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ABSTRACT The paper presents the principle of a microwave adaptive band-pass filter based on the cascade of ring
resonators. The filter is performed as a planar microstrip technology with thickness of around 1 mm to ensure compactness
of the device. The ring resonators, being a part of metamaterials, can be considered as an equivalence of an oscillator and is
conventionally used in the microwaves. While a quite number of the filters with predefined parameters are well-known, the
adaptive filters the throughput and output characteristics of which can be adjusted depending on the input ones is the
topical problematic nowadays and, at least, for the closest future. We have investigated in the paper the possibilities of
adjustment the considered filter’s transmission characteristics through the ring design, distance between them, and
discussed other features, which have impact. For example, it allows expanding of the filter bandwidth from 250 to 60 MHz
for simultaneous change of a distance between the adjacent rings. We have suggested the approach how to do the filter
time-dependent. A varactor diode inserted into the gap of the middle ring is controlled with an independent external
source and can adjust the filter bandwidth from 80 up to 140 MHz for the varactor capacitance variation from 16 to 6 pF
(bias voltage variation from 1 to 7 V) that covers the existing communication networks, such as mobile generations,
Bluetooth, Wi-Fi, etc. and can be applied for modern smart technologies of the Internet-of-Things for a remote control. It
becomes possible because different sensing elements, such as photodiodes, Hall effect sensors, photoresistors, etc., can be

exploited as the aforementioned external source.
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I. INTRODUCTION

he advent of the era of the latest wireless
T communication systems from 4 to 5, and in the

closest future, 6G, has led to the necessity of an
increasing of the data rate [1-2]. The transfer into higher
frequencies and faster communications lead to an increase
in signal filtering devices [3], namely bandpass filters
(BPFs) [4]. In a radio frequency (RF) transceiver module,
the BPF plays a vital role. It filters out out-of-band
interference and noise to meet the signal-to-noise ratio
requirements of RF systems and communication protocols
[5]. Currently, the development of compact and low-cost
BPFs is urgent and is closely related to the usage of signal
spectrum resources and the complexity of communication
protocols [6]. In addition, as the number of frequency
bands that mobile phones and other communication
systems must support continues to increase, since each
frequency band must have its own filter, the number of
filters that must be used is also increasing [7].

Modern BPF design techniques have significantly
evolved from the initial passive element-based circuits to
modern microstrip filters, with multiple resonant elements
in the form of microstrip elements (MEs) [8-10] placed on
a printed circuit board (PCB) [11-12]. MEs are
constructed in the form of various geometric shapes,
which are inductive and capacitive circuits, thus forming
a transmission line [13]. Such circuits provide the
required filter bandwidth characteristics. ME allows to
significantly diminish the size of the filter and simplify its
manufacturing, and, thus, reduce its cost [13].

There are many different types of filters made in the
form of a microstrip transmission line, which consist of an
array of MEs [14]. There have been papers presented with
different configurations of MEs for BPFs, such as end-
coupled, parallel-coupled, interdigital, hairpin, and others
[16-20]. The parallel-coupled is one of the most
commonly used technique due to its simple design and
relatively wide bandwidth [21]. In [22-23], broadband
BPFs with the bandwidth of up to 60% were developed.
Based on the new configurations shown in [24], the filters
reach up to 80% bandwidth with low out-of-band
rejection. In [25], a new method based on low-
temperature ceramics was presented that result in very
compact dimensions. Some BPFs require high selectivity
at one of the edges of the bandwidth, and for this purpose,
designs with an asymmetric frequency response are used
in [26]. Such designs, unlike symmetrical ones, make
possible improving the frequency response and reduce the
number of MEs.

However, the characteristics of the considered filters
are usually defined in advance and cannot be acquired in
real-time in response to an input signal. Therefore, the
ability to adjust the filter depending on the desired
frequency range is an excellent solution. In the
microwave frequency range, the use of a varactor diode
[27-29] can provide the ability to control the bandwidth of
a BPF. Such tuning is achieved by controlling the
resonant frequencies, while changing the capacitance of
the varactor by applying a bias voltage to it. In this article,
we will consider the development of a compact time-
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controlled microstrip BPF with the ability to change the
bandwidth characteristics in a narrow frequency range.

Il. FILTER MODEL AND ITS FREQUENCY
CHARACTERISTICS

The BPF model based on ring resonators [30] was
chosen for the thoroughness study. The elaborated filter
model, shown in Figure 1, is designed with the FR-4
dielectric substrate (relative permittivity ¢ = 4.3) with
double-sided copper coating. The thickness of the
dielectric substrate is 1 mm and the copper coating is 35
microns. The front layer (Figure 1, a) consists of three
ring resonators with the following geometric dimensions:
m=13.16 mm, n = 13.16 mm, p; = 9.37 mm, p, = 9.87
mm, k=1 mm, 2 = 0.257 mm and e = 0.5 mm. The
resonant frequency and bandwidth of the filter depend on
the value of the mentioned dimensions. The bandwidth
and slope of the front and back faces of the BPF depend
on the distance # between the ring resonators and their
quantity. Each of the rings can be considered as an
equivalent LC-circuit and is therefore characterized by a
specific value of the resonant frequency. The other side of
the dielectric substrate is completely coated with a copper
layer, which is analogous to a transmission line (Figure. 1,
b).

FIG. 1. Model of the designed BPF based on ring resonators:
front (a) and back (b) sides.

For further investigation of the frequency response,
the model of the filter with the previously-mentioned
geometric dimensions was modelled in CST Microwave
Studio. The filter was connected to the input and output
waveguide power ports, which is the commonly used
approach to simulate such type of structure. The spectra
of the S;;-parameters were studied to show what
proportion of energy transmitted from the input port is
collected at the output one. Thus, according to the studies,
the shown in blue graphs in Figure 2 can be seen and they
practically coincide with the theoretically calculated data
shown in Figure 2 with the red line. The center frequency
of the filter is 1.1 GHz and the bandwidth is about 100
MHz at the cut-off frequency level of 0.707.

The theoretical calculations were carried out following
the analytical analysis shown in [31]. The equivalent
capacitance is presented as a capacitance between two
parallel microstrip lines, while an inductance along the
entire length of the microstrip line serves as an equivalent
inductance. As mentioned above, the ring resonator is an
LC-circuit. Thus, a value of the resonant frequency is
determined according to the Thompson formula:
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FIG. 2. Spectra of S;-parameters obtained for theoretical
calculations (red), simulation (blue), and experiment (yellow).

As a result of the analytical calculations and
simulations, the needed parameters and frequency ranges
were obtained to fabricate the experimental model and
perform measurements then.

The experimental BPF were fabricated based on the
investigated filter model and specified structural
parameters (Figure 3). The BPF were fabricated by
drawing the corresponding lines on the copper layer of a
double-sided FR-4 PCB (¢ = 4.3 and ¢g(d) = 0.01),
followed by chemical etching. The back was not treated,
leaving the copper layer intact. SMA connectors with a
characteristic impedance of 50 ohms are connected to
each of the outputs for connection to the measuring
instrument. The etched outputs’ impedances were

calculated to match them to the SMA connectors.
Portl

Port2

=SS

FIG. 3. Experimental model of the investigated filter.

For measurement of S, -parameters, the input and
output are connected to the two-channel vector network
analyzer (nanoVNA). As a result of the measurements,
the graph marked in yellow in Figure 2 shows that the
outcomes of the experimental studies almost completely
reproduce the previously obtained results of theoretical
calculations and simulations. However, the bandwidth at
frequencies reaches slightly lower values (80 MHz). It is
due to the dielectric losses of the used substrate. From the
obtained results, it can be concluded that the algorithm
considered for the calculation of ring resonators and their
simulation allow obtaining results that are in good
agreement with the experimental results.

For a visual assessment of an operation of the filter,
which is focused on the passage of high-frequency
signals, the distributions of the EM field over the surface
of the structure are displayed. Since a high-frequency
current flows through the filter, it is advisable to consider
the distribution of the electrical component of the EM
field at the same plane with the ring resonators. The
results were obtained in CST Microwave Studio and are
shown in Figure 4. From the electric field distributions, it
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can be seen that transmission is not possible at 0.8, 0.9
and 1.3 GHz (Figure 4, a-b, f), since the maximum
intensity (red colour of the distribution) is concentrated
around two the first rings and does not reach the third one
and the output port as a result. At the same time, all three
ring resonators are coloured in the red for frequencies of
1, 1.1 and 1.2 GHz (Figure 4, c-e), which means that the
field intensity is maximum there and an electric current
can pass toward the output.

FIG. 4. Distributions of the electric component of the
electromagnetic field on the filter surface.

I1l. THE FILTER BANDWIDTH CONTROL

Frequency or bandwidth control is important for
multi-band and adaptive systems in order to cover the
required frequency bands. As noted above, a frequency
response of the BPF depends on the geometric and
structural features of the ring resonators. To obtain a
specific value of the central frequency, such parameters as
m, n, p;, p» and e must remain unchanged. Instead, the
parameter s can control the operating frequency band
(Figure 5, a). Thus, £ =1[0.37, 0.51, 0.66, 0.81, 0.96] mm
was chosen during the investigation to demonstrate the
effect. As a result, the Sy;-parameters were obtained using
CST Microwave Studio, which are shown in Figure 5, b.
The plot shows that an increase in the value of the
distance between the ring resonators leads to the
decreasing in the operating frequency band, i.e., to a
narrowing of the bandwidth, from almost 250 MHz up to
~60 MHz at the cut-off frequency level of 0.707.

However, this method does not allow changing or
controlling the bandwidth in real time. One of the
possibilities to achieve this task is a utilization of
varactors. The approach is the well-known technique for
adjustment of resonant frequencies by applying a bias
voltage to it. Then the bias voltage controls both the
resonant frequency and the bandwidth characteristic,
which changes with variation of the wvaractor’s
capacitance.

For an experimental verification of the considered
idea, the sample of the time-dependent filter was modified
by mounting a varactor diode BB135 [32] in the gap of
the central ring (Figure 6, a). The bias voltage was varied
from 1 to 7V in 1V steps, which corresponded to a change
in capacitance from 16 to 6 pF. Accordingly, the Sj;-
parameters were obtained, as shown in Figure 6, b. The
plot shows that an increase in the bias voltage leads to a
widening of the filter bandwidth. Thus, an increase in the
bandwidth by ~140 MHz can be achieved.
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FIG. 5. The filter model showing the principle of frequency band
control (a) and the obtained spectra of S, -parameters at 7 =
[0.37,0.51, 0.66, 0.81, 0.96] mm (b).
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FIG. 6. Experimental model of the filter modified with a varactor
diode (a) and the obtained spectra of S, -parameters at changing
the bias voltage (b).
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IV. CONCLUSION

Adaptive filters, which belong to the modern type of
filter devices, were considered in the paper. We have
suggested time-variance exploiting for control of the
output characteristics (bandwidth, central frequency, front
and back slope) via the bias of a varactor diode that is
inserted into the ring resonator gap. While the
conventional time-invariant band-pass filters support the
predefined parameters to provide the required
transmission characteristics, the suggested one has a
possibility to be adjusted within the frequency range from
80 to 140 MHz by changing the bias voltage from 1 to
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7 V (changing the varactor capacitance from 16 to 6 pF).
The considered approach of the filter design allows
expanding the bandwidth up to 250 MHz on demand via
changes of the geometrical parameters. The achieved
bandwidth can cover a quite number of the existing bands
of modern communication technologies such as mobile
generations, Bluetooth, Wi-Fi, etc.
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PerynboBaHuit cmyrosmi pinbTp Ha OCHOBI KinbueBux
pe3oHaTopiB ANA MIKPOXBU/IbOBUX 3aCTOCYHKIB

v* ~
MuKona Xo63eii , Brnagucnas Tkau, Muxaitno AnoctonioK T1a imutpo Bosuyk

Kadepnpa pagjotexHikv Ta iHpopmaLiinHoi 6e3nekn, YepHiBeLbkuii HaLioHaNbHWI YHiBepcuTeT imeHi Opia ®eabkoBuya, YepHisLi, YkpaiHa
*ABTOp-KOpecnoHAeHT (EnekTpoHHa agpeca: m.khobzei@chnu.edu.ua)

AHOTALLIA Y cTaTTi npeacTaBneHo NpUHUMN NobyaoBU MIKPOXBMAbOBOIO aganTMBHOrO CMyroBoro ¢inbTpa Ha OCHOBI
KacKaay KinbLeBMx pe3oHaTopiB. PinbTp BUKOHAHO Y BUTAAL] NAAHAPHOT MiIKPOCMY»KOBOI CTPYKTYPU TOBLUMHOM 6113bKo 1
MM Ans 3abe3sneyeHHA KOMMAKTHOCTI mpuctpoto. KinbLesi pe3oHaTopy BXOAATb A0 OAHOMO i3 K/iaciB meTamarepianis i
MOXXYTb PO3rNASATUCA AK EKBiBaZIEHT KO/IMBAZIbHOTO KOHTYPY, Ta 3a3BMYali BUKOPUCTOBYETLCA B Aiana3oHi HU3bKMX YacToT.
AKWwo ¢inbTpy 3 Hanepes 3aA4aHUMM MapaMeTpaMu BigOMi, TO afanTUBHI GiNbTPKU, NPONYCKHI Ta BUXiAHI XapaKTePUCTUKK
AKUX MOKHa PEry/tOBaTU B 3a/I€XKHOCTI Bif, BXiGHWX, € aKTya/IbHOKO NPO6JEMOIO CbOTOAEHHS i, NPUHANMHI, HalibaMKYoro
MalbyTHbOro. Y CTaTTi AO0CAIAKEHO MOMKAMBOCTI PEryntoBaHHA MNEpPeaaTHUX XapaKTePUCTUK Po3rnsHyToro ¢inbtpa 3a
[OMOMOTOK0 KOHCTPYKTUBHMX 0CO6/MBOCTEN Kineub. Hanpuknag, ogHoyacHa 3miHa BiACTaHi MiXK CyCiAHIMM KifbLeBUMM
pe3oHatopamn Big 0.37 go 0.96 Mm [03BOAAE BaApilOBAaTM CMYroto nponyckaHHA Big 250 go 60 Mlu. Cytb ke
3aMpONOHOBAHOMO Migxo4y, WO BWUCBITAOETbCA Yy PobOTI, nonArae y BBeAEHI €NeMEHTIB, MapameTpu SAKUX MOXKYTb
3MiHIOBAaTUCb B Yaci. B AKOCTI TaKOro enemeHTy BMKOPWUCTAaHO BapaKTOPHWM Aiof — eNeMeHT, WO 34aTHUN 3MiHIoBaTU
€MHICTb Bif NPUKNaAeHol A0 HbOro Hampyru (y Hawomy Bunagky Big 16 Ao 6 n® npu 3minHi Hanpyru Big 1 Ao 7 B). danuii
e/1eMeHT BMOHTOBYETbCA Y PO3pi3 cepeAHbOro KiNbLEeBOro pe3oHaTopy Ta KEePYETbCA He3aNeXKHUM 30BHILLHIM AyKepenom
KUBNEHHA. Lle A03BONAE 34iMCHIOBAaTM KOHTPO/Ib CMYTM MPOMNYCKaHHA A0cAiAxKyBaHoro ¢inbTpa Big 80 Ao 140 MIy,. Takui
NPUCTPI MOXKe 3HANTU 3aCTOCYBAHHSA B Cy4aCHUX CMCTEMAX KOMYHIKaLiM, TaKMX AK MOBIiNbHI MepeXki CTiNIbHMKOBOTO 3B’A3KY,
Bluetooth, Wi-Fi Towo, a TakoX Mo)Ke 6yTW 3acTOCOBaHMI AN CMAPT-TEXHONOrIN IHTEepHeTy peyelt Ta AUCTaHLUINMHOIO
KepyBaHHA. Lle nos’A3aHO i3 TMM, LLO B AKOCTI BMLLE33a3HAYEHOTO AXKEPENA YKMBMEHHA MOXKYTb BMKOPMCTOBYBAaTUCH
Pi3HOMAHITHI AaTYMKMK, WO KepyBaTMMYTb MPOMYCKHOK 34aTHICTIO dinbTpa B 3a/71eXHOCTI Bif, 30BHiWHiIX daKTopiB BNAMBY
(HanpuKknag, TemnepaTypu, iIHTEHCUBHOCTI OCBITAEHHA, 3MiHM TUCKY, 3MiHWM €N1EeKTPOMarHiTHOro GoHy, ToLo).

KNIKOYOBI C/IOBA KinbLeBuit pe3oHaTop, CMyroBuin ¢inbTp, MiKPOCMY»XKKOBa cxema, npucTtpoi loT.
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