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A Multifunctional Microwave Filter/Sensor
Component Using a Split Ring Resonator
Loaded Transmission l:sine

Zahra Shaterian

Abstract— This research is focused on the design and realiza-
tion of a microwave component with multifunctional filter/sensor
operation using a resonator-loaded transmission line (TL). It is
shown that while the structure acts as a bandstop filter, the
phase of the reflection coefficient from the loading resonator(s)
on a movable layer can be used for displacement sensing, thus
allowing for combining filtering with sensing in one device.
The proposed multifunctional mechanism is validated through
electromagnetic (EM) simulation of the structure. The concept
and the performance of the proposed device are further examined
through the fabrication and measurement of a multifunctional
filter/sensor component based on a microstrip TL loaded with
movable split ring resonators (SRRs).

Index Terms—Filter, microwave displacement sensor, multi-
functional component, phase, split ring resonator (SRR).

I. INTRODUCTION

N RESPONSE to increasing demand for portable wireless

communication devices, many studies have been focused
on the development of compact, lightweight, and low-cost
microwave components. One popular method to achieve these
goals is by integrating components with different function-
ality to form multifunctional components. Filters are one
of the widely used passive components that are present in
the radio frequency (RF) front-end of almost any wireless
communication system. Filters operating at high microwave
and millimeter-wave frequencies are realized using distributed
elements, thus consuming a relatively large area. That is why
many studies have been conducted to integrate microwave
filters with other components to form multifunctional com-
ponents, thus reducing the overall size and weight. Filtering
antennas [1], filtering power dividers [2], and filtering power
amplifiers [3] are some examples of such multifunctional
components.

Microwave sensors are another category of microwave com-
ponents that are widely used for different applications such as
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Fig. 1.
component.

Block diagram for the proposed multifunctional filter/sensor

material characterization [4], [5], defect detection [6], [7], [8],
rotation [9], [10], [11], [12], and displacement sensing [13],
[14], [15]. The functionality of all the above-mentioned struc-
tures is limited only to sensing. However, the availability of
new RF circuits that can simultaneously provide typical RF
signal processing actions such as filtering, and RF/microwave
sensing can be very advantageous, especially for the Internet
of Things (IoT) devices. Despite their extensive applications,
studies on the integration of microwave sensors with other
passive or active components are very limited. To the best of
the authors’ knowledge, the first multifunctional filter/sensor
has very recently been proposed in [16]. The frequency
response of the ultra-wideband (UWB) filter in [16] possesses
a transmission zero, which is located in the passband region.
The frequency of the transmission zero is sensitive to the
angular displacement of a rotatable section. Therefore, the
sensing is performed by monitoring a shift in the frequency
of the transmission zero. Despite the proper operation of this
sensor in the UWB filter, this method is not applicable for
integrating a sensor with narrowband filters.

This letter presents a novel method for the design of multi-
functional filter/sensor components. In this method, sensing
is conducted based on the variations of the phase while
the magnitude response, which is the one that matters in
most filters, is used for filtering operation. For demonstration,
a multifunctional component that provides a bandstop filtering
response while sensing a linear displacement is presented.

II. PRINCIPLE OF OPERATION AND
NUMERICAL VALIDATION

Fig. 1 illustrates a block diagram for the proposed mul-
tifunctional filter/sensor component. As shown in the figure,
the structure is composed of a bandstop filter block, which is
sandwiched between two 50 Q transmission line (TL) sections.
In this configuration, a signal fed at one port reaches the other
port at all frequencies except in the stopband of the filter where
the signal will be reflected back to the source. Note that the
phases of the reflection coefficients, i.e., ZS;; and ZS,; change
if the lengths /; and [, are altered. Therefore, variations in the
phase of reflection coefficients due to changes in the lengths
[y and/or I, or their propagation constants can be used for
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Fig. 2. Side and top views of the proposed structure for multifunctional

filter/sensor. The microstrip line has a width of w = 1.15 mm, which
corresponds to a 50-Q characteristic impedance. The dimensions of the first
and third resonators are: a = 4.8 mm, » = 4.8 mm, g = 0.3 mm, ¢ = 0.3 mm,
and the spacing s between each SRR and the microstrip is 0.2 mm. Dimensions
of the second pair of SRRs are b, = 4.82 mm and s, = 0.16 mm. The space
between two adjacent SRRs is p = 7.4 mm.

sensory applications. It is very important to note that if small
losses are neglected, the magnitude of the transmission and
reflection coefficients, i.e., |S>;| and |S;;| are independent of
the TL lengths /; and /. Therefore, changes in the lengths
[y and/or I, do not have any effect on the magnitude response,
which is the one that matters in most filters. In short, using
this method, simultaneous sensing and filtering functionalities
are achieved while avoiding undesired mutual effects. Note
that the filter block in Fig. 1 can be either a simple notch
filter formed by a single loading resonator or an elaborate
high-order Butterworth or Chebyshev bandstop filter.

For demonstration, in what follows, a multifunctional third-
order Chebyshev bandstop filter and displacement sensor is
presented. The TLs are realized in microstrip technology while
split ring resonators (SRRs) are utilized as the main building
blocks of the filter. Fig. 2 shows the proposed filter/sensor
structure. As shown in the figure, the structure is composed
of two substrates that are stacked on top of each other.
A microstrip line and its ground plane are implemented on
the top and bottom layers of the first substrate, while three
pairs of SRRs are realized on the second substrate.

At the initial position when the SRRs are symmetrically
placed with respect to the input and output ports of the TL,
i.e., dx = 0, the phase of the reflected signal by the SRRs is
L8y = —2p1, where [ is the half length of the microstrip line,
and p is the phase constant of the TL. Displacing the top sub-
strate in the longitudinal direction by dx changes the position
of SRRs along the TL. This in turn increases the traveling
path of a signal from port 1 to the SRRs to [ + dx. As a
result, the phase of the reflected signal by the SRRs to port 1
will be —2f(I + dx). Thus, a displacement in the x-direction
can be accurately determined by measuring the phase of the
reflected signal. As mentioned earlier, displacement of the
SRRs only changes the phase of the reflected signals, while
the magnitudes of the transmitted and reflected signals and as
a result, the filtering behavior of the component is untouched.

To validate the concept, a narrowband Chebyshev bandstop
filter with the center frequency fy = 4.9 GHz, 5.3% fractional
bandwidth (FBW), and 0.1 dB insertion loss in the passband
is designed and simulated. The filter design is started with the
element values of the corresponding lowpass prototype, i.e.,
g0 = g4 = 1.0, g1 = g3 = 1.0316, and g, = 1.1474. The
elements for the LC resonators transformed to the bandstop
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Fig. 3. Circuit and EM simulated magnitude of the transmission and reflection
coefficients of the proposed component for different values of displacement.
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where y is the impedance scaling factor and €. is the lowpass
cutoff frequency. Using the above equations the required
equivalent capacitance and inductance values for each pair of
SRRs are as follows: C; = C3 = 11.916 pF, C; = 10.7 pF,
Ly = L3 =0.089 nH, and L, = 0.099 nH. Then the geometric
dimensions of each pair of SRRs should be optimized to meet
these values and also achieve the resonance at the central
frequency of the filter [17], [18], [19]. Note that the equivalent
capacitance of a pair of SRRs can be obtained using the
susceptance slope of the resonator from electromagnetic (EM)
simulations using

_1dB

=il 3)

wo

Rogers RO4350 material with a relative permittivity €, =
3.46 and dielectric loss tangent tan(d) = 0.004, thickness
h = 0.508 mm, and 35 xm thick copper metallization is
used for both substrates. Other dimensions of the structure
are as denoted in the caption of Fig. 2. The dimensions of
the second pair of SRRs are slightly different from the other
pair of SRRs. Note that, conventionally all the resonators of
a filter are chosen to be identical and the required equivalent
capacitance and inductance values are achieved by utilizing
different impedance inverter values K between the resonators.
However, since in our design the SRRs are movable, the
microstrip line has to be uniform. That is, no variations in
K -values are allowed. Therefore, the dimensions of SRRs are
adjusted to achieve the C,, and L, that are calculated based
on (1) and (2).

For validation, the designed multifunctional filter/sensor is
numerically simulated using HFSS full-wave EM simulation
software. Fig. 3 depicts the circuit and the full-wave EM
simulated magnitude of the transmission and reflection coeffi-
cients of the proposed multifunctional filter/sensor for different
values of displacement dx from —6 to 6 mm in steps of
2 mm. Also, the simulated phase of reflection coefficient at
port 1 (i.e., £Sy;) versus frequency for different values of
displacement from —6 to 6 mm in steps of 2 mm is presented
in Fig. 4. As can be seen in Fig. 3, the signal entering port 1
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Fig. 4. Simulated phase of the reflection coefficient for different values of
displacement dx from —6 to 6 mm in steps of 2 mm.
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Fig. 5. Photograph of the fabricated prototype.
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Fig. 6. Measured (dashed line) and simulated (solid line) amplitude of the
transmission and reflection coefficients for different values of displacement.

reaches port 2 at all frequencies except in the stopband of the
filter (centered at f = 4.9 GHz). Note that displacing the top
layer changes neither the amplitude nor the frequency of the
transmission and the reflection coefficients. However, Fig. 4
shows that the phase of the reflection coefficient is a function
of displacement dx. Therefore, the simulation results show
that the amount of displacement can be sensed by measuring
the phase of the reflected wave without any adverse effects on
the amplitude of S-parameters for filtering functionality.

II1. EXPERIMENTAL RESULTS

To validate the simulation results, the designed filter/
displacement-sensor has been fabricated and its performance
is measured. Fig. 5 shows the photograph of the fabricated
prototype. The dimensions of the fabricated prototype cor-
respond to the simulated structure in Section II. Measured
and simulated amplitude of the transmission and reflection

Fig. 7. Simulated and measured phase of the reflection coefficient versus
displacement dx at f = 4.8, 4.9, and 5 GHz. Each value in the measured
phase is the mean of five independent measurements for each setting of
displacement and error bars represent the standard error of the mean.

coefficients for different values of displacement dx from —6
to 0 mm by steps of 2 mm are shown in Fig. 6. The small
discrepancy between the simulated and measured results may
be attributed to the conductor loss, losses of the subminiature
version A (SMA) connectors, fabrication tolerances, and small
misalignment of the SRRs with respect to the symmetry plane
of the loaded TL. The simulated and measured phase of the
reflection coefficient at port 1 versus displacement dx at the
center frequency of the filter, i.e., f = 4.9 GHz, is depicted
in Fig. 7. It can be seen from this figure that by increasing
dx the phase of S;; at f = 4.9 GHz is decreased, while
the magnitude of the reflection and transmission coefficients
(shown in Fig. 6) is almost unaffected. Fig. 7 also shows the
simulated and measured phase of S;; versus displacement for
f = 4.8 and 5 GHz. The presented results show that the
sensor properly operates over the frequency band of the filter.
Note that the phase of the S;; in the band stop of the filter,
i.e., at the frequency band in which the amplitude of the Sj;
is close to 0 dB, is used for sensing application. Fig. 7 also
shows that the measured and simulation results are in good
agreement. Note that the proposed sensor benefits from a linear
response with a high sensitivity of 20°/mm. Since the operating
frequency of the sensor is dictated by the filter, the sensitivity
of the sensor cannot be improved by increasing the operating
frequency of the sensor. However, this aim can be met by
the phase constant of the SRR-loaded TL. This is possible by
using a substrate with a higher permittivity and/or thickness.
It is worth mentioning that theoretically, the dynamic range of
the sensor is infinite. However, in practice, the dynamic range
is limited to the length of the microstrip line sections.

IV. CONCLUSION

A novel method for the design of a multifunctional
microwave filter/sensor has been proposed. It has been shown
that in bandstop filters where only the amplitude response
matters, the phase of the reflected signal can be used for sens-
ing purposes, with no adverse effect on filtering behavior. For
demonstration, a third-order Chebyshev bandstop filter/sensor
in microstrip technology has been designed. A prototype of
the designed multifunctional device has been fabricated and
its performance has been measured. The proposed concept
has been validated by the good agreement between the EM
simulated and experimentally measured results.
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