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ABSTRACT

Various fractal geometries have been successfully applied to design compact bandpass filters and miniaturized
multiband antennas for different multi-services wireless applications. In this paper, a thorough investigation of the space-
filling characteristics of the classical Minkowski fractal geometry has been presented. Many variants of this geometry can
be derived by using generators by varying the standard one-third ratio adopted in the traditional fractal geometry. The use
of multi-ratio will result in a large number of variants with fractal dimensions that are larger or smaller than 1.465 of the
normal Minkowski fractal geometry. The higher the fractal dimension, the better the fractal curve fills the given area,
therefore achieving higher compactness. These variants will provide the antenna and filter designer with many choices to

implement his structures.
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1. INTRODUCTION

Among the earliest predictions of the use of
fractals in the design and fabrication of filters is that of
Yordanov et al., [1]. His predictions were based on their
investigation of Cantor fractal geometry. Fractal curves
are well known for their unique space-filling properties.
Research results showed that, due to the increase of the
overall length of the microstrip line on a given substrate
area as well as to the specific line geometry, using fractal
curves reduces the resonant frequency of microstrip
resonators, and gives narrow resonant peaks[2-4].

The various fractal geometries have been applied
to produce bandpass filters for a wide variety of
applications [5-17]. In this context, miniaturized
Sierpinski fractal-based bandpass filters have been
presented in [5-7]. Also, Hilbert fractal based resonators
have been suggested in [8-13] to design many compact
bandpass filters. Peano fractal geometry as applied to the
conventional square open-ring resonators has led to
producing miniaturized bandpass filters (BPFs) and BSFs,
with high performance [14-16]. Furthermore, Moore,
Koch, and other fractal geometries have also found their
ways to construct compact microstrip BPFs and BSFs [17-
18].

On the other hand, the Minkowski fractal
geometry and its variants were utilized in the design of
small size planar single-band, dual-band, and multiband
BPFs as reported in the literature [19-33]. In this respect,
many compact size BPFs, with single-band resonant
responses, have been successfully designed based on
Minkowski fractal geometry [19-25]. Most recently, a
small size dual-mode BPF based on the second iteration
Minkowski variant has been presented in [24]. The filter
has achieved a circuit area reduction of 97.5% as
compared with the conventional square dual-mode loop
BPF.

Besides, dual-band BPFs with small size have
been reported in [26-28]. Furthermore, triple-band and
quad-band bandpass filters have been recently proposed
based on this geometry [29-30]. More interesting, among

the previously stated fractal geometries, only the
Minkowski fractal variants have been employed to design
compact bandstop filters [31-34].

Away from the application of fractal geometries
in the filter design, different fractal geometries have been
used in the design of compact multiband antennas for
various communication applications. Fractal geometries,
such as Moore, Koch, Peano, and many others have been
successfully applied to perform this task [35-41].

In this paper, a thorough investigation is
presented to explore the capability of the modified (multi-
scale) Minkowski fractal geometry to produce a wide
range of resonator variants in antenna and filter design.

2. THE MINKOWSKI FRACTAL GEOMETRY

Figure-1 shows the steps of growth of the
standard Minkowski fractal curve up to the 3rd iteration. It
is clear that the generator, depicted in Figure-1(b), is
composed of five segments; each has the ratio of one-third
the initiator as in Figure-1(a). The one-third ratio is
common in generating the most well-known fractal curves
such as Koch and Cantor geometries [42]. The dimension
D can be determined as a logarithmic ratio between the
number of self-similar segments obtained from one portion
after each iteration k and the number of parts derived from
one segment in each iteration r

Dzlogk

1
logr )

According to Equation (1), the corresponding
fractal dimension is 1.465. For comparison purposes,
Table-2.1 shows the fractal dimensions of some fractal
curves that are widely adopted in the design of microwave
antennas and circuits.

Table-1 reveals that the standard Minkowski
fractal curve has a fractal dimension larger than that of the
Koch fractal curve and lower than that of the Sierpinski
triangle. As it has been mentioned before, the fractal
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dimension of a fractal curve is an indication of achieving
better space-filling of that fractal. On the other hand, not
all fractal curves can be used in the filter design
applications. Some of the fractal geometries have been
successfully employed to the design different antennas for
many. It is not conditional that the same geometries could
play the same role in the filter design with the same
degrees of success. This conclusion is mainly attributed to
the input/output coupling requirements in the filter design
which is entirely different from the radiation problem in
the antenna design.

For this, to enhance the input/output coupling,
and to obtain a practical range of the fractal dimension of
the standard Minkowski fractal curve, a modified variant
is introduced.

Table-1. The fractal dimensions of some
fractal geometries.

Fractal curve type Fractal dimensions
Koch Curve 1.2618
Sierpinski Triangle 1.5848
Sierpinski Carpet 1.8928
Koch Snowflake 1.2618
Cantor Set 0.631
Minkowski Curve 1.465

b
L
d

Figure-1. Steps of growth of the conventional Minkowski
fractal curve up to the 3rd iteration.

3. THE MODIFIED MINKOWSKI FRACTAL
GEOMETRY
The modified version of the Minkowski fractal
curve is shown in Figure-2. This figure demonstrates the
generation of the modified version up to the 2nd iteration
as applied to a square ring. In this version, the typical 1/3
ratio which is the most popular in the generation of the
majority of various fractal curves has been replaced by an
arbitrary ratio. The generator, shown in Figure-2(a), is
composed of five segments. The middle segment has the
length w;, the second and the third segments have the
length w, while the first and the fifth segments have the
length L,(1-w)/2.

W
Ilf
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"l"'z

Figure-2. The steps of growth of the modified Minkowski
fractal structure: (a) the generator, (b) the square ring, (c)
the 1st iteration, and (d) the 2™ jteration.

Consequently, the shape modification of the
structure depicted in Figure-2 (c¢) and (d) are ways to
increase the surface current path length compared with
that of the conventional square ring resonator. This
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increase will result in a reduced resonant frequency or a
reduced resonator size if the design frequency is to be
maintained. For the nth iteration, the modified Minkowski
fractal structures, depicted in Figure-2, have been found to
have the perimeters given by:

P, = (1 + 2?]3,_1 @)

o

where P, is the perimeter of the nth iteration fractal
structure, w,, and L, are as depicted in Figure-2. Equation
(2) and Figure-2 imply that at particular iteration level, a
wide variety of structures with different perimeters can be
obtained by varying wy, w,, or both.

According to Falconer [42], the modified version
of the Minkowski fractal geometry is called multi-fractal
or fractal geometry with more than one ratio in the
generator; a; and a,. For this case, the fractal dimension,
D, can be obtained from the solution of the following
equation:

2(%(1—%))” +2ay +al =1 (3)

where a; and a, are the ratios wi/L, and w,/L, respectively.
The parameters wy, w», and L,, are as indicated in Figure-2
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Figure-3. The variation of the fractal dimensions of the
modified Minkowski fractal with the parameter w,
as a parameter.

For demonstration purpose, the effects of
different values of wy, w, on the resulting dimension of the
modified Minkowski fractal structure, Equation (3) has
been plotted against w, w, for as shown in Figures 3 and 4
respectively. The parameter w; has been varied from zero
to 0.5 in steps 0.1of while w, has been ranged from 0.05 to
0.45 in steps of 0.1.

Investigating Figures 2, 3 and 4 and Equation (3),
it is clear that when w; is equal to zero, the fractal
dimension will equal to 1, which represents the non-fractal

state. In this case, the resulting structure is not with a
fractal shape; it is merely a Euclidean square which has
the dimension of 1. Furthermore, when w;, w, are both
equal to one-third, which is the case of the conventional
Minkowski fractal curve, the dimension will be 1.465 as
depicted in Table-1. Furthermore, as the results of Figure-
3 imply the effect of varying the segment w; on the
resulting the fractal dimension is more different from that
of w, as shown in Figure-4.

035 04 035

Figure-4. The variation of the fractal dimensions of the
modified Minkowski fractal with the parameter w,
as a parameter.

In Figure-3, the variation of w; in the range O -
0.05, causes the fractal dimension to change from 1 to
about 1.95. The fractal dimension with these values makes
the corresponding Minkowski variant better, in space-
filling, than many fractal curves depicted in Table-1.
While the results of Figure-4 show a different behavior; at
any value of wy, the fractal dimension varies slowly with
wy. In summary, theoretically, the variation of both w; and
w, can suppose any values such that the inter-segment
structures of the fractal variant have not intersected. In any
fractal curve, a point in the space has not to be visited
twice [42-44].

4. CONCLUSIONS

The analysis presented in this paper, reveal that
the Minkowski fractal has an unlimited number of variants
theoretically. The fractal dimensions of the many
Minkowski variants are found to be better, in space-filling,
than numerous fractal curves depicted in the literature.
These variants can be applied to the traditional resonators
to produce compact resonators. As a result, small size
bandpass filters and antennas can be then designed with
suitable sizes meeting the requirements of modern
communication applications.

8550



VOL. 13, NO. 21, NOVEMBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;ax.

www.arpnjournals.com

REFERENCES

[1] O. I Yordanov. 1999. Prospects of Fractal Filters and
Reflectors, In ISCAP’91, Seventh International
Conference.

[2] P.Jarry and J. Beneat. 2009. Design and Realizations
of Miniaturized Fractal RF and Microwave Filters.
John Wiley & Sons, Inc.

[3] V. Crnojevic’-Bengin. 2015. Advances in Multi-
Band Microstrip Filters. EuMA High-frequency
Technologies Series, Cambridge University Press.

[4] N. Cohen. 2015. Fractal antenna and fractal resonator
primer, Chapter 8 in J. A. Rock and M. van
Frankenhuijsen [Eds.], Fractals and Dynamics in
Mathematics, Science, and the Arts: Theory and
Applications, Vol. 1, World Scientific.

[5] Y.S. Mezaal, H.T. Eyyuboglu and J.K. Ali. 2013.
New dual band dual-mode microstrip patch bandpass
filter designs based on Sierpinski fractal geometry.
IEEE Third International Conference on Advanced
Computing and Communication
ACCT, pp. 348-352, Rohtak, India.

Technologies,

[6] M.H. Weng, L.S. Jang, and W.Y. Chen. 2009. A
Sierpinski-based resonator applied for low loss and
miniaturized bandpass filters. Microwave and Optical
Technology Letters. 51: 411-13.

[7] C.S. Ye, Y.K. Su, M.H. Weng, and H.W. Wu. 2009.
Resonant properties of the Sierpinski-based fractal
resonator and its application on low-loss miniaturized
dual-mode bandpass filter. Microwave and Optical
Technology Letters. 51: 1358-61.

[8] Y.S. Mezaal, H.T. Eyyuboglu, and J.K. Ali. 2014.
Wide bandpass and narrow bandstop microstrip filters
based on Hilbert fractal geometry: design and
simulation results. PloS one. 9: 1-12.

[9] J. Chen, Z.B. Weng, Y.C. Jiao, F.S. Zhang. 2007.
Lowpass filter design of Hilbert curve ring defected
ground structure. Progress in Electromagnetics
Research. 70: 269-80.

[10]Y.S. Mezaal, H.T. Eyyuboglu, J.K. Ali. 2013. A novel
design of two loosely coupled bandpass filters based
on Hilbert-zz resonator with higher harmonic
suppression. Proc. IEEE 3™ International Conference
on Advanced Computing and Communication
Technologies, (ACCT). pp. 343-347.

[11]Y.S. Mezaal, H.T. Eyyuboglu and J.K. Ali. 2014.
New microstrip bandpass filter designs based on
stepped impedance Hilbert fractal resonators. IETE
Journal of Research. 60(3): 257-264.

[12]V. Crnojevi¢-Bengin, K. Zemlyakov, N. Jankovi¢,
and I. Vendik. 2013. Dual-band bandpass filters based
on dual-mode Hilbert fractal resonator. Microwave
and Optical Technology Letters. 55(7): 1440-1443.

[13]N. Jankovi¢, R. Geschke, and V. Crnojevi¢-Bengin.
2013. Compact tri-band bandpass and bandstop filters
based on Hilbert-fork resonators. IEEE Microwave
and Wireless Components Letters. 23(6): 282-284.

[14]1J.K. Ali and Y. S. Miz'el. 2009. A new miniature
Peano fractal-based bandpass filter design with 2nd
harmonic ~ suppression 3" IEEE
Symposium on Microwave, Antenna, Propagation and
EMC Technologies for Wireless Communications,
Beijing, China.

International

[15]].K. Ali, H. Alsaedi, M. F. Hasan and H. A. Hammas.
2012. A Peano fractal-based dual-mode microstrip
bandpass filters for wireless communication systems.
Proceedings of Progress in Electromagnetics Research
Symposium, PIERS 2012, Moscow, Russia.

[16]Y.S. Mezaal, H.T. Eyyuboglu and J.K. Ali. 2013. A
new design of dual band microstrip bandpass filter
based on Peano fractal geometry: Design and
simulation results. 13" IEEE  Mediterranean
Microwave Symposium, MMS’2013, Saida, Lebanon.

[171Y.S. Mezaal, J.K. Ali and H.T. Eyyuboglu. 2015.
Miniaturised microstrip bandpass filters based on
Moore fractal geometry. International Journal of
Electronics. 102(8): 1306-1319.

[18]T.P. Li, G.M. Wang, K. Lu, H.X. Xu, Z.H. Liao, B.
Zong. 2012. Novel bandpass filter based on CSRR
using  Koch  fractal Progress  in
Electromagnetics Research Letters. 28: 121-28.

curve.

[19]J.K. Ali. 2008. A new miniaturized fractal bandpass
filter based on dual-mode microstrip square ring
resonator. Proceedings of the 5" International Multi-
Conference on Signals, Systems, and Devices, IEEE
SSD ‘08, Amman, Jordan.

[20]J.K. Ali and N. N. Hussain. 2011. An extra reduced
size dual-mode bandpass filter for
communication systems. Proceedings of Progress in

wireless

8551



VOL. 13, NO. 21, NOVEMBER 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;a\.

www.arpnjournals.com

Electromagnetics Research Symposium, PIERS 2011,
Suzhou, China.

[21] A. Lalbakhsh, A. Neyestanak, M. Naser-Moghaddasi.
2012. Microstrip hairpin bandpass filter using
modified Minkowski fractal-shape for suppression of
second harmonic. IEICE Transactions on Electronics.
E95C (3): 378-381.

[22]J.K. Ali and H. Alsaedi. 2012. Second harmonic
reduction of miniaturized dual-mode microstrip
bandpass filters using fractal shaped open stub
resonators. Progress in Electromagnetics Research
Symposium, PIERS 2012, KL, Malaysia.

[23]J.K. Ali, N.N. Hussain, A.J. Salim, H. Alsaedi. 2012.
A new tunable dual-mode bandpass filter design
based on fractally slotted microstrip patch resonator.
Progress in Electromagnetics Research Symposium.
pp. 1225-1228.

[24]L.-Y. Feng. 2018. Fractal Dual-Mode Open-Loop
Quasi-Elliptic Bandpass Filter with Source-Load
Coupling. Wireless Personal Communications: 1-8.
https://doi.org/10.1007/s11277-017-5220-1

[25]J.K. Ali and H.T. Ziboon. 2016. Design of compact
bandpass filters based on fractal defected ground
structure (DGS) resonators. Indian Journal of Science
and Technology. 9: 1-9.

[26]H.T. Ziboon and Jawad K. Ali. 2017. Compact dual-
band bandpass filter based on fractal stub-loaded
resonator. Progress in Electromagnetics Research
Symposium, St Petersburg, Russian Federation.

[27] Algaisy, M.A., Ali, J.K., Chakrabarty, C.K., Hock,
G.C. 2013. Design of a compact dual-mode dual-band
microstrip bandpass filter based on semi-fractal
CSRR, Progress in  Electromagnetics Research
Symposium.

[28]M. Alqaisy, C. Chakrabraty, J.K. Ali and A.R.
Alhawari. 2015. A miniature fractal-based dual-mode
dual-band  microstrip  bandpass filter  design.
International Journal of Microwave and Wireless
Technologies. 7(2): 127-133.

[29]H.T. Ziboon and J. K. Ali. 2018. Design of a triple-
band fractal-based BPF with asymmetrical SLR
structures.  Accepted. Journal of Engineering and
Applied Sciences.

[30]H.T. Ziboon and J.K. Ali. 2017. Compact quad-band
BPF design with fractal stepped-impedance ring
resonator. ARPN Journal of Engineering and Applied
Sciences. 12(24): 7352-7363.

[311H.S. Ahmed, A.J. Salim, M.R. Hussan, H. A.
Hammas, M. T. Yassen, S. Mutashar, J.K. Ali. 2018.
Design of compact dual-mode fractal based microstrip
band reject filter. ARPN Journal of Engineering and
Applied Sciences. 13(7): 2395-2399.

[32] Ahmed H.S., Salim A.J., Ali J.K., Alqaisy M.A. 2017.
A fractal-based dual-mode microstrip bandstop filter
for wireless applications Mediterranean Microwave
Symposium.

[33]H.S. Ahmed, A.J. Salim, J.K. Ali and N.N. Hussain.
2016. A Compact Triple Band BSF Design Based on
Minkowski Fractal Geometry. Proceedings of 18th
IEEE Mediterranean Electrotechnical Conference,
MELECON 2016, Limassol, Cyprus.

[34]H.S. Ahmed, A.J. Salim, and J.K. Ali. 2015. A
Compact dual-band bandstop filter based on fractal
microstrip resonators. Progress in Electromagnetics
Research Symposium, PIERS 2015, Prague, Czech
Republic.

[35]J.K. Ali. 2009. A new microstrip-fed printed slot
antenna based on Moore space-filling geometry. IEEE
Loughborough Antennas and Propagation
Conference, LAPC 2009, Loughborough, U.K, pp.
449-452.

[36]J.K. Ali and E.S. Ahmed. 2012. A new fractal based

printed slot antenna for dual band wireless
communication applications. Proceedings of Progress
in Electromagnetics Research Symposium, PIERS,

pp- 1518-1521, Kuala Lumpur, Malaysia.

[37]1).K. Ali, Z.A.A. AL-Hussain, A.A. Osman, and A.J.
Salim. 2012. A new compact size fractal based
microstrip slot antenna for GPS applications.

Proceedings of Progress in Electromagnetics Research

Symposium, PIERS, pp. 700-703, Kuala Lumpur,

Malaysia.

[38]S.F. Abdulkarim, A.J. Salim, JK. Al, AL
Hammoodi, M.T. Yassen and M.R. Hassan. 2013. A
compact Peano-type fractal based printed slot antenna
for dual-band wireless applications. Proceedings of
IEEE International RF and Microwave Conference,
RFM, pp. 329-332, Penang, Malaysia.

8552


https://doi.org/10.1007/s11277-017-5220-1
http://works.bepress.com/hayder-sahmed/2/
http://works.bepress.com/hayder-sahmed/2/

VOL. 13, NO. 21, NOVEMBER 2018

ARPN Journal of Engineering and Applied Sciences

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

www.arpnjournals.com

[39]1.K. Ali, A.J. Salim, A.I. Hammoodi, and H. Alsaedi.

2012. An ultra-wideband printed monopole antenna
with a fractal based reduced ground plane.
Proceedings of Progress in Electromagnetics Research
Symposium. Moscow, Russia.

[40]Ali J., Abdulkareem S., Hammoodi A., Salim A.,

Yassen M., Hussan M. and Al-Rizzo H. 2016. Cantor
fractal-based printed slot antenna for dual-band
wireless applications. International Journal of
Microwave and Wireless Technologies. 8(2): 263-
270.

[41]J.K. Ali, M.T. Yassen, M.R. Hussan and A.J. Salim.

2012. A printed fractal based slot antenna for multi-
band wireless communication applications. In
Proceedings of Progress in Electromagnetics Research
Symposium, Moscow, Russia.

[42]1K. Falconer. 2014. Fractal Geometry; Mathematical

Foundations and Applications, 3rd Edition, Wiley.

[43]1H. Sagan. 1994. The Space-Filling Curves, Springer-

Verlag Inc., New York, USA.

[44]]. Barral and S. Seuret. 2010. Recent Developments in

Fractals and Related Fields, Springer Science, and
Business Media, LLC.

ISSN 1819-6608

8553



