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Abstract— Peano fractal geometries are characterized by their high space filling properties.
In this paper, a new compact dual-mode microstrip filter design, based on this fractal geometry,
is presented as a candidate for use in modern wireless communication systems. A bandpass filter
with a quasi-elliptic response has been designed based on the 2nd iteration Peano fractal curve at
2.45GHz using a substrate of a relative dielectric constant of 9.6 and thickness of 0.508 mm. The
resulting filter structure based on the second iteration Peano geometry leads to compact size dual-
mode resonator with a side length of about 0.1λg. This represents better miniaturization level
compared with the other microstrip bandpass filters with structures based on other space-filling
geometries and designed at the same frequency using the same substrate material specifications.
Simulation and theoretical performance of the resulting filter structures have been carried out
using method of moments (MoM) based electromagnetic simulator IE3D, from Zeland Software
Inc.. The results also show that the proposed filter structure possesses good return loss and
transmission responses besides the size reduction gained, making it suitable for use in a wide
variety of wireless communication applications. Furthermore, the out-of-band response indicates
that the proposed filter has less tendency to support higher harmonics.

1. INTRODUCTION

A wide variety of applications for fractal has been found in many areas of science and engineering,
since the pioneer work of Mandelbrot [1]. An example of such area is fractal electrodynamics [2] in
which fractal geometry is combined with electromagnetic theory for the purpose of investigating a
new class of radiation, propagation, and scattering problems. One of the most promising areas of
fractal electrodynamics research is its application to the antenna and microwave circuits design.

The application of fractal geometries in antenna and passive microwave circuit design has found
continuing interest to meet the recent development in wireless communication systems that impose
new challenges to design and produce high quality miniaturized components. These geometries have
two common properties; space-filling and self-similarity. According to this property, fractal curves
are characterized by a unique behavior that, after an infinite number of iterations, their length
becomes infinite although the entire curve fits into the finite area. Space-filling property of fractal
shapes has been successfully applied to the design of multi-band fractal antennas, while the space-
filling property has been utilized to reduce the antenna size. This property can be exploited for the
miniaturization of microstrip antennas, resonators, and filters. Due to the technology limitations,
fractal curves are not physically realizable. Pre-fractals, fractal curves with finite order, are used
instead [3].

However, most of the research efforts have been devoted to the antenna applications. Among the
earliest predictions of the use of fractals in the design and fabrication of filters is that of Yordanov
et al. [4]. Their predictions are based on their investigation of Cantor fractal geometry. Hilbert
fractal curve has been used as a defected ground structure in the design of a microstrip lowpass
filter operating at the L-band microwave frequency. Based on this fractal curve, compact high
temperature superconductor microstrip bandpass resonator filters have been designed for wireless
communication applications [5]. Sierpinski fractal geometry has been used in the implementation
of a complementary split ring resonator [6]. Split ring geometry based on square Sierpinski frac-
tal curves has been proposed to reduce resonant frequency of the structure and achieve improved
frequency selectivity in the resonator performance. Koch fractal shape is applied to mm-wave
microstrip bandpass filters integrated on a high-resistivity substrate [7]. Minkowski-like fractal
geometries have been applied to the square ring resonator to design miniaturized dual-mode mi-
crostrip bandpass filters [8, 9]. The application of Hilbert fractal geometries to produce single-mode
multi-resonator microstrip bandpass filters has been reported in [10]. Peano fractal geometry has
been successfully used to design single-mode multi-resonator microstrip bandpass filters and open
resonators with 2nd harmonic reduction [11–13]. Up to authors’ knowledge, this fractal geometry
has not been yet applied to design a dual-mode bandpass filter.
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In this paper, dual-mode microstrip bandpass filter designs and has been presented for use in
the modern compact communication systems. Based on the second iteration Peano fractal curve
geometry, a microstrip bandpass filter has been designed at a frequency of 2.45 GHz. The resulting
filter is expected to possess a considerable miniaturization owing to its remarkable space-filling
property together with good transmission and return loss responses.

2. THE PEANO FRACTAL FILTER STRUCTURE

The Peano curve, proposed by Peano in 1890, was, in fact, the first set of space-filling curve [14].
One interesting feature of the Peano-curve algorithm is its relatively higher compression rate than
the Hilbert-curve algorithm in filling a 2-D region, which suggests that the Peano resonator may
resonate at a lower fundamental resonant frequency than a comparable Hilbert resonator of the
same iteration order k. The Peano fractal curve, as shown in Figure 1, consists in a continuous line
which connects the centers of a uniform background grid.

The fractal curve is fit in a square section of S as external side. By increasing the iteration level
k of the curve, one reduces the elemental grid size as S/(3k−1); the space between lines diminishes
in the same proportion. For a Peano resonator, made of a thin conducting strip in the form of the
Peano curve with side dimension S and order k, the length of each line segment d and the sum of
all the line segments L(k) are given by [11, 12]

L(k) =
(
3k + 1

)
S (1)

The main idea here is to increase the iteration of the Peano curve as much as possible in order to fit
the resonator in the smallest area. However, it has been found that, when dealing with space-filling
fractal shaped microstrip resonators, there is a tradeoff between miniaturization (curves with high
k) and quality factor of the resonator. For a microstrip resonator, the width of the strip w and the
spacing between the strips g are the parameters which actually define this tradeoff [11, 12]. Both
dimensions (w and g) are connected with the external side S and iteration level k (k ≥ 2) by:

S = 3k(w + g)− g (2)

From this equation, it is clear that trying to obtain higher levels of fractal iterations; this will lead
to lower values of the microstrip width, thus increasing the dissipative losses with a corresponding
degradation of the resonator quality factor. Hence, for these structures, the compromise between
miniaturization and quality factor is simply defined by an adequate fractal iteration level. How-
ever, it has been concluded, in practice, that the number of generating iterations required to reap
the benefits of miniaturization is only few before the additional complexities become indistinguish-
able [3].

The dimension of a fractal provides a description of how much a space it fills [14]. It is a
measure of the prominence of the irregularities when viewed at very small scales. A dimension
contains much information about the geometrical properties of a fractal. Because the total length
of the conducting strip is larger than that of the same order Hilbert resonator, which is (2k + 1)S,
it would be expected that the Peano resonator resonates at a lower fundamental frequency than
the same order Hilbert resonator [10].

Figure 1: The first three iteration levels of the Peano fractal curve generation process.
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3. THE PROPOSED FILTER MODELING

It is intended, in this work, to present a dual-mode microstrip bandpass filter with its resonator
structure based on Peano fractal geometry after applying it on the conventional square ring res-
onator. In this context, the Peano fractal geometry has been successfully used to design single-mode
microstrip bandpass filters [11, 12]. Up to authors’ knowledge, this fractal geometry has not been
yet applied to design a dual-mode bandpass filter. The application of the Peano fractal geometry
on the square ring is shown in Figure 2.

At first, the square ring perimeter has been divided into four quarters, Figure 2(a), then re-
placing each of the four parts with the second iteration Peano structure. The resulting resonator,
Figure 2(b), is composed of four Peano based structures. This resonator has been used to model a
dual-mode microstrip bandpass filter. Owing to the space-filling property, the structure possesses,
it is expected to gain a high miniaturization percent as compared with the conventional square ring
resonator based bandpass filter. Figure 3 shows the layout of the resulting microstrip bandpass
filter.

The filter is to be etched using a substrate with a relative dielectric constant of 9.6 and a thickness
of 0.508mm. The input/output feeds are with 50 Ω characteristic impedance with a transmission
line width of about 0.5 mm. A small perturbation has been placed at a location midway of the
resonator electrical length with respect of the feeds, to couple the two degenerate modes. The
resonator is coupled to the input/output ports via two couplers. The coupler width is of about
0.2mm, and the coupling gap between the resonator and the couplers is of about 0.5 mm. The
resonator structure has an overall side length of 4.851 mm, 0.1λg, and a conductor trace width of

(a) (b)

Figure 2: (a) The conventional square ring resonator with its
perimeter divide into four quarters, and (b) the resulting res-
onator structure after each quarter in (a) being replaced with
a Peano based second iteration structure shown in Figure 1(b).

Figure 3: The layout of the proposed frac-
tal based dual-mode microstrip bandpass
filter designed at 2.45 GHz.

Figure 4: The return loss S11 and the transmis-
sion S21 responses of the Peano based dual-mode
microstrip bandpass filter shown in Figure 3.

Figure 5: The out-of-band transmission S21 response
of the Peano based resonator dual-mode bandpass
filter shown in Figure 3.
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Figure 6: The surface current distribution on the Peano based resonator filter shown in Figure 3, at 2.45 GHz
and two other frequencies below and beyond the design frequency.

0.15mm to resonate at a design frequency of 2.45 GHz. This corresponds to a size reduction of
about 84% as compared with the conventional dual-mode square ring resonator, since the resonant
side length of the square ring dual-mode microstrip resonator is 0.5λg [15]; where λg is the guided
wavelength, and it is given by:

λg =
λ0√
εeff

(3)

where εeff is the effective dielectric constant, and can be calculated by empirical expressions reported
in the literature [16].

However, most of the commercially available EM simulators can perform direct calculation of
both λg and εeff , provided that substrate parameters and the operating frequency are known. For
the present case, λg has been found to be 48.366mm. The resulting side length of the modeled
filter which is 4.85mm is in very good agreement with what is predicted by Eqs. (1) and (3).

4. PERFORMANCE EVALUATION

The resulting dual-mode microstrip bandpass filter, with the layout shown in Figure 3, has been
modeled at 2.45 GHz. The modeling and performance evaluation of the proposed filter struc-
ture have carried out using the commercially available IE3D EM simulator, from Zeland Software
Inc. [17]. A suitable grid, in the EM solver, has to be chosen to make a good compromise between
geometrical resolution and solution time. Figures 4 and 5 demonstrate the resulting performance
curves after a slight tuning. Filter responses shown in Figure 4 imply symmetrical characteristics
with sharper lower and higher cut-off passband, centered at a frequency of about 2.456 GHz. The
resulting fractional bandwidth is of about 1.22%, as indicated in the in-band response shown in
Figure 4.

Figure 5 shows the out-of-band responses of this filter throughout a swept frequency ranges from
1 to 6 GHz. The 3rd harmonic response appearing here is of little importance, since it is with a
very narrow-band and with low value of transmission loss, while the 2nd harmonic response has
considerably diminished.

Figure 6 shows the electric current density distribution on the surface of the modeled filter at
three distinct frequencies; the design frequency, 2.45 GHz, and two other frequencies ±100MHz of
the design frequency. It is clear that there are no currents flowing on the surface of the filter at
2.35 and 2.55 GHz, since these frequencies are out-of-band.

However, the current density on the surface of the filter at 2.45 GHz implies that the current with
density will flow in the passband. On other hand, the degree of symmetry of the current densities
throughout the entire filter surface is a measure of the filter response as depicted in Figure 4.

5. CONCLUSIONS

A new dual-mode microstrip bandpass filter design for use in modern compact wireless commu-
nication systems has been presented in this paper. The proposed filter structure has dual-mode
microstrip resonator in the form of 2nd iteration Peano fractal curve. The space-filling property
of the proposed fractal structure, results in a high degree of miniaturization of the dual-mode res-
onator. The fractal based resonator has been found to occupy an area of about (0.1×0.1) λg which
represents a miniaturization percentage of about 84% as compared with conventional square ring
resonator designed at the same frequency and using a substrate having the same parameters. The
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resulting filter has reasonable passband performance besides the size reduction gained making it
suitable for a wide variety of wireless communication applications. Furthermore, the out-of-band
performance responses have shown that the proposed filter does not support the 2nd harmonic
which conventionally accompanies the bandpass filter performance.
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