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Abstract

In this letter, the synthesis of a 3D wire antenna with a tree-like shape and op-
erating at three different frequency bands (L1 — L2 GPS bands and Wi — F'i) is
presented. The geometrical parameters of the antenna are determined by means of
a particle swarm-based optimization procedure exploiting the degrees of freedom of
the reference tree geometry for fitting the electrical project constraints. The results
of the numerical simulation are shown and compared with those from experimental

measurements for assessing the effectiveness of the synthesis procedure.
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1 Introduction

Because of the growing demand of miniaturized and multiband antennas for electronic
devices employing multiple wireless standards, several researches have been devoted at
analyzing the electrodynamic behavior of fractal and pre-fractal geometries [1]| [2]| [3]. As
a matter of fact, fractal and pre-fractal geometries present very interesting features in
terms of multiband behavior and overall size.

Besides planar geometries |4][5]|6], easily built on dielectric substrates by means of stan-
dard and low-cost photolitographic techniques, three-dimensional fractal tree-like shapes
have been investigated [7]. As a matter of fact, despite their complex realization, these
structures present very interesting electrodynamic properties thanks to the large number
of degrees of freedom in the choice of the values of their descriptive geometric parameters.
In |7|, Petko and Werner showed that fractal tree geometries can be fruitfully employed
as end-loads for the miniaturization of conventional dipoles or monopole antennas.
However, although a multi-band behavior can be realized, the spectral distribution of
multiple resonant frequencies is strictly related to the geometrical parameters of the
self-similar structure with fixed relationships among the frequencies whatever the frac-
tal shape. Therefore, the allocation of several working frequency bands in the frequency
spectrum turns out to be a complex task with “constrained” choices. In order to over-
come such a limitation, the insertion of reactive loads in the fractal tree structure has
been proposed in [7| at the cost of an increased complexity in the construction process of
the device.

Another effective methodology for obtaining a multiband behavior, without constraints on
resonance frequencies, is based on the introduction of perturbations both in size and length
of the fractal geometry [8][9][10][11]. According to this guideline, this paper presents the
design of a three-dimensional pre-fractal tree antenna operating at three different fre-
quency bands (GPS Li-Ly bands and Wi — Fi). The synthesis of the pre-fractal geome-
try is carried out through a numerical optimization procedure based on a particle swarm
optimizer (PSO) [12]|13||14], which optimizes the geometrical parameters describing the
tree geometry avoiding the insertion of any lumped load to obtain a multiband behavior.

The effectiveness of the design procedure and the characteristics of the synthesized three-



dimensional triband antenna are analyzed by means of representative numerical results

and measurements on an experimental prototype.

2 Triband Pre-Fractal Tree Antenna Design and Opti-
mization

The synthesis of the three-dimensional geometry of the multiband prefractal tree has
been formulated as an optimization problem by fixing suitable constraints in terms of
gain values and impedance matching at the input port (Return Loss values) in both L
and Lo frequency bands of the GPS system (centered respectively at f; = 1575.42 MHz
and at f, = 1227.60 MHz) as well as in the Wi — Fi band (centered at f3; = 2440.00
MHz).

As far as the impedance matching is concerned, a Return Loss lower than —10dB is
required. Moreover, the radiation characteristics of the three-dimensional antenna are
required to satisfy the following constraints. Concerning L; and L, GPS bands, an
hemispherical coverage is needed with gain values suitable for commercial GPS receivers.
More in detail, gain values greater than G,,;,, = 3.0dBi at § = 0° and greater than
Gmin = —4.0dBi at § = 70° by assuming the presence of a low noise 30 dB preamplifier
stage at the input port of the GP.S receiver because of the weakness of the GP.S signals
at the earth surface. Furthermore, taking into account the performances required by a
commercial mobile transmitter/receiver in the Wi — Fi band, the following constraints
have been defined: gain values greater than G,,;, = —6.0dBi7 at § = 70° and an average
gain greater than G, = —10.0dBi in the angular range 70° < 6 < 90°. Finally, in
order to minimize the overall size of the antenna, the 3D structure is required to belong

Ao

to a volume having dimensions % X % X 4, being % = 6 cm at the lowest resonance

frequency (fy = 1227.60 M Hz).

According to |7||15], the self similar structure of the prefractal tree has been derived by
repeatedly applying the so-called Hutchinson operator up to the stage ¢ = 3. As shown in
Fig. 1, starting from a trunk of length [y lying along the z-axis in a cartesian coordinate

system |Fig. 1(a)|, the fractal tree structure is generated by the iterative addition of



junctions from which several branches (called child branches) split from a parent branch.
Except the trunk and the final branches, every branch is connected to a junction at its
own terminations. Thus, it is at the same time child and parent of other branches. These
structures can be grouped in different classes depending on: (a) the number of branches
R that lead off a junction, (b) the bent angle &, with respect to the parent direction, and
(c) the angle & that separates the consecutive branches leading off the same junction. In
this paper, in order to simplify the building procedure, a four branches (R = 4) fractal
tree characterized by & = 90 and &; = 90° has been considered. Therefore, the resulting
fractal shape is composed by branches lying along the axes of the coordinate system and
the antenna structure is uniquely determined by: (i) the trunk length Iy and (ii) the
lengths I; ; of the branches, i being the iteration index and j (j = 1, ..., R’) denotes the
j-th branch generated at the i-th stage (i = 1,...,I) as pictorially shown in Fig. 1(b)
(i =1), Fig. 1(¢) (1 = 2), and Fig. 1(d) (i = 3). Summarizing, the I-th order prefractal
tree is constituted by L = Zle RU=H#1 4 1 segments (the branches and the trunk) of
circular cross-section r = 0.5 mm in radius.

Under these assumptions, the descriptive parameters of the pre-fractal tree (trunked at
I = 3 for tuning three different resonance frequencies) have been optimized by minimizing

the following cost function

M—-1N-1T-1
m=0 n= min

=0
V-1
U{vAf} —VSWR,0
+ {ma:c {0, VSW R } }

where 7 = {lo, l;j, i=1,...1=3,j=1, ...,R'}, Af is the sampling frequency step in
the L1, L2 and Wi — Fi bands, A0 and A¢ are the sampling angular steps of the gain
function, ® {1} = ® {tA0,nA¢,mAf} is the gain function of the radiating structure
computed at (0 = tAf ,¢p = nA¢, f =mAf), and ¥ {1} = WU {vAf} is the VSWR value
at f = mAf. Moreover, since besides electrical constraints some other conditions have
been stated for limiting the physical size of the antenna, a set of geometrical constraints
have been defined to avoid the synthesis of unfeasible structures.

According to the guidelines described in [13], a suitable implementation of the PSO



|16] has been integrated with a tree-like prefractal generator and a method-of-moments
(MoM) electromagnetic simulator [17] for minimizing (1), thus determining the antenna
structure. More in detail, starting from the trial solutions lék) (pe(l, Pland k € [1, K]
being the index of the particle in the solutions swarm and the iteration index, respectively)
iteratively generated by the PSO, the prefractal generator determines the corresponding
antenna structure. Then, the VSW R and gain values are computed by means of the
MoM simulator, which takes into account the presence of a reference ground plane of
infinite extent. The iterative process continues until k¥ = K or 3" < 5, n being the

convergence threshold and 3t = miny, {mz'np [% <11()k)>} }

3 Numerical Analysis and Experimental Validation

Concerning the PSO implementation, the following setup has been used: a swarm of
P = 8 trial solutions, a threshold n = 1073, and a maximum number of iterations equal
to K = 2000. The remaining PSO parameters have been set taking into account the
guidelines proposed in [13]| and according to the rules defined in [16].

As an illustrative example of the optimization process, Fig. 2 shows the evolution of
the behaviors of the VSW R in correspondence with the optimal solution determined at
successive iterations of the optimization process. As it can be observed, starting from a
completely mismatched configuration (k = 0), the solution improves (k = 10, k = 50)
until an antenna design is found (k = keon,) that fits the electrical specifications. As
far as the geometric constraints are concerned, the synthesized structure turns out to be
adequate since its maximum dimensions are equal to 3.28 [mm] along the z-axis, 5.17 [mm)]
along the y-axis, and 3.82 [mm] along the z-axis.

From the computational point of view, Figure 3 shows the plot of the optimal value of the
cost function 3 versus the iteration number k. As it can be noticed, the optimization
required k.o, = 75 with a CPU-time at each iteration of about 5sec (Pentium IV,
1800 M Hz, 512 M B RAM).

Thanks to the solution estimated at the end of the PSO-based optimization, a proto-
type of the three-dimensional antenna has been built (Fig. 4). In order to carry out

the experimental assessment, the trunk of the tree has been soldered to an SMA con-



nector previously assembled on a reference ground plane whose dimensions was equal to
90 x 140 [cm?] and the Return Loss values have been measured with a scalar network
analyzer by placing the measurement setup inside an anechoic chamber. Figure 5 shows a
comparison between computed and measured values that points out a satisfactory agree-
ment among simulations and experiments.

A similar comparative evaluation has also been performed for the radiation properties
of the antenna. More in detail, Figure 6 shows measured and simulated gain functions
in the horizontal plane [# = 0°- Fig. 6(a)| and in a vertical plane [¢ = 0°- Fig. 6(b)].
As required, the antenna prototype allows an hemispherical coverage in the Li- Ly GPS
bands and, considering the 30 dB preamplification stage at the input port, the gain val-
ues turn out to be compliant with the requirements (®gps {0 = 0°} > Gin {0 = 0°} =
3 dBi and ®gpg {0 =70°} > G {0 = 70°} = —4 dBi). Similar conclusions hold true
for the Wi — Fi frequency band (®yw,;_p; {0 = 70°} > Gpin {0 = 70°} = —6 dBi and
D4yops {70° < 0 < 90°} > Gruinav {70° < 0 < 90°} = —3dBi).

4 Conclusions

The design and the optimization of a three-dimensional triband prefractal tree antenna has
been described. The antenna structure has been synthesized by optimizing the lengths of
the branches of a prefractal tree with a suitable particle swarm-based algorithm in order to
comply with geometrical and electrical requirements. A prototype of the triband antenna
has been built and an exhaustive set of comparisons between measured and simulated

antenna parameters has been carried out.
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Figure Captions

e Figure 1. Geometry of the Tri-Band Prefractal Tree Antenna: (a) i =0, (b) i = 1,

(¢)i=2,and (d)i=1=3.

e Figure 2. Simulated Return Loss at the input port of the Tri-Band Prefractal Tree
Antenna at different iterations of the optimization process: (a) k =0, (b) k = 10,

(¢) k=50, and (d) k = keono-
e Figure 3. Behavior of the cost function versus the iteration number.
e Figure 4. Photograph of the prototype of the Tri-Band Prefractal Tree Antenna.
e Figure 5. Comparison between measured and simulated Return Loss values.

e Figure 6. Computed and measured values of the gain function in the (a) horizontal

plane (6 = 0°) and in the (b) vertical plane (¢ = 0°).
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Figure 1 - R. Azaro et al., “Synthesis of a three-dimensional triband ...“
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Figure 2 - R. Azaro et al., “Synthesis of a three-dimensional triband ...“
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Figure 4 - R. Azaro et al., “Synthesis of a three-dimensional triband ...“
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