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This paper presents the design, simulation, and test measurements of a
microstrip bandstop filter operating at 1.5 GHz, incorporating six split ring
resonator (SRR) unit cells. The substrate employed is an FR-4 with a
thickness of 1.6 mm and tangent losses of 0.025. In the initial phase, the
design is conceptualized, simulated using computer simulation technology

(CST) studio and advanced design system (ADS) Agilent simulators, and

validated through test measurements. Building upon this foundation, the
Keywords: filter is transformed into a reconfigurable variant by integrating four
Filter SMV2_019 v_a_ractor diodes. T_hese varag:tors are modeled to ensure the
. reconfigurability of the bandwidth. The integration of varactors introduces
Regonflgurable dynamic tuning capabilities to the considered bandstop filter.
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1. INTRODUCTION

The escalating demand in the radio frequency (RF) and microwave domain, fueled by applications
in wireless communications, internet of things (1oT) technology, radar systems, and cognitive radio [1]-[5],
has introduced challenges such as interferences and signal quality reduction. These issues saturate the
frequency spectrum, hindering the optimal deployment of RF and microwave technologies. In response,
advanced filtering mechanisms are imperative. RF bandstop filters, particularly in microstrip technology,
emerge as a promising solution, offering flexibility for integration into compact devices while ensuring
optimal filtering performance [6]. These filters are not only cost-effective but also easy to fabricate,
addressing challenges in the development and deployment of RF and microwave technologies. Microstrip
technology leverages metamaterial properties for the design of optimized bandstop filters [7]-[10].
Metamaterials, engineered with artificial complex geometries, yield unique properties, including negative
permittivity and permeability. The historical development of metamaterials, from Veselago's theoretical work
in 1986 to Pendry's introduction of the split ring resonator in 1999, laid the foundation for innovative
approaches to RF filtering [11]-[13].

The recent focus on reconfigurable filters represents a significant shift from traditional static filters.
Reconfigurability, achieved through continuous and discrete avenues, addresses crucial parameters such as
bandwidth, center frequency, poles, zeros, and quality factors [14]-[16]. This pursuit is motivated by the

Journal homepage: http://ijece.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Elec & Comp Eng ISSN: 2088-8708 O 4129

evolving landscape of wireless communication standards, requiring adaptability for seamless adjustment to
new requirements without hardware replacements. Continuous reconfigurability involves dynamic adjustments
using varactor diodes and micro electro mechanical system (MEMS) capacitors, providing swift tuning
capabilities [4], [17], [18]. Varactor diodes, known for their compact dimensions and cost-effectiveness, offer
advantages for achieving continuous reconfigurability. Discrete reconfigurability, on the other hand, involves
distinct modifications using PIN diodes, MEMS switches, and optical frequency combs. Practical applications
of reconfigurable filters, such as tunable microwave filters and innovative designs like A/4 and A/2 tunable
filters and multi-mode filters, highlight reduced size and simple tuning circuitry appeal [19]-[22].

This study aims squarely at advancing the capabilities of split-ring resonators (SRR) to meet the
evolving needs of wireless communication technologies. By incorporating the SMV2019 varactor diode into
the stopband filter structure, we break through the limitations inherent in traditional tuning methods, enabling
unprecedented control over frequency band and polarization. This development is essential for enhancing the
resilience, reliability, and adaptability of communication systems across a spectrum of scenarios, aligning
with the dynamic requirements of contemporary wireless standards. Through our comprehensive modeling in
advanced design system (ADS) software, coupled with the introduction of an innovative polarization circuit,
we demonstrate significant enhancements in SRR functionality.

2.  IMPLEMENTATION OF A BANDSTOP FILTER WITH SRR
2.1. SRR unit cell

The SRR comprises two embedded rings, each split on opposite sides. The resonant wavelength of
the SRR structure exceeds the diameters of the rings due to the gap between the outer and inner rings as
illustrated in Figures 1(a) and 1(b). The resonance frequency of an SRR is influenced by two primary factors:
substrate permittivity and resonator length [23], [24]. To ensure effective coupling, minimizing the distance
between the rings and the line is crucial, creating a negative medium and exhibiting bandstop performances.
This frequency inhibition effect is intrinsic to the SRR structure, which can be equated to an equivalent
circuit combining two capacitances, Cyqy, Crr, and an inductance L., as depicted in Figure 1 (c). Equations (1)
to (4) represent the formulas for calculating the parameters of the capacitance and the inductance [7].
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where: g, is the vacuum permittivity, &, is the relative dielectric permittivity, y, is the vacuum permeability,
L4, and L, represent the outer and inner lengths of the rings. The approach of Nicolson Ross Weir verifies the
metamaterial characteristic of the unit cell of an SRR. This approach rests on the sum and subtraction of the
S11 and S, coefficients as in (5) and (6) [25].

Vi =S8 +511 (5)
Vo =81 — 51 (6)

Assuredly the S-parameters are primarily associated with the effective permittivity and permeability, with
this relationship articulated by (7) and (8). Here, K, represents the wave vector, quantified as i—“ and h
0

denotes the substrate thickness [25], [26].

2 1-V,

Heff = Txon 147, )
2 1-n
eff = Tkoh 14V, (8)

Striving to achieve a resonance frequency of approximately 1.5 GHz and following multiple
optimization iterations, the proposed design features the SRR unit cell, as depicted in Figures 1(b) and 1(c).
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this unit cell is positioned on an FR-4 (lossy) dielectric substrate, possessing a height (k) of 1.6 mm, a length
(Ls) of 15 mm, a relative dielectric permittivity (e,) of 4.4 F/m, and a tangent loss of 0.025. The geometry
highlights various parameters of the split rings (L1, L, w, g,s), with Table 1 providing their numerical
values, including the split between the two rings (s). Additionally, a microstrip line is etched at the lower
face of the substrate at its center, featuring a width L,, and a height (t). The simulation, performed using the
3D electromagnetic solver computer simulation technology (CST) microwave studio, utilized the frequency
domain solver, with a waveguide port selected as the excitation method.

Following multiple optimizations of the unit cell resonator dimensions, the envisaged structure
underwent simulation to attain a resonance frequency that will serve as the operational frequency for the
forthcoming circuit model. Figure 2 illustrates the scattering parameters of the unit cell across different
frequencies, showcasing that the operational frequency centers around 1.5 GHz. It is noteworthy to mention
that negative permittivity and permeability can indeed result in significant losses, unlike metals. To mitigate
these losses, various strategies have been employed, including optimizing geometry and incorporating gain.
This allows for achieving minimal losses, even reaching zero loss over a broad frequency range and in
alternative designs. To explore this, we investigated both permittivity and permeability, as depicted in
Figure 3. The plot reveals that the real part of the permeability is negative Re(p,.) < 0 from 1.51 to 1.64 GHz,
reaching as low as -380. In this frequency range, the orientation of the rings aligns with the magnetic field
component. Furthermore, it can be asserted that the real part of the permeability parameter increases below
the resonance frequency.
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Figure 1. Representation of the metamaterial unit cell geometry and its equivalent circuit

Table 1. Numerical values of the dimensions

Variable Numerical value (mm)
L. 11
L, 8.6
g 1
w 1
S 0.2
t 0.04
Lw 2
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Figure 2. S-parameters of the unit cell in dB
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Figure 3. Plot of permittivity and permeability vs frequency

2.2. Conception and simulation of bandstop filter with SRRs

Having validated the geometry of the unit SRR cell, we proceeded to conceptualize and simulate a
bandstop filter. The proposed geometry for the bandstop filter is visually depicted in Figure 4. Geometry
under CST and geometry under ADS, respectively in Figure 4(a) and (b). The structure comprises six
rectangular split-ring resonators etched onto the upper face of an FR-4 substrate with a thickness
(h = 1,6 mm), a length (Ly = 43 mm), and a width (w, = 28.30 mm). The microstrip line is characterized
by a length (L,) and a width (wy, = 2 mm). The distance between unit cells on the same layer is denoted as
(Sy) and is equal to 1 mm, while the gap between the microstrip transmission line and each layer is set at
0.15 mm. The SRRs, the microstrip transmission line, and the entire ground plane are implemented using
perfect electric conductor materials and are characterized by a height (t) of 0.04 mm.

Geometry under CST Geometry under Ads

(a) (b)

Figure 4. The microstrip bandstop filter geometry (a) CST and (b) ADS

To validate our structure, the simulation was effectuated under two different simulators, CST Studio
and ADS Agilent. The results of the S-parameters are depicted in Figure 5. In Figure 5, four curves are
presented, encompassing S;; and S,, in both CST and ADS simulations. Within the context of the bandstop
filter, the graph illustrates the performance metrics, including acceptable attenuation in the rejected band, a
well-matched input impedance level with a reflection coefficient below -18 dB, and a modest -0.5 dB
insertion loss. Notably, exceptional electrical performance is evident in both passbands, featuring a rejection
level extending to -35 dB in the stop band. The fractional bandwidth spans 17.5%, ranging from 1.49 to
1.79 GHz, with the center frequency positioned precisely at 1.6 GHz. Furthermore, the proximity of the
parameter’s curves in both simulators highlights the agreement between the two simulators, with only a slight
deviation of approximately 20 dB in the rejection level observed in ADS.
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Figure 5. Comparative analysis of S-parameters in CST and ADS

2.3. Fabrication and test of the bandstop filter with SRRs

To authenticate the obtained results, the simulated structure was physically fabricated, as illustrated
in Figure 6(a), and subsequently tested. The testing process involved the use of the GS-320 vector network
analyzer (VNA), specifically designed for on-site applications within a frequency range of 23 to 6,200 MHz.
In Figure 6(b), presenting the S;, coefficient, the measured results from the GS-320 align remarkably well
with the simulated ones, particularly emphasizing the bandstop behavior despite this alignment, a minor
frequency band shift is observed, attributed to the substrate's characteristics during fabrication, which
exhibited slight variations in values.
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Figure 6. Validation step (a) prototype filter implementation and (b) comparison between simulated and
measured results

3. RECONFIGURABLE BANDSTOP FILTER WITH VARACTORS
3.1. Varactor diode model

To ensure the adaptability of the discussed filter, varicap diodes are incorporated, leveraging their
unique properties to govern bandwidth flexibility. Exploiting varactor diodes inherent characteristics, where
capacitance dynamically adjusts with applied inverse voltage bias, facilitates the desired reconfigurability of
the bandwidth. The objective is to seamlessly integrate four varicap diodes into the prototype of the bandstop
filter. For modeling bandwidth reconfigurability in the metamaterial bandstop filter with varactor diodes, the
SMV2019 model has been chosen as the variable capacitance element. Employing reference data from
Skyworks, we apply V;, levels ranging from 0 to 20 V, resulting in a variable capacitive response spanning
from 0.3 to 2.22 pF, which is adapted to the structure of the filter under consideration.
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3.2. Design and implementation of the SMV2019 varactor

The simplified equivalent circuit of the varactor diode SMV2019 is depicted in Figure 7 where it
was conceptualized under ADS simulator, where Lg is set at 0.7 nH and R, at 4.8 Q, representing the
inductance and series resistance of the device, respectively. C, denotes the capacitance and its value changes
due to the reverse bias between the anode and cathode of the varactor diode.

The design of the polarization circuit, depicted also in Figure 7, aims to establish effective isolation
between the DC and RF components. The conceptualization was validated through simulation, as
demonstrated in Figure 8. The S,; coefficient in this figure serves as a clear indicator of the achieved
isolation within the frequency band spanning from 2.3 to 2.7 GHz, where the insertion loss achieved -105 dB.
The simulation results affirm the circuit's ability to separate and isolate the DC and FR components,
confirming its effectiveness in maintaining the desired characteristics within the specified frequency range.
After establishing the varicap diode model and its associated polarization circuit, both components were
incorporated into the geometry of the SRR bandstop filter as depicted in Figure 9.
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Figure 7. Equivalent circuit of the SMV2019 and its polarization circuit
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Figure 8. The polarization circuit with umbrella stub, and its S, coefficient in dB

3.3. Results illustration

In examining the results presented in Figure 10, the dynamic behavior of the S,; coefficient in
response to changes in inverse voltage bias is evident, showcasing a substantial reconfiguration of the
bandwidth. Specifically, the S,; values, initially ranging from 1.65 to 2.08 GHz under V,, = 0V, have
transitioned to a broader bandwidth of 2.05 to 2.45 GHz when V;,, = 20 V. An intriguing observation lies in
the sensitivity of the Rb1 (first rejected band) to changes in the variable capacitance, as demonstrated by its
more pronounced response. Operating below -3 dB, the Rb1 band exhibits a significant shift at 2.05 GHz,
characterized by a reverse bias voltage of 6 V and C, = 0.55 pF, resulting in a tuning range of 1.4 GHz. This
tuning effect is further highlighted by the distinct ranges of the Rb1 and Rb2 (second rejected band), with
Rb1 spanning from 1.65 to 2.2 GHz and Rb2 extending from 2.35 to 2.55 GHz.
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Figure 10. The S,, performances of the reconfigurable filter

The dynamic interplay between the variable capacitance and the resultant shifts in resonant
frequencies underscores the efficiency of integrating varactor diodes and their associated polarization circuit
in achieving the desired reconfigurability within the bandstop filter. The principal aim in introducing varactor
diodes to these configurations was to meticulously observe and analyze the nuanced behavior of bandwidth
reconfigurability. This goal has been unequivocally realized, evident in the pronounced variations discerned
in the obtained results. This transformative integration of varactors imparts an elevated functionality to the
structure, enabling its seamless incorporation into diverse applications. This obviates the need for developing
additional structures aimed at rejecting bands, a task adeptly accomplished by the reconfigurable filter itself.

4. CONCLUSION

In conclusion, this article undertakes a comprehensive exploration of a microstrip metamaterial
reconfigurable bandstop filter. The investigation initiates a meticulous evaluation of the SRR unit cell,
leading to the conception and simulation of a bandstop filter featuring SRRs. Subsequent stages involve the
fabrication and testing of the considered structure, confirming the successful realization of the proposed
design. The study seamlessly transitions into the reconfigurable aspect, ingeniously transforming the same
bandstop filter with SRRs into a reconfigurable bandstop filter using varactors. The incorporation of varactor
diodes is thoroughly addressed through modeling, and the ensuing conception and simulation of the
reconfigurable filter showcase the adaptability of the design.

Int J Elec & Comp Eng, Vol. 14, No. 4, August 2024: 4128-4137
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Accordingly, the results attest to the successful reconfiguration of the bandstop characteristics,
validating the versatility and functionality of the varactor-enhanced design. The dynamic interplay between
variable capacitance and shifts in resonant frequencies vividly underscores the efficiency of integrating
varactor diodes and their associated polarization circuit in achieving the desired reconfigurability within the
bandstop filter. The primary goal of introducing varactors to these configurations was to observe and analyze
the nuanced behavior of bandwidth reconfigurability, a goal unequivocally realized as evidenced by the
pronounced variations discerned in the obtained results. This transformative integration of varactors imparts
elevated functionality to the structure, enabling seamless incorporation into diverse applications. Importantly,
it eliminates the need for developing additional structures aimed at rejecting bands, a task adeptly
accomplished by the reconfigurable filter itself. From perspectives, our upcoming goal is to control the
reconfigurability of the bandwidth of the filter, with an algorithm, where its outputs are the voltage bias of
the varactor diodes based on the specifications dictated as inputs of the algorithm.
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