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Design of a Triple-Band Metamaterial Bandpass Filter Utilizing
Modified-Minkowski Fractal Geometry
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ABSTRACT: In this paper, a triple-band bandpass filter based on metamaterials and fractal geometry is proposed. The proposed filter
is designed based on three concepts. First, Transmission Lines (TLs) function both as feed lines and as resonators at high frequencies.
Second, metamaterials open loop Oth iteration Modified-Minkowski resonators are employed for the middle-frequency band. Third,
at a lower frequency, in the 1st iteration, Modified-Minkowski resonators are introduced in the space between TLs to optimize space
utilization. The proposed filter has been designed at center frequencies 11 GHz, 6 GHz, and 5 GHz by using a Rogers RO 4003 substrate
with a thickness of 1.5 mm and dielectric constant of 3.5, resulting in an overall size of 32.2 mm x 20.6 mm. The design simulation is
performed using CST microwave studio. To validate the results, the proposed filter has been fabricated. A strong correlation between
the measured and simulated results confirms the effectiveness of the design. The proposed filter has three bands at 5 GHz, 6 GHz, and
11 GHz with corresponding S21 values of —0.39dB, —1dB, and —0.26 dB and a size reduction of 31% compared with conventional

Dual-Band Bandpass Filter for wireless applications.

1. INTRODUCTION

ver the past 50 years, communication systems have rapidly
Oevolved. One of the biggest challenges that manufacturers
face has been the large size of these systems. To address this,
researchers have focused on miniaturization techniques. One
such approach involves designing multiband structures, en-
abling multiple applications within a single compact device [1—
10]. Several studies [1-4, 10, 11] have explored the design of
single and multi-band bandpass filters (BPFs), while multi-
band band-stop filters (BSFs) have been investigated in [5, 6].
Additionally, dual-band antennas have also been a key area of
interest [7-9].

Another effective miniaturization technique involves using
fractal geometries. Various fractal structures, such as Peano,
Minkowski, Koch, and meander line configurations, have been
utilized to achieve size reduction [4—6, 12—16]. This technique
is highly effective in maintaining the center frequency while
significantly reducing the overall structure size. The concept
relies on filling available space, thereby increasing the current
distribution path and enhancing miniaturization.

A novel dual-band bandpass microstrip filter (DBBPF) is in-
troduced and explored for RF/microwave applications. The de-
sign methodology incorporates two primary principles: first,
the implementation of metamaterial resonators in the form of
C-shaped split rings (C-SRRs) to achieve left-handed (LH) be-
havior while minimizing losses, and second, the integration of
a microstrip feed line that is folded ensures compactness [1].
Another approach to dual-band bandpass filter design is pre-
sented in [2], where a hybrid resonator structure derived from
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a microstrip patch is employed. In this design, rectangular mi-
crostrip rings excite the TE200 and TE002 modes of a patch
resonator, forming a high-frequency passband, while simulta-
neously functioning as a resonator to create the low-frequency
passband.

A compact dual-band bandpass filter is developed, investi-
gated, and fabricated in [3]. This design features a loop res-
onator combined with two modified T-shaped resonators, dual
T-shaped resonators, and open-bended stubs to achieve dual-
band operation. Another method for miniaturization employs
a fractal geometry, as demonstrated in [4], where a multiband
microstrip bandpass filter is designed based on a fractal open-
loop structure. The filter consists of an array of equal-sided
open-loop resonators, each exhibiting a different level of frac-
tal iteration.

For band-stop filter (BSF) applications, Peano fractal-based
open-loop resonators were adopted in developing dual-band
microstrip BSFs. This design is based on conventional rectan-
gular open-loop microstrip resonators, modified by using Peano
fractal geometry with varying iteration degrees [5]. The band-
stop functionality at lower frequencies is associated with res-
onators having higher iteration levels, while the band-stop per-
formance at higher frequencies is due to resonators with lower
iteration levels. A triple-band BSF leveraging Minkowski frac-
tal geometry has also been developed, with various structures
evaluated using a commercial electromagnetic (EM) simulation
tool [6].

A compact dual-band rectangular microstrip antenna
(RMSA) is developed by integrating two single-band rectan-
gular microstrip antennas, each incorporating a single slot and
an altered ground plane. The introduction of open-ended slots
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FIGURE 1. (a) The traditional DB-BPF [1]. (b) S11 and S2; of conventional DB-BPF.

in each antenna generates wide impedance bandwidths, which
shift to lower frequencies due to ground slot effects [7]. In
another design, a microstrip patch antenna operating at 2.4 GHz
and 5.8 GHz is developed for Wi-Fi applications. This antenna
consists of a patch conductor with three slots and an FR-4
substrate underneath [8]. A similar approach is taken in [9],
where a dual-band rectangular microstrip patch antenna with a
defected ground structure is designed for operation at 2.5 GHz
and 3.5 GHz. Here, two slots are etched into the ground plane
of a patch antenna originally designed for 2.5 GHz operation,
thereby enabling the second frequency band at 3.5 GHz.

Several fractal geometries have been explored for miniatur-
ization in various designs. In [12], a combination of the dual-
mode technique and a fractal-based resonator is employed to
create a compact band-reject filter. This design utilizes triangu-
lar patch resonators with embedded slits, while the Koch frac-
tal geometry is applied to the uncoupled edges of the triangu-
lar patch. Another fractal-based dual-mode microstrip BSF is
introduced in [13], where Minkowski fractal geometry is in-
tegrated into a conventional triangular dual-mode resonator to
achieve a more compact structure with enhanced selectivity.

A further reduction in size is achieved through the use of
meander-line resonators. A miniaturized microstrip band-pass
filter is demonstrated in [14], featuring a meander-line res-
onator with significantly reduced dimensions, approximately
Ag/8 x Ag/8 at a center frequency of 2.445 GHz. Addition-
ally, a compact low-pass filter based on an N-turn meander-
line structure is proposed in [15]. This low-pass filter exhibits
a transmission zero near the passband edge and maintains low
insertion loss within the passband. The filter’s cutoff frequency
and transmission zero position can be controlled by adjusting
the dimensions of the meander line, making it a versatile de-
sign. A comprehensive study on band-reject filter techniques is
provided in [16], showcasing various methods for reducing mi-
crowave radiation. The book introduces a novel compact fractal
band-reject filter, specifically designed at 2.45 GHz to mitigate
microwave oven leakage, thereby enhancing electromagnetic
compatibility and reducing interference.

In this paper, a Triple-Band Band-Pass Filter (TBPF) is de-
signed with center frequencies of 5 GHz, 6 GHz, and 11 GHz
for RF/microwave applications. The design is based on two key
concepts: metamaterial resonators, incorporating the Oth and
1st iterations of a modified Minkowski fractal geometry, and a

160

transmission line, which serves both as a feed and an additional
resonator. The filter is fabricated using a Rogers RO4003 sub-
strate with a thickness of 1.5 mm and a dielectric constant of
3.5. The design is simulated using Computer Simulation Tech-
nology (CST) software. To verify its performance, the filter
was fabricated, and the measured results show good agreement
with the simulation.

2. ANALYSIS OF CONVENTIONAL DUAL-BAND BPF

The conventional Dual-Band Band-Pass Filter (DB-BPF),
shown in Fig. 1(a), is designed based on two key concepts
using a Rogers RO4003 substrate with a thickness of 1.5 mm
and a dielectric constant of 3.5. The feeding transmission line
has a width (W) of 1.4 mm and a characteristic impedance
(Zy) of 8012, calculated using the equations in [17].

e+1 e —1 1
€o= (D
2 2 /1+12n/W
60 8h w
ZO:{\/EE 1n<WiL+?§O fOr WL/hSl(Z)
Ve IWL/h+1.393+0.667In(W /At 1.444)] Jor Wi/h=1

The structure was re-simulated using CST, based on the dimen-
sions provided in [1]. As shown in Fig. 1(b), the filter exhibits
two frequency bands:

* The first band appears at 11.9GHz, with Si;
—12.27dB and S2; = —6 dB at the center frequency.

e The second band is at 5.9 GHz, with S;; = —28.26dB
and Sgl = —1dB.

There are minor variations in S1; and So; compared to [1],
which are attributed to slight differences in proximity dimen-
sions, as illustrated in Fig. 1(b).

The structure consists of two main components:

1. Transmission Lines (TLs)
2. Center Resonators (CRs) (Fig. 1(a))

The transmission lines serve as feeds for the center resonators,
generating the first mode at 10.9 GHz. As shown in Fig. 2(a),
the E-field distribution is concentrated on the TLs at 10.9 GHz.
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FIGURE 2. (a) E-filed distribution at 10.9 GHz. (b) E-filed distribution at 5.9 GHz .
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FIGURE 3. (a) Conventional BPF with TLs only. (b) S11 of Conventional BPF with TLs only .
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FIGURE 4. (a) The structure with straight TLs. (b) S11 of different lengths of mA,4/2 at 10.9 GHz.

The center resonators are C-shape resonators that are con-
structed to produce the second mode and have a metamaterials
property.

The length of TLs equals 2.5\ 4, where ) is the guided wave-
length that can be calculated by:

Ao
= Ve, ®

and .
Ao = — 4
7 4)

where )\ is the free space wavelength, €. the effective permit-
tivity, f the center frequency, and c the light speed. To confirm
the role of the transmission lines (TLs), the structure was simu-
lated with only TLs, as shown in Fig. 3. The results in Fig. 3(b)
indicate that only one resonance appears at 10.9 GHz, while the
second resonance is eliminated. The S;; value at 10.9 GHz is
—17.9 dB, confirming that the TLs are responsible for generat-
ing the first mode.
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Most researchers use 0.5\, to achieve resonance with com-
pact structures, allowing multiple segments of 0.5\, to produce
the same resonance effect. To verify this principle, the authors
simulate structures with straight transmission lines of differ-
ent lengths (mA,/2) using CST microwave studio, as shown
in Fig. 4(a).

From Fig. 4(b), the Sy; values at 10.9 GHz for different
lengths of straight transmission lines (TLs) range between
—0.45dB and —0.9 dB. This indicates that resonance does not
occur at 10.9 GHz with either 0.5\ or 2.5), straight TLs,
which have the same length as the TLs in the conventional
structure. As a result, these straight TLs cannot be used to gen-
erate the mode at 10.9 GHz.

In contrast, the curved structure of the conventional design,
which includes three corners with TLs, minimizes characteris-
tic impedance and reflection losses, allowing resonance to oc-
cur at 10.9 GHz, as shown in Fig. 3 [18].

The second part of the conventional structure consists of
center resonators (CRs), which are open-loop resonators, as
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FIGURE 5. (a) CRS unit cell. (b) S-parameters of it.
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FIGURE 7. The Minkowski fractal geometry: (a) the generator, (b), (c), and (d) represent the Oth, 1st, and 2nd iteration levels, respectively [4] and [6].

shown in Fig. 1(a). According to [1], these resonators exhibit
metamaterial properties. The unit cell has been re-stimulated
by using CST with a Rogers RO 4003 substrate of thickness
h = 1.5 mm and dielectric constant equal to 3.5, with overall
size 8.8 mm x 8.8 mm as shown in Fig. 5 with S-parameters.
The effective parameters of the CRs are extracted by using
the Nicolson-Ross-Weir (NRW) method [19, 20], and the re-
fractive index of the C-SRR (Split Ring Resonator) is given by

PN =)

From the imaginary and real parts of the refractive index
shown in Fig. 6, the CRs have negative values (simultaneously)
in the frequency range around the resonance of 9.17 GHz. This
characteristic can justify the left-handed (LH) electromagnetic
behavior of the proposed metamaterial resonator.

Figure 2(b) presents the FE-field distribution at 5.9 GHz,
where the F-field is concentrated on the CRs, indicating that
they generate the second mode. The length of each resonator is
0.54.

1—(S21+511)
14 (S21+S511)

1—(S21—S511)
1+(S21—511)

c
= X
ey jmfh

] 5)
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3. METHODOLOGY

Fractal geometry is used to design a triple-band filter with the
same size as the dual-band filter proposed by [1] by adding dif-
ferent resonator iterations. Modified-Minkowski fractal geom-
etry with added iterations is applied to an open-loop rectangle
resonator.

The common Modified-Minkowski geometries with differ-
ent iterations, Oth [4—6], 1st, and 2nd, are shown in Fig. 7, re-
spectively.

The perimeter P, of the nth iteration is given by [4] and [6]

)Pn—l

where wy and L, are as shown in Fig. 5. Eq. (6) implies that,
as n approaches infinity, the perimeter goes to infinity.

The objective of using fractal geometry is to increase the
surface current path length. Consequently, for a given design
frequency, it enables either a reduced resonant frequency or a
smaller resonator size [4] and [6].

Figure 8 illustrates the application of the Modify-Minkowski
technique to rectangular open-loop resonators at both the Oth

2w2
L,

P, = (1 + (6)
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FIGURE 8. (a) Rectangle open loop resonator with Oth iteration. (b)
Rectangle open loop resonator with Modify-Minkowski 1st iteration.

and first iterations. The outer dimensions of these resonators
remain consistent at L. x W for both iterations. Consequently,
this study utilizes two rectangular open-loop resonators — one
at Oth iteration and the other at the first iteration — with iden-
tical outer dimensions to achieve dual-band operation.

The perimeter P, of the nth iteration of rectangle resonators

without the gap “g” is given by
2L 2w,
P, = <1+ ng + L2> Py (7)

where W, ws1, L, and L4 are as shown in Fig. 8. Eq. (7)
implies that, as n approaches infinity, the perimeter goes to
infinity. The perimeter of open loop rectangle with Modify-
Minkowski resonator for the nth iteration is given by:

Ln:pnfg (8)

4. PROPOSED TRIPLE-BANDS BPF DESIGN

The design of the proposed BPF starts from the conventional
structure that shown in Fig. 1(a), which consists of two TLs
and two open loop metamaterials resonators that represent the
Oth iteration Modify-Minkowski resonators also. In addition,
the authors add two resonators after applying the Ist itera-
tion Modify-Minkowski in the spaces between TLs to use the
spaces with length approximately equal to 0.6\ to get the third
band at 5GHz. A Rogers RO 4003 substrate with thickness
h = 1.5mm and dielectric constant equal to 3.5 has been used
to design the BPF. The overall size of the proposed BPF is
32.2mm X 20.6 mm. To simulate the proposed BPF, CST has
been used as shown in Fig. 9 with flat copper ground plane.
The feeding transmission line width (W) was 1.4 mm with
characteristic impedance (Zy) equal to 80 2. However, the au-
thors consider the waveguide port constant to get match with in-
put and output impedance 50 €2 that simulate the practical case.
Here, the mismatch between the TLs and input and output port
is expected. All the dimensions of the proposed structure are
listed in Table 1. From Fig. 9(c). the third band at 5 GHz does
not appear, while the second band at 6 GHz has a critical S1;
that was —11 dB with —1dB S3;. In contrast, the first band
at 10.9 GHz shifts to 11.27 GHz with S1; equal to —18 dB, but
the S5 becomes better than the conventional BPF and reaches
—1.79 dB. Fig. 9(c) shows that the added open loop of the 1st
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TABLE 1. The dimensions of the proposed BPF.

Parameters | Value (mm) | Parameters | Value (mm)
Width 322 Length 20.6

Wt 14 D 0.9

Lp: 5.4 Lps 9.2

Lps 18 Lrps 6
Lg 7.6 z 0.61
L 6.24 w 3.12
g 0.624 t 0.624

Ls1 1.5 Lo 1.8

Wit 0.6 Wsa 0.5
t1 0.3

iteration resonators improves the S2; and impedance match-
ing between the TLs and ports. The authors study parameter
D, which is the gap between the TL and open loop Ist itera-
tion resonator as shown in Fig. 9(a) with a range from 0.9 mm
to 0.1 mm to increase the coupling between the TLs and res-
onators. CST is used to find the optimized value of D as shown
in Fig. 10.

Figure 10 shows that the optimal value for D is 0.16 mm,
corresponding to S1; = —23dB and Sy; = —0.39dB. The
authors selected this value for the final design as it ensures su-
perior filter performance, as demonstrated in Fig. 11.

From Fig. 11, the S1; were —23.5dB, —25dB, and —23 dB
at 11 GHz, 5.98 GHz, and 5.01 GHz, respectively. The band-
width at first center frequency 11 GHz was 338 MHz while at
second center frequency 5.98 GHz was 154 MHz. The band-
width of the third center frequency at 5.01 GHz was 38 MHz
that is very narrow and more selectivity bandwidth. The Soq
were —0.26dB, —1dB, and —0.39dB at 11 GHz, 5.98 GHz,
and 5.01 GHz, respectively. In this case, the return losses and
insertion losses were very low in the three bands, and the sig-
nal passes at theses frequencies with small losses. To verify
the responsibility of each part in the structure, the authors con-
sider the F-filed distributions of the structure at three bands
by using CST as shown in Fig. 12. The E-filed distribution
at 11 GHz shown in Fig. 12(a) shows the E-filed constructed
on the TLs. From this, TLs work as feeding TLs and res-
onators at 11 GHz. At 5.98 GHz the FE-field distribution fo-
cuses at center metamaterials the Oth iteration open loop res-
onators; therefore, they are responsible for producing the sec-
ond mode at 5.98 GHz as shown in Fig. 12(b). Finally, the E-
filed distribution at 5.01 GHz, constructed from the 1st iteration
Modify-Minkowski resonators, confirms that the third mode at
5.01 GHz is generated by the inclusion of these additional res-
onators, as shown in Fig. 12(c).

5. FABRICATION DUAL BANDS BPF

To verify the performance of the proposed triple-band band-
pass filter (BPF), the design is fabricated using a ProtoMat
S100, as shown in Fig. 13. Fig. 13(a) shows the top view of
the filter, while Fig. 13(b) shows the bottom view, which con-
sists of a flat copper ground plane. The proposed filter was
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implemented on a Rogers RO4003 substrate with a thickness of the distance between the first iteration resonators and the trans-
1.5 mm and a dielectric constant of 3.5. The overall dimensions mission lines (TLs), is 0.16 mm, contributing significantly to
of the structure are 32.2 mm x 20.6 mm. The design parameters the performance characteristics.

are detailed in Table 1. Notably, distance D, which represents
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FIGURE 12. E-filed distribution at (a) 11 GHz, (b) 5.98 GHz, and (c) 5.01 GHz.
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TABLE 2. Comparison between the proposed triple-band BPF and the previous works.

Overall size Ay X Ay | Frequency (GHz) | Insertion loss (dB) Type Fabrication
Reference [1] 1.02 x 0.65 11/6 6/1 Dual Band NA
Reference [2] 0.29 x 0.41 3.65/2.55 2.13/1.22 Dual Band Yes
Reference [3] 0.126 x 0.132 5.712.4 0.64/0.76 Dual Band Yes
Reference [4] Not given 3/2/1.68 Not given Dual Band NA
Reference [10] 0.29 x 0.14 1.61 Not given Single Band Yes
Reference [11] 0.186 x 0.186 10.8/10/7.88/3.55 Not given Quad Band NA
Proposed work 0.85 x 0.54 11/6/5 0.26/1/0.39 Triple Band Yes
1500
Input Impedance (R.)
1000 — - Input Impedance (Im.

Impedance (Q)

-4 5 6
Frequency (GHz)

7 8 9

FIGURE 15. Measurements of input impedance of the proposed filter.

6. RESULTS AND MEASUREMENTS

Measurements of S-parameters and input impedance of pro-
posed Triple BPF are implemented using Anritsu MS4642A
Vector Network Analyzer (VNA). The measurement of the pa-
rameters is shown in Fig. 14 and Fig. 15. Fig. 14(b) shows
a high correlation between the measurement and simulation re-
sults. Measurements of S71 are —15dB, —23.3dB, and —13 dB
at 10.95GHz, 6 GHz, and 5 GHz, respectively, while mea-
surements of Sy; were —1.5dB, —0.4dB, and —0.98 dB at
10.95 GHz, 6 GHz, and 5 GHz, respectively. The bandwidth
of each band is 40 MHz at a center frequency of 10.95 GHz,
100 MHz at 6 GHz, and 60 MHz at a third center frequency of
5GHz. The difference between measurement and simulation
is because of fabrication environments, welding, and measure-
ment accuracy.

Figure 15 shows the measured Real part (R.) and Imaginary
(Im.) part of input impedance. The input impedance real parts
are 522, 510, and 45.62 at 10.95 GHz, 6 GHz, and 5 GHz,
respectively. From this, adding 1st iteration resonators was as
load to TLs that improve Ss; as shown previously and made
a good match between TLs characteristic impedance 80 €2 and
port impedance 50 {2 by making the input impedance approxi-
mately equal to 50 Q2. Finally, the 1st iteration resonators have
two achievements. First, they introduce a third band centered at
5 GHz. Second, they act as a load to match the input impedance
to 50 2, ensuring good impedance matching. The authors com-
pare the proposed work with conventional dual-band BPF of [1]
in Table 2. The proposed Triple-Band BPF has lower insertion
loss than previous works.
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7. CONCLUSION

This paper presents a triple-band bandpass filter (BPF) incorpo-
rating metamaterials and fractal geometry. The design is struc-
tured around three main principles. Firstly, the transmission
lines (TLs) serve as both feed lines and resonators at higher fre-
quencies. Secondly, modified-Minkowski open-loop metama-
terial resonators of the Oth iteration are employed for the mid-
dle frequency band. Lastly, at lower frequencies, 1st iteration
modified-Minkowski resonators are introduced in the space be-
tween TLs to maximize space utilization. The filter is designed
to operate at center frequencies of 11 GHz, 6 GHz, and 5 GHz,
utilizing a Rogers RO4003 substrate with a thickness of 1.5 mm
and a dielectric constant of 3.5. The overall dimensions of the
structure are 32.2 mm X 20.6 mm. Simulations conducted us-
ing CST Microwave Studio produced S;; values of —23.5dB,
—25dB, and —23 dB at 11 GHz, 5.98 GHz, and 5.01 GHz, re-
spectively, with corresponding S5 values of —0.26 dB, —1dB,
and —0.39 dB. The proposed filter has a size reduction of 31%.
The design is validated by fabricating a prototype of the fil-
ter, demonstrating strong agreement between the measured and
simulated results. The measured input impedance is approxi-
mately 50 , verifying that the 1st iteration resonators not only
acted as resonators at 5 GHz but also functioned as loads to the
TLs, facilitating the proper impedance matching between the
TLs and input/output ports, making it a suitable choice for RF
and microwave applications.
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