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1.  Introduction

Various fractal geometries are characterized by two 
unique properties; space-filling and self-similarity. These 
properties have opened new and essential approaches 
for antennas and electronic solutions in the course of 
the most recent 25 years. This preliminary stage gives 
a prologue to the benefits given by fractal geometry in 
antennas, resonators, and related structures. Such profits 
incorporate, among numerous, wider bandwidths, littler 
sizes, part-less electronic parts, and better performance. 
Additionally, fractals give another era of optimized 
design tools, initially utilized effectively in antennas but 
applicable in a general manner1. 

In the antenna design, the unique properties of 
space-filling and self-similarity that different fractal 
geometries possess were successfully employed to 
produce miniaturized multiband radiating structures2–9

. 

Furthermore, various fractal curves were suggested to be 
applied to the traditional microstrip resonators which are 
successfully adopted to design miniaturized antennas and 
filters for a wide range of communication applications. 
Based on the traditional square patch, Sierpinski carpet 
has been employed to construct a dual-mode microstrip 
bandpass filter10,11. Furthermore, many conventional 
fractal geometries have also found their way in the design 
compact BPF structures12,13. The Peano fractal geometry 
and its variants have been used in the traditional 
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resonators to produce successful high-performance 
compact size single and dual-mode microstrip bandpass 
filters14–17. The high space-filling property of this fractal 
geometry makes it an attractive choice to design bandpass 
filters with high size reduction levels. The high space-
filling property of the Minkowski fractal based microstrip 
resonators has more attracted microwave filter designers 
to successfully suggest them to design miniaturized dual-
mode fractal based microstrip ring resonator BPFs18–21. 
Also, Minkowski Island has been adopted to create a 
hairpin BPF with harmonic suppression22.

On the other hand, the application of the DGS to 
produce compact size filter and better performance 
has shown to be interesting, and an increasing research 
work has been reported. Unfortunately, the majority of 
the published research has been devoted to the design 
of lowpass filter design. In this respect, the use of fractal 
geometries to modify the shapes of the DGS structures 
has shown effective to provide further miniaturization 
and enhanced LPFs and BPFs performance23–28. A DGS 
in the form of Hilbert fractal Curve Ring (HCR) has 
been investigated to design a compact LPF23. A DGS cell 
model in the form of HCR with open stubs loaded on the 
conductor line is adopted to improve the performance of 
the filter out-band suppression. A Sierpinski carpet fractal 
DGS is effectively applied to design a LPF in24, where a 
simple structure and high-power handling capability 
are obtained from the proposed filter. Furthermore, 
Minkowski and Koch fractal geometries have been 
applied to form DGS complementary split ring resonators 
design miniaturized BPFs25,26. 

In this paper, a compact BPF with fractal based 
DGS resonators is presented. Minkowski fractal curve, 
with different iteration levels, were used to shape DGS 
structures of the suggested filter. Besides the miniaturized 
size, the resulting BPF has been shown to offer reasonable 
passband response with reduced higher harmonics. 
Although the employment of the different fractal 
geometries in the design of DGS resonators to construct 
compact planar BPFs, but the authors believe that the 
presented filter design over-performs many of its class 
in that it offers compact size together with reasonable 
passband characteristics as will be shown in the following 
sections.  

2.  The Filter Structure

The structure of the proposed microstrip BPF is considered 
as a modification of that adopting the traditional open-
loop coupled rings and other Euclidean shaped DGS 
resonators, reported in the literature27,28, as a starting step. 
In this work, the suggested DGS coupled resonators will 
take the shape of the Minkowski fractal geometries shown 
in Figure 1. 

Essentially, the modification carried out to reshape 
the structures depicted in Figure 1 is a means to increase 
the length occupied by the fractal based resonator at 
resonance. Subsequently, this will result in an increase of 
the surface current path length which in turns leading to 
a reduced resonant frequency. Therefore, a compact size 
resonator will result in, if the design frequency is kept 
unchanged. The fractal-based perimeter Pn of the nth 
iteration structure, will be given by18,25:
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where, w2 and Lo are as outlined in Figure 1. Apparently, 
as n increases, the resulting fractal perimeter will increase 
accordingly. The space-filling property of the fractal 
based structure to increase its length in the succeeding 
iterations was found very attractive for considering its size 
reduction ability as a BPF. In this paper, the proposed BPF 
structure is consist of two main parts; the first is a center 
slotted microstrip transmission line to be etched on one 
side of a substrate, while the other side of the substrate 
will constitute a modified Minkowski fractal based DGS. 
Different BPF structures will be examined corresponding 
to the different iteration levels.

3.  The Proposed Filter Design

Many DGS microstrip BPFs have been modeled with 
their ground planes being defected by slot structures in 
the form of two coupled resonators. The proposed DGS 
structures are composed of two coupled open loop slot 
resonators based on the modified Minkowski fractal 
iteration levels; starting from zero iteration up to the 
2nd iteration level as depicted in Figure 1. Three BPFs, 
each with different iteration fractal DGS structure will be 
modeled and their performance has to be evaluated using 
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the Method of Moments (MoM) based electromagnetic 
simulator, IE3D29. 

Figure 1.    The steps of growth of the Minkowski-like pre-
fractal structure: (a) the generator, (b) the square ring, (c) 
the 1st iteration, and (d) the 2nd iteration18,25.

Figure 2 demonstrate the layout of the modeled 
filter with its ground plane being defected by two 
coupled open loop slots in the form of the 2nd iteration 
Minkowski fractal geometry. On the top of the substrate, 
a transmission line is etched with a gap having a width 
D is embedded in its center. The substrate has a relative 
dielectric constant of 2.65 and thickness of 1.0 mm. The 
input/output ports have 50Ω characteristic impedance. 
The corresponding transmission line will have a width of 
about 2.75 mm. 

Figure 2.    (a) The modeled fractal based DGS 
BPF configuration, (b) The top view and (c). The 
bottom view.

The side length, L, of the resonators of the modeled 
filters has been kept unchanged as that of the square 
open-loop. At the design frequency of 2.45 GHz, it has 
been found that the modeled BPF with zero iteration 
DGS resonates when L is equal to about 12.50 mm. This 
length represents about 0.15 the guided wavelength, λg. 
The guided wavelength is calculated as:

eff
g ε

λ
λ 0=                                             (2)

where, εeff is the effective dielectric constant. Many 
electromagnetic simulators permit the calculation 
of εeff using empirical expressions as reported in the 
literature29,30. Nevertheless, applying fractal geometries 
implies that larger length has been included in the 
resonator structures which are not equal to half or 
multiple of λg at resonance, because not all the resonator 

length will contribute to achieve resonance. This can be 
clearer when investigating the current distribution on the 
ground plane at resonance as will be shown later. 

It is worth to note that the resonator side lengths of the 
modeled filters in this paper are maintained unchanged 
at this value. As will be shown later, the gap width, D, 
the inter-resonator spacing, X and the distance between 
the filter longitudinal center and the transmission line 
lower edge, W play important roles in the resulting filter 
performance. 

4.  Performance Evaluation

The performance of a BPF is typically evaluated throughout 
its passband characteristics, including passband inser tion 
loss. It is required that the passband insertion loss should 
be as low as possible and consistently low as possible 
across the full passband. The BPF should provide as much 
rejection of unwanted signals as possible, both in its 
lower stopband and upper stopband outside of the low-
loss passband. In this context, as a measure of the degree 
of selectivity of the BPF response, it can be described by 
what is known the roll-off rate31–33. The roll-off rate, R, of 
a filter response is defined as:

cs ff
R

−
−

= minmax αα
                              (3)

where, αmax is the 40 dB attenuation point and αmin 
is the 3 dB attenuation point; fs is the 40 dB stopband 
frequency and fc is the 3 dB cutoff frequency. It is worth 
to note that, different values might be assigned to αmax in 
order to determine the roll-off rate34. However, in this 
work αmax has been chosen to be 40 dB. 

BPFs with the DGS structures as those depicted in 
Figure 3, have been modeled and analyzed using the 
commercially available EM simulator, IE3D. Two other 
filters have been designed; both with the fractal based 
resonators DGS as depicted in Figures 3(a) and 3(b). 

Figure 3.    The bottom view of the modeled BPFs with; 
(a) zero iteration fractal DGS, (b) the 1st iteration fractal 
DGS, and (c) the 2nd iteration fractal DGS.

5.  Parametric Study 

Three BPFs with fractal based DGS structures depicted 
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in Figure 3(a), have been modeled and analyzed. The side 
length L of all the coupled DGS resonators of the modeled 
filters has been kept unchanged at 12.50 mm and slot 
trace width, T of about o.61 mm. At this length, the zero 
iteration DGS BPF resonates at 2.50 GHz. A parametric 
study has been conducted to examine the influences of 
the various filter elements on its performance. 

The effect of varying the gap width D, while keeping 
other parameters unchanged, has been shown in Figure 
4. The increase of D leads to shift the transmission zeros 
away from the center frequency while almost has no effect 
on the passband. As D becomes larger, this will expand the 
filter bandwidth at the expense of reduction of the filter 
selectivity. At certain value of D, the upper transmission 
zero disappears. The effect of varying inter-resonator 
spacing X has been shown in Figure 5. In comparison 
with the effect of D, varying X will be slight on both the 
passband and stopband. 

Figure 4.    Simulated transmission responses of the zero 
iteration fractal DGS BPFs with W=1.5 mm, X=2.5 mm 
and D as a parameter.

Figure 5.    Simulated transmission responses of the zero 
iteration fractal DGS BPFs with W=1.5 mm, D=2.5 mm 
and X as a parameter.

Varying the feed line position, W, with respect to the 
filter longitudinal center has a significant effect as clearly 
shown in Figure 6. Both the filter passband and stopband 
are considerably deteriorated. As the feed line becomes 
near the DGS edge, the filter performance has been 
improved. Best performance has found at W=1.5 mm, 
X=2.5 mm and D=1.0 mm. This is depicted in Figure 7 
which demonstrates the in-band and out-of-band filter 
reflection and transmission responses. 

Figure 6.    Simulated transmission responses of the zero 
iteration fractal DGS BPFs with X=2.5 mm, D=2.5 mm and 
W as a parameter.

Figure 7.    Simulated transmission and reflection 
coefficient responses of the zero iteration fractal DGS BPF 
with W=1.5 mm, X=2.5 mm and D=1.0 mm.

Similar parametric study has been carried out for 
the BPF with 1st iteration fractal DGS having the same 
resonator side length. The extra length provided by the 
1st iteration fractal resonator, makes the filter resonating 
at a lower frequency. The resulting filter has a resonant 
frequency of about 1.61 GHz. Compared with the zero 
iteration fractal DGS BPF; this corresponds to a size 
reduction of about 65%. 
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Besides the size reduction, the 1st iteration fractal DGS 
BPF over performs that with zero iteration fractal DGS in 
that it offers better selectivity. The effects of varying the 
parameters; D, X, and W on the filter performance are 
depicted in Figures 8–10 respectively. 

Figure 8.    Simulated transmission responses of the 1st 
iteration fractal DGS BPFs with W=2.25 mm, X=1.0 mm 
and D as a parameter.

Figure 9.    Simulated transmission responses of the 1st 
iteration fractal DGS BPF with W=2.25 mm, D=0.25 mm 
and X as a parameter.

Figure 10.    Simulated transmission responses of the 1st 
iteration fractal DGS BPFs with X=1.0 mm, D=2.0 mm 
and W as a parameter.

For this filter, best performance has found at W=2.25 

mm, X=2.0 mm and D=0.25 mm. This is depicted in 
Figure 7 which demonstrates the in-band and out-of-
band filter reflection and transmission responses.

From the results in Figure 11, the filter has a center 
frequency at 1.61 GHz with symmetrical response about 
the center frequency. The results imply that the filter offers 
two transmission zeros positioned at 1.33 GHz and 2.15 
GHz. The filter has steeper response with higher roll-off 
rates of about 132.74 dB/GHz and 94.81 dB/GHz at the 
lower and the upper edges of the passband respectively. 
In addition, the filter has more rejection level in the 
stopband as compared with the1st iteration fractal DGS 
BPF previously prescribed. 

Figure 11.    Simulated transmission and reflection 
coefficient responses of the 1st iteration fractal DGS BPF 
with W=2.25 mm, X=2.0 mm and D=0.25 mm; (a) The in-
band response, and (b) The out-of-band response.

Bandpass filters based on the 2nd iteration fractal DGS 
are found the best among the investigated filters. Figures 
12–14 demonstrate the filter performance responses 
under the effects of varying the parameters; D, X, and 
W. It is clear from the results that the BPF based on 2nd 
iteration fractal DGS than the other two filters in many 
respects. This filter offers the highest selectivity and the 
highest rejection level in the stopband. 

Figure 12.    Simulated transmission responses of the 2nd 
iteration fractal DGS BPFs with W=1.5 mm, X=4.0 mm 
and D as a parameter.
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Figure 13.    Simulated transmission responses of the 2nd 
iteration fractal DGS BPFs with W=1.5 mm, D=1.0 mm 
and X as a parameter.

Figure 14.    Simulated transmission responses of the 2nd 
iteration fractal DGS BPFs with X=1.0 mm, D=2.0 mm 
and W as a parameter.

Figure 15 demonstrates the responses of the resulting 
filter. As the results in Figure 15(a) imply, the filter 
possesses an in-band response with steep roll-off. The – 
40 dB lower edge roll-off rate of the passband is of about 
197.70 dB/GHz, and that of the upper edge is of about 
180.04 dB/GHz. It also has two transmission zeros that 
are almost symmetrically positioned about the center 
frequency and located at 1.32 GHz and 1.87 GHz. On 
other hand, Figure 15(b) shows the out-of-band filter 
response. It is clear that the filter doesn’t support the higher 
harmonics which normally accompany the performance 
of BPFs. Furthermore, according to 19,20, the positions of 
the transmission zeros is highly affected by the equivalent 
capacitance of the DGS structures. As the iteration level 
becomes higher of the successive structures while the side 
length maintained fixed, the included length becomes 
larger and substructures of the resonators become near 
each other; creating a capacitive coupling which in turns 
improves the resulting filter skirt characteristics at both 

edges. 

Figure 15.    Simulated transmission and reflection 
coefficient responses of the 2nd iteration fractal DGS BPF 
with W=1.5 mm, X=5.0 mm and D=1.0 mm; (a). The in-
band response and (b). The out-of-band response.

On the other hand, all of the presented filters in 
the article are of second order which means that they 
necessarily have two poles in their return loss responses. 
It is clear that the response of the Figure 7 has two poles 
while those of Figures 15 and 17 have one pole. This is 
because that the poles of the filter responses depicted in 
Figures 15 and 17 are very close and superimposed on 
each other and appear as if they possess one pole. 

Moreover, to present more physical explanation about 
the EM aspects of the proposed filter, the simulated current 
distributions on its surface at 1.30, 1.55 and 1.70 GHz, are 
shown in Figures 16 (a), (b), and (c) respectively. Figure 
16 displays the current distributions on the surfaces of the 
bottom of the filter structure, with the responses depicted 
in Figure 15, in the lower stopband, in the passband, in 
the upper stopband. Figures 16 (a) and (c) imply that no 
coupling takes place between the resonators in the lower 
stopband and the upper stopband. However, the high 
current densities shown in Figure 16 (b) reveal the strong 
coupling causing the required resonance. It is clear that 
most of the resonator length contribute to resonance. A 
prototype of the proposed 2nd iteration fractal DGS BPF 
with W=1.5 mm, X=5.0 mm and D=1.0 mm has been 
fabricated using the same substrate as shown in Figure 17. 

Figure 16.    The current distributions on the surface of 
the ground plane of the filter with responses depicted in 
Figure 15 at (a) 1.3 GHz, (b) 1.55 GHz, and (c) 1.7 GHz.
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Figure 17.    Photos of the fabricated prototype of the 
proposed 2nd iteration fractal DGS BPF with W=1.5 mm, 
X=5.0 mm and D=1.0 mm; (a) The top view and (b) The 
bottom view.

Figure 18.    Measured and simulated return loss and 
transmission responses of the fabricated filter prototype 
depicted in Figure 17.

A prototype of the proposed 2nd iteration fractal DGS 
BPF with W=1.5 mm, X=5.0 mm and D=1.0 mm has 
been fabricated using the same substrate as demonstrated 
in Figure 17. Figure 18 illustrates the measured and 
simulated reflection coefficient and transmission 
responses of the fabricated filter prototype. Measured 
results of a fabricated prototype of a 2nd iteration 
fractal DGS BPF have shown reasonable agreement 
with those predicted by simulation. There is a slight 
shift of the lower edge of the passband response of the 
transmission characteristics, while the upper edge is s 
very close. Besides, measured results show attenuation in 
the passband. The differences between the measured and 
simulated results are attributed the fabrication tolerances; 
more advanced production technique together with a 
substrate with precise specifications will lead to results 
with higher agreement. 

A comparison among the performance of the BPFs 
presented in this paper and with that reported in most 
recently published work27 is summarized in Table 1. Even 
though the additive size reduction of the 2nd iteration 
fractal DGS BPF is small but this filter offers the best 

selectivity in terms of the lower and the upper edges 
roll-off rates. The areas occupied by each filter have been 
expressed in terms of λg calculated at the center frequency 
corresponding to each filter. Although the DGS BPF 
presented in28 is almost comparable in size with proposed 
one, but it has poor upper edge roll-off rate and low 
selectivity in the lower edge roll-off rate.

Table 1.    Comparison of the presented DGS BPFs with 
some published work
Filter Type Filter size 

λg
2

Roll-off Rate 
(lower edge) 

dB/GHz

Roll-off Rate 
(upper edge) 

dB/GHz
Zero iteration 
DGS

0.45×0.23 78.51 47.10

1st iteration 
DGS

0.30×0.15 132.74 94.81

2nd iteration 
DGS

0.29×0.14 197.70 180.04

DGS BPF27 0.50×0.25 72.54 52.86
DGS BPF28 0.22×0.17 41.11 12.75

6.  Conclusions 

A Minkowski fractal based DGS resonator presented in 
this paper has proved its validity to design miniaturized 
microstrip BPFs. In addition to the reasonable 
performance of the proposed filter, the application 
of Minkowski fractal based DGS resonator results in 
filter structures with more compact size reduction in 
comparison with those reported in the literature. Results 
have revealed that further filter miniaturization might 
results in when applying higher fractal levels. In practice, 
this might not be satisfied for all iteration levels because 
there many limitations encountering to production of 
the filter prototype. The results have shown that the filter 
performance has shown a low loss in the passband and high 
rejection in the stopband with considerable reduction of 
higher harmonics. Most important, the resulting filter has 
high selectivity with steep roll-off rates at both the lower 
and the upper edges of the passband. A prototype of a 2nd 
iteration fractal DGS BPF has been fabricated. Measured 
results of a have shown reasonable agreement with those 
predicted by simulation. The proposed filter performance, 
together with the extra size reduction; makes it suitable a 
candidate for use in a wide variety of recently available 
wireless services.
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