation results to investigate the consequences of the antenna when it is bent in
free space. The proposed antenna was bent around a cylinder at different radii (r) to ensure robustness
against bending scenarios.

(a) (b)

Figure 16. The proposed antenna while bending at: (a) x-axis and (b) y-axis.

(a)

(b)

Figure 17. The reflection coefficients of antenna while bending at: (a) (x-axis) and (b) (y-axis).
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Table 5. Simulated reflection coefficient, bandwidth and gain of the antenna at bending conditions
with different radii at the x-axis.

Cylindrical

Bend

(r) (mm)

Reflection

Coefficient (dB)

Bandwidth

(GHz)

Gain

(dBi)

fo1 = 1.81

GHz

fo2 = 5.2

GHz

fo1 = 1.81

GHz

fo2 = 5.2

GHz

fo1 = 1.81

GHz

fo2 = 5.2

GHz

(planar) −38.43 −29.34 0.16 (1.73–1.89) 0.25 (5.08–5.33) 1.47 5.67

r = 50 −24.67 −20.08 0.16 (1.71–1.87) 0.24 (5.05–5.29) 1.77 4.68

r = 60 −25.75 −21.16 0.15 (1.71–1.86) 0.24 (5.05–5.29) 1.58 4.88

r = 70 −25.78 −21.94 0.15 (1.72–1.87) 0.24 (5.04–5.28) 1.73 4.75

r = 80 −25.85 −22.44 0.15 (1.72–1.87) 0.24 (5.06–5.30) 1.71 4.73

Table 6. Simulated reflection coefficient, bandwidth, and gain of the antenna at bending conditions
with different radii at the y-axis.

Cylindrical

Bend

(r) (mm)

Reflection

Coefficient (dB)

Bandwidth

(GHz)

Gain

(dBi)

fo1 = 1.81

GHz

fo2 = 5.2

GHz

fo1 = 1.81

GHz

fo2 = 5.2

GHz

fo1 = 1.81

GHz

fo2 = 5.2

GHz

(planar) −38.43 −29.34 0.16 (1.73–1.89) 0.25 (5.08–5.33) 1.47 5.67

r = 50 −29.48 −30.46 0.16 (1.71–1.87) 0.24 (5.05–5.29) 1.56 4.31

r = 60 −29.26 −30.72 0.15 (1.71–1.86) 0.24 (5.05–5.29) 1.54 4.40

r = 70 −33.72 −28.47 0.15 (1.72–1.87) 0.24 (5.04–5.28) 1.53 4.51

r = 80 −32.45 −32.05 0.16 (1.70–1.86) 0.23 (5.04–5.27) 1.52 4.52

It was bent at radii of 50mm, 60mm, 70mm, and 80mm over the y-axis and x-axis, as shown in
Figure 16. Due to SMA connection stress on the opposite side, the integrated design was bent over
one side only along the x-axis. It was also twisted along the y-axis on its neighboring sides. Figure 17
shows the proposed antenna’s simulated reflection coefficient when it is analyzed under bending in free
space. According to simulation results, antenna bending along both the x-axis and y-axis reduces the
reflection coefficient value of the antenna without changing the antenna’s resonant frequency. This is
due to smaller variations in the antenna’s apparent length. Tables 5 and 6 show the bending analysis
bandwidth, gain, and resonant frequency information at the x-axis and y-axis, respectively.

(a) (b)
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(c) (d)

(e) (f)

(g) (h)

Figure 18. Simulated radiation patterns of the proposed antenna when bent at the (a) x-axis (phi = 0◦)
at (1.81GHz), (b) x-axis (phi = 90◦) at (1.81GHz), (c) x-axis (phi = 0◦) at (5.2GHz), (d) x-axis
(phi = 90◦) at 5.2GHz, (e) y-axis (phi = 0◦) at 1.81GHz, (f) y-axis (phi = 90◦) at (1.81GHz), (g)
y-axis (phi = 0◦) at (5.2GHz) and (h) y-axis (phi = 90◦) at (5.2GHz).
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The simulated radiation patterns for frequency bands 1.81GHz and 5.2GHz for bending radii of
r = 50mm, 60mm, 70mm, and 80mm in the (x-axis and y-axis) are shown in Figure 18. The radiation
patterns are shown at Phi = 0◦ and Phi = 90◦. In Figures 18(a)–(d), at 1.81GHz, the antenna seems to
have an omnidirectional pattern in the Phi = 0◦ and a dipole-like pattern in the Phi = 90◦. Meanwhile,
the antenna has a dipole-type pattern in Phi = 0◦ and a directional pattern in Phi = 90◦ at 5.2GHz.
The patterns at the y-axis, Figures 18(e)–(h), show a dipole-like pattern in the Phi = 0◦ and an
omnidirectional pattern in the Phi = 90◦ at 1.81GHz while at 5.2GHz, the patterns show a dipole-like
pattern in the Phi = 0◦ and an omnidirectional pattern in the Phi = 90◦. Based on that, the bending of
the antenna at both the x-axis and y-axis does not lead to a significant change in the radiation pattern.

7. CONCLUSION

In this paper, a flexible tree-shaped fractal antenna fed by a microstrip feed is proposed to fulfill dual-
band wearable application requirements. The antenna is only 0.25mm thick, making it suitable for
the use as a wearable device with a sufficient range of flexibility. The resultant antenna offers two
resonating bands with acceptable radiation patterns and gain. The lower resonating band ranges from
1.72 to 1.88GHz with a center frequency of 1.81GHz at S11 of −33 dB, and the upper resonating band
from 5.08 to 5.33GHz with a center frequency of 5.2GHz at S11 of −34.8 dB. The antenna’s resonance
frequency, bandwidth, and gain for both bands are unaffected by bending along the lx-axis and ly-axis.
The radiation patterns show that the antenna worked effectively before and after bending. According
to the results of the study, the presented antenna could be considered a promising contender for existing
wearable devices.
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