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Abstract. This research paper introduces a new design being Minkowski-like fractal filtering-ba lun
MLFFB based on the dual-mode ring resonator. The structure has three ports, converting the signal from
one unbalanced port to two balanced ports (i.e., 180° phase shift). The proposed design canactas a filter
and balun simultaneously using one dual-mode ring resonator. The fractal curves are applied to have
compact designs. The O, Ist, and 2" jterations of the Minkowski-like fractal curves are applied to
demonstrate the miniaturization ratio obtained in the proposed work. The miniaturization ratios are
47.8% and 73% of the 1t iteration and 2" iteration of the Minkowski balun-filtering components,
respectively, compared to the Ot iteration. Also, the filtering balun has a distinctive feature, which is the
control of the phase error and magnitude imbalance of the two balanced ports, depending on the size of
the perturbation part. Several structures have been designed, modeled, and analyzed utilizing the
Advanced Design System (ADS) software. Each design iteration is evaluated and optimized to attain the
best performance. The operating frequency is 2.4 GHz, and the realized transmission coefficients are
S,;=-7 dB and S31 =-6.5 dB, which are less than expected ideal values because the substrate is a lossy
type, being FR4. The S;;is less than -10 dB. The proposed design is a good candidate for narrow-band
wireless applications.

1 Introduction

Nowadays, wireless communication systems dominate almost all daily life applications, and they have become an
essential part of everything, especially when Internet-of-Things (IoT) technology has emerged. The systems can cover
different functions in one device, like communication, global positioning systems (GPS, Wi-Fi, Bluetooth), devised
connections, etc. Thus, each function requires its own RF chain, leading to a complicated design. However, designers
always seek to find a method to combine several components in one design for many reasons, such as small size and
low cost. In this research, the proposed RF component functions as a filter and a balun simultaneously in one RF
component. The dual-mode ring resonator is a milestone in the research.

The dual-mode ring resonator plays a vital role in several RF and optical applications, such as microwave filters [1-
3], baluns [4-5], oscillators [6], sensors [7-8], unit cells of metamaterial devices [9—10], optical filters [11], and
microwave multiplexers [12]. In this introduction, only the filters and baluns will be reviewed.
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In their earliest work, the authors of [1-2] used the ring resonator to act as a microwave bandpass filter for the first
time. Their works focused onhow to excite the two modes by perturbing the modes using the patch stub. In [3], the
author presented a comprehensive work about using the ring resonator in the filter design. Different arrangements of
perturbations were investigated to see their effect on the overall performance. The inductive and capacitive
couplings,depending on the perturbation size, were defined. The capacitive coupling excites a response with an
elliptical transfer characteristic, while the inductive coupling has a Chebyshev transfer response. The former
introduces zeros in the response, so its selectivity is high. The latter one has no zeros, so its selectiveness is lower.
However, there is no ripple in the passband. These two fascinating works attracted a lot of researchers to pursue
studying ring resonators and their applications. The four sides of the dual-mode ring resonators have regions with
maximum fields but with different phases, so these inherent characteristics aided in designing a balun as in [4—5]. The
difference betweenthe filter and balun when utilizing the ring resonator is the process of addinga third port. Moreover,
the ring resonator balun offers bandpass filter characteristics, so two functions are combined in one design structure.
Then, many research efforts have emerged, and one of these things is miniaturization. In [13—15], authors used fractal
geometryto developsmall dual-mode ring resonators-based designs of microwave bandpass filters, where Minkowski,
Koch, Gasket, and other curves were employed.

The fractal curves were also used in the Balun design but using an open-loop resonator [16—17]. The Koch-fractal
type was used. The main key difference between the open loop and dual-mode ring resonator is that the latter has the
property to control the bandwidth by altering the perturbation size, so the latter is adopted here in this research. To
miniaturize the microwave filtering-balun structure based on the dual-mode ring resonator, the fractal curves will be
applied for the first time according to the best of the authors’ knowledge.

This paper is organized as follows: in SectionII, the proposed filtering-balun configuration is presented. Section III
introduces the filtering-balun design. Next, Section IV provides a detailed discussion about the obtained results.
Finally, the conclusionis drawn.

2 The Proposed Filtering-Balun Configuration

The proposed Minkowski-Like fractal filtering-balun MLFFB is designed based on the dual-mode square ring
resonator;as a starting step, see Figure 1. The total perimeter of the closed square ring resonator is responsible for
determining the resonant frequency of the proposed MLFFB. In other words, the fundamental resonant frequency
occurs when the total length of the perimeter is equal to one wavelength, as well as the harmonics due to the inherent
characteristics of the distributed transmission lines. The fractal geometryis applied to each side of the square ring
resonator, thereby leading to a design with a compact form. Figure 2 illustrates the process of generation of the
proposed MLFFB. As the iteration order nincreases, the size of the resonator shrinks symmetrically.
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Fig. 1. A schematic layout of the dual-mode ring resonator adopted as a filtering-balun component, where g represents the gap
between the feed and resonator, w is the microstrip transmission-line width, L denotes the physical length which is equal to a
quarter-wavelength, p is the side length of the square perturbation, and P1, P2, and P3 represent the feeding number.
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Fig. 2. steps for generating iterations of the Minkowski-like fractal geometry: (a) the generator, (b) the O™ iteration, (c) the 1%
iteration, and (d) the 2nd iteration [13].

If the side length of the resonator is fixed, the perimeter Pn will increase when the nth iteration order increases as
given by [13]:

Pn =131 2W2P 1
n—{+L—0}(n )

where w2 and Lo are demonstrated in Figure 2. The Pn goes to infinity, as the iteration order n goes up. This mean
that if the total perimeter of the MLFFB keeps unchanged, its area decreases to obtain very small sizes. However, the
fabrication technology will considerably be responsible for the highest order we can use due to the limitations of
manufacturing.

3 The Filtering-Balun Design

The structure of MLFFB is depicted in Figure 1. It consists of a square-ring resonator with one wavelength in

the entire circumference. There is a perturbed stub attached to one of the internal corners, operatingto excite the even-
odd modes, as will be seen later. There are three ports: one input port and two output ports, or vice versa. The two
output ports are balanced (i.e., out-of-phase for each other). In other words, there is a 180° difference in the electrical
length between the two output ports. The baluns that will be presented in this paper are good candidates to be utilized
with printed dipole antennas since these antennas need a 1800 phase difference between the two arms to guarantee
that antennas will radiate on the front side (i.e., boresight). If this condition is not satisfied, the radiation null will
occur on the front side, while the main grating lobe will be separated into two parts and tilted to move far from
boresight [18].
For interested readers, more information about the dual-mode reign resonator analysis is found in [3]. Here, we will
go only through the basics for the sake of simplicity. The transmission-line model ofthe resonator presented in Figure
1 is depicted in Figure 3, where the input and output ports are mentioned. The input signal will be divided equally into
two parts. If the perturbation does not exist (i.e., p = 0), there is no output response since each output port collects
signals from two paths with a 180° phase difference, canceling each other. To demonstrate the cancellation process,
Figure 4 shows the current distribution. The current is at its minimum close to the output ports, so the coupling
becomes very weak. However, in the presence of perturbation (i.e., p > 0), the equivalent shunt capacitance Cp acts
as a J-inverter, which reverses the phases of the signals passing through it. This helps make the two signals at each
output port in-phase, thereby having an output response. Also, the current distribution in this case is displayed in
Figure 4. The maxima and minima ofthe current distributionare rotatedby 90°. In other words, the regionofcoupling
between the resonator and the output ports has the maximum current distribution.
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Fig. 3. the transmission line model of the dual-mode square ring filtering-balun component where Cg represents the equivalent
capacitance due the gap between the feed and the ring resonator, Cp denotes the equivalent capacitance of the perturbation stub.

4 Results and Discussion

This section presents a thorough discussion about the results obtained from the research. The Oth, 1st, and

2nd iterations of MLFFB are designed, simulated, and analyzed using the full-wave simulation Advanced Design
System ADS software. Figure 5 shows the layout schematic of the proposed MLFFBs, and Figure 6 shows their
corresponding S-parameters. As can be seen, both output ports have responses that are in line with the brief analysis
presented above. To demonstrate the effectiveness of the perturbation size, and only in the case of the Oth iteration of
MLFFB, p is changed from Omm to 6mm with a step of 2mm, as can be seen in Figure 9. The two modes have the
same frequency but are out of phase when p = 0 mm, so the S21 and S31 are canceled. For the state p = 2 mm, the
modes have almost the same frequency with slight differences, and the two modes have the same phase shift, leading
to excitationof S21 and S31. We can say that as p increases, the difference in frequencies between the two modes
increases. The center frequency will have a weak response since the phase difference between the two modes increases.
All responses in Figure 6 are narrow bands because of the inherent characteristics of the dual-mode ring resonator. It
means that these designs will be a good candidate for applications with low noise. As is known, higher bandwidth
means higher noise entering the system.
The S21 and S31 are close to -4 dB or -5 dB, although the ideal case should be -3 dB. The extra loss belongs to the
fact that the substrate used in this case is lossy, which is the FR4 type. The substrate thickness used in this research is
1.6mm, so some EM waves will be radiated into space, leading to radiation loss. This limitation is due to the substrate
availability in the local markets. As a result, for guided RF components such as filters, resonators, transmission lines,
etc., substrates with lowthicknesses are preferred since the signals will be more tied to the structures and will not leak
easily. These two factors have caused the losses in the responses. However, to have better responses, substrates with
low losses should be used, especially for commercial purposes. The phase difference between the two output ports for
all the proposed MLFFBs is illustrated in Figure 7, where the phase differences are almost equal to 180°.
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Fig. 4. Simulated current density at the resonance without and with perturbation consecutively.
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Fig. 5. Layouts of the 0th, 1st, and 2" iterations of the proposed MLFFBs consecutively
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Fig. 6. The S-Parameters responses of the a) 0th, b) 1st, and c) 2 iterations of the proposed MLFFBs consecutively.
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As can be seen, the far output port from the parturition (i.e., port 2) has transmission zeros in the response close the
passband, while the near output port (i.e., port 3) has no seen zeros in the response. However, Figure 8 shows a wide
range of the transmissionresponse for the Oth iteration of the proposed MLFFB. The first transmission zero of the
response occurs after the first harmonic. From Figure 3, the input signal splits into two paths. The path associated with

the output port 2 has an extra electrical distance equal to 3BL / o to reach the perturbation stub, while the path

associated with the output port 3 has an extra electrical distance equal to B L/ o to reach the perturbation stub. The

perturbationconsiders as a virtual ground at high frequencies, so the two paths can have independent paths. The longer
path will resonate at lower frequency to ground the signals, consideredas a transmissionzero, but the shorter path will
resonate at higher frenemies. Since the shorter path is less by three times, so the first transmission zero of the third
output port occurs at a frequency three times more. This investigation is ideal, but because of coupling, the
transmission will occur lower or higher by a ratio depending on the design structure. Also, the perturbation size
changes the total electrical length, thereby the transmission zero will occur earlier.

S-Parameter (dB)

1 1 1 1 1 1 L 1
1 2 3 4 5 6 7 8 9 10
Frequency(GHz)

Fig. 8. A wide range of the response of the 0t iteration of the proposed MLFFB.

To demonstrate how the perturbation size affects the response and the location of the transmission zeroes, see Figure
9. Next, amplitude imbalances, and phase errors of all presented iterations of the MLFFB are introduced in Figure 10.
As the response moves away from the design frequency, these three parameters vary, leaving the optimal values. This
occurs because the designs are made of transmission lines where they are dispersive. In other words, when the
frequency changes, the equivalent electrical length changes as well. Therefore, the design response deviates from its
determined value. Figure 11 shows the current distributions for the 2nd iteration of the proposed MLFFB at 2Gz,
2,45GHz and 3GHz consecutively to demonstrate the properties of bandpass filters. Figure 12 shows the distributed
electrical current, and as can be seen that the direction of arrows is completely reversed at the output ports as an
evident to obtain a structure with a balun characteristic. More details can be found in [19].

Finally, Table 1 shows the miniaturization ratio obtained for the 1st and 2nd iterations of the proposed MLFFBs
compared to the Oth iteration one. As expected, as an iteration order n increases, the designs with smaller footprint are
realized. More than 80% miniaturization ratio is obtained for the 2nd iteration MLFFB. For multifunctional wireless
low power devices, smaller components are highly needed to realize the systems with a reasonable size.
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Fig. 9: The S-parameters responses S21, S31 and S11 of the O™ jteration of the MLFFB consecutively, when p is changed from
Omm to 6mm with a step of 2mm.
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Fig. 11. Current distributions of the 2 iteration of the MLFFB at 2GHz, 2.45 GHz, and 3GHz consecutively.
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Fig. 12. Current distributions of the 2" iteration of the MLFFB at 2.45 GHz showing the directions of currents at the output port.

Table 1. the side length and the miniaturization ratios of the proposed MLFFB compared with the 0t iteration one.

The iteration number n Side length of square resonator Reduction ratio
Zero 18 mm -
Ist 13 mm 47.8 %
2nd 9.3 mm 73 %

6 Conclusion

In this research, the dual-mode ring resonator based on miniaturized fractal balun-filtering was presented for the

first time according to the best of the authors’ knowledge. The input signals were divided into two outputs that were
out of phase, making them a good candidate for applications operating with two balanced input ports, especially the
dipole antenna. An FR4 substrate with a thickness of 1.6mm was used in the research. Its impact was obvious on the
S21 and S31, which were close to -4 to -5 dB, related to the Oth iteration of the MLFFB, the miniaturization ratios of
the 1%tand 2" iterations were 47.8% and 73%, respectively. Moreover, a theoretical brief of the analysis with an
accompanying equivalent circuit was provided to give the readers almost a complete idea of the design. Several
parameters have been visualized, such as current distributions, phase differences, phase errors, and magnitude
imbalances. All presented designs had few phase errors and magnitude imbalances near the operating frequencies.
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