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A highly sensitive, microwave-coupled ring resonator with a wide dynamic range is studied for use
in sensing applications. The resonator’s structure has two resonant rings and, consequently, two res-
onant frequencies, operating at 2.3 and 2.45 GHz. Inductive and capacitive coupling mechanisms
are explored and compared to study their sensing performance. Primary finite element analysis and
measurement results are used to compare the capacitive and inductive coupled ring resonators, dem-
onstrating sensitivity improvements of up to 75% and dynamic range enhancement up to 100% in
the capacitive coupled structure. In this work, we are proposing capacitive coupled planar ring reso-
nators as a wide dynamic range sensing platform for liquid sensing applications. This sensing device
is well suited for low-cost, real-time low-power, and CMOS compatible sensing technologies.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953465]

Planar microwave resonator sensors have recently been
employed in various sensing applications, demonstrating
reliable, reproducible results. They have been used for bio-
medical, industrial, safety, and security applications to detect
small particles or pieces in various environments.'™ Planar-
ring microwave resonator sensors have been used for liquid
interface detection,® biomolecule detection in microfluidic
channels,” and real-time DNA sensing® applications. Planar
resonators also demonstrate promising results for gas and hu-
midity sensing applications.””"" These resonators have been
integrated with nanotube structures to study nanotube behav-
ior when exposed to ultra-violet light'” or to enhance the
sensing performance of microwave resonators.”?

While planar microwave resonator sensors have demon-
strated promising performance as inexpensive, robust, con-
tactless sensors, they suffer from problems like selectivity,
low-resolution, and limited dynamic range.'* To improve the
resolution of planar resonator sensors, the quality factor
must be improved. Lee et al. have reported a biocompatible,
impedance-matched microwave planar resonator device with
a quality factor of 1670." Using active devices in microwave
passive sensors has also been reported to increase the quality
factor and resolution;'>~'7 however, they require DC adjust-
ment and calibration, which can be limiting parameters for
active-loop assisted devices in applications such as implant-
able or wearable devices.'®

Ring resonators have been widely used for sensing
applications.® They offer moderate quality factors and could
benefit from quality factor enhancement. It has been shown
that coupling (inductive or capacitive) between planar micro-
strip resonators can increase the quality factor.'”

In this paper, we present coupled ring resonator sensors
and investigate their sensing performance in inductive and
capacitive coupled forms. The design and analysis details are
presented next, followed by measurements and discussions.
Their sensitivity and dynamic range are studied and compared,
with the capacitive coupled structure demonstrating a signifi-
cant performance advantage over the inductive coupled one.
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The sensing platform consists of two capacitive or induc-
tive coupled planar microstrip ring-resonators, as shown in
Fig. 1.%° The operational principal for the presented sensors is
based on permittivity and conductivity variations in the vicin-
ity of the resonators’ surface. Permittivity variations in the
medium surrounding the sensor affect fundamental character-
istics of the resonator such as its resonant frequency, quality
factor, and resonant amplitude, which can be used to charac-
terize material changes in close proximity to the resonator.

Table I summarizes the size specifications of the sensors
as implemented in both capacitive and inductive coupling
modes. In Fig. 1(a), the resonant ring is magnetically coupled
to the input and output signal line while the two rings are
electrically coupled to each other. For the inductive coupling
structure (Fig. 1(b)), the two rings are magnetically coupled
to each other while a capacitive coupling establishes a link to
the signal input/output lines.

The resonant frequency for each ring structure can be
calculated as: f =c¢/(2 x L x \/@),1 where c is the speed
of light, L is the physical length of the ring and, and & is
the effective permittivity of the near ambient of the resona-
tor." Since the length of the rings is equal, they have identi-
cal resonant frequencies in a given ambient permittivity.
These rings are highly coupled in both capacitive and induc-
tive coupled structures. This can lead to frequency splitting
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FIG. 1. Planar coupled resonator sensor structure: (a) capacitive coupling
and (b) inductive coupling.
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TABLE I. Designed ring resonator specifications in HFSS.

W gr g d Ll LZ

Values (mm) 2.4 0.7 0.6 3 5.4 14

phenomena and creates a coupled resonator with two reso-
nant frequencies in its frequency profile. The distance
between two resonant frequencies in the resonance profile of
each coupled resonator is adjustable by changing the struc-
ture parameters which control the coupling factor between
the rings. Simulation results in Fig. 2 presents the effect of
varying the coupling gap (g;) between the rings on the reso-
nant profiles of the presented structures in Fig. 1.
Considering the circuit models in Figs. 2(c) and 2(d), the
resonant frequencies for the capacitive and inductive coupled

resonators can be estimated as f7/y ~ 1/ VL, (C,=C,,) and
Jom = 1/y/Cr(L,=Ly,) , tespectively.”’ From these equa-

tions, it can be determmed that increasing the coupling factor
(Cy, or Lyy,) can create frequency splitting for both capacitive
and inductive coupled resonators as shown in Figs. 2(a)
and 2(b).

In planar microwave resonator sensors, variations in the
permittivity of the sensor-ambient are translated to sensor
characteristics through alterations in the electric field. The
electric field around the resonator is affected by the electrical
permittivity and loss-factor (real and imaginary parts of the
dielectric properties) of the carrier substrate and the materi-
als above the resonator surface (material under test (MUT)).
The simulated electric field distribution of the resonator
within a distance of 2 mm above the surface of the resonators
is presented in Fig. 3. The electric field is stronger in capaci-
tive coupled regions than the other areas. These regions can
be considered as hot-spots for the sensor, to be used as the
most sensitive areas.

To verify the sensing capability of the proposed resona-
tor structures, a simulation is run in HFSS software’! with a
material under test (MUT) placed in the hot spots of both
resonators and the resulting S,;-parameter observed. Fig. 4
presents the simulated structure with the MUT on the sensi-
tive areas. The S,j-parameter is investigated for variant
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FIG. 2. Effect of varying coupling gap for (a) capacitive and (b) inductive
coupled resonators. Circuit model for (c) capacitive and (d) inductive
coupled structures with Advanced Design System (ADS) simulation.
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FIG. 3. HFSS simulations, studying the electric field concentration 2mm
above the surface of the capacitive and inductive coupled resonators.
Capacitive coupled areas demonstrate higher field intensity than other regions.

MUT permittivities of 1-30 while the loss factor is consid-
ered to remain constant at zero (Figs. 4(c) and 4(d)). As
clearly depicted in Fig. 4(c), high resonant frequencies (fy)
experience smaller variations than low resonant frequencies

(d) ’ Frequency (GHz)

FIG. 4. HFSS Simulation of resonant profile comparison between capacitive
and inductive coupled resonators for an MUT of varying permittivity: (a)
capacitive coupled, (b) inductive coupled, (c) S,; for capacitive coupled
structure, and (d) S,; for inductive coupled structure.
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(fL) for the capacitive coupled structure. The correspond-
ingly opposite trend is found in the inductive coupled resona-
tor, where high resonant frequencies (fj;) experience larger
variations than low resonant frequencies (fi) and the
response profile gets distorted.

Further investigations for f; in capacitive coupling, and
fu in inductive coupling, are performed and presented
in Fig. 5. According to the simulation results, the f in
capacitive coupled resonator structures is more sensitive to
permittivity variations than the fy in the inductive coupled
structures. Additionally, the quality factor of the resonance
profile (resonant frequency over —3 dB bandwidth) in the
capacitive coupled resonator demonstrates a 20% increase
and remains constant while its corresponding value in the in-
ductive coupled resonator drops tremendously (Figs. 5(a)
and 5(b)). The resonators’ responses to loss-factor variation
are also studied at a constant permittivity of 2 and presented
in Figs. 5(c) and 5(d). Incrementing the loss-factor from 0 to
0.2 results in a 0.5% variation in the resonant frequency for
both capacitive and inductive coupled resonators. The qual-
ity factor of the resonance profile at the sensitive resonant
frequency (1) of the capacitive coupled resonator sees a larger
drop than the inductive coupled resonator at its sensitive reso-
nant frequency (fy) (Fig. 5(d)). From this figure, we see that
the capacitive coupled resonator demonstrates twice the sensi-
tivity to permittivity variations that the inductive coupled reso-
nator for the same range of permittivity variation sees, with
high and nearly constant quality factor. The frequency span for
HESS simulations is selected from 1 GHz to 3 GHz with the
step size of 500kHz and convergence target of 0.0002.

The proposed coupled resonators are fabricated on
microwave substrates from Rogers Corporation (8550)
with a dielectric thickness of 0.79 mm and permittivity of
2.2 +0.2. Copper layers with conductivity of 58 MS/m cre-
ate microstrip traces and the ground layer beneath the micro-
strip lines. The implemented capacitive and inductive
coupled resonators are presented in Fig. 6. To investigate
their sensing performance, the electric field hot-spots (Fig. 3)
are exposed to materials with different permittivities.

N 2.6
o
Q f,
E 24 HIC | 5
@ 153
2 &
822 : z
= fice El
g 2 e
2
@
18 0
' 10 20 0 1) 0 10 20 30
(a) Re(Permittivity) () Re(Permittivity)
526 200
I 5
[ fuic
728 vy
= -
£} &
§ 24 £
e 3 =
£ free [
c2 > > »> »> >4 O
2
@
27 0.05 0.1 0.15 0.2 500 0.05 0.1 0.15 0.2
(c) Loss Factor (d) Loss Factor

FIG. 5. Comparison of simulated capacitive (C.C) and inductive coupled reso-
nators (L.C), (a) resonant frequency versus variant permittivity at zero loss-
factor, (b) quality factor for the resonant frequencies versus variant permittivity
at zero loss-factor, (c) resonant frequency versus variant loss-factor at permit-
tivity of 2, and (d) quality factor versus variant loss-factor at permittivity of 2.
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FIG. 6. Implemented capacitive and inductive coupled resonators to investi-
gate and compare their dielectric sensing performance.

The initial measurements are performed using bare reso-
nators (implemented resonators with no samples for sens-
ing), which demonstrate low and high resonant frequencies
of 2.29 GHz and 2.44 GHz for the capacitive coupled resona-
tor, and 2.28 GHz and 2.46 GHz for the inductive coupled
resonator (Fig. 7). To study the sensing performance of the
resonators, two accurate 5880 substrate samples from Rogers
Corporation, with permittivity of 2.2, loss-factor of 0.009,
and of dimensions 7mm x 7mm with different thicknesses
of 0.79 and 1.58 mm are used as the material under test.
According to the measured results of the MUT with a thick-
ness of 0.79 mm, the f; inductive coupled resonator demon-
strates 0.64% variation while the f; capacitive coupled
resonator has 1.96% variation for the same material with
respect to the bare resonant frequencies.

The resonant frequency variation of inductive and
capacitive coupled resonators is then measured for the MUT
with thickness of 1.56 mm. The fi with the MUT displays a
0.87% variation compared with the fy of the bare resonant
frequency inductive coupled resonator. The resonant fre-
quency variation in f; for the MUT is 2.48% in the capaci-
tive coupled resonator. A comparison between the resonant
frequency shift for inductive and capacitive coupled resona-
tor illustrates that capacitive coupled resonator presents
200% more variation than the inductive coupled one.

Additional experiments with deionized water (DI) and
high concentrations of sodium chloride (NaCl) in DI water
(saline solution) are also performed to compare the sensing
performance between capacitive and inductive coupled reso-
nators. As Fig. 8 shows, (according to MUT configurations
in Figs. 4(a) and 4(b)), for 20 ul of DI water, the second reso-
nant frequency of the inductive coupled resonator disappears
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FIG. 7. Measured S,; parameters of the implemented resonators for bare and
different MUTSs with permittivity of 2.2 and dimensions of 7 x 7 x 0.79 mm?
and 7 x 7 x 1.56 mm>.
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FIG. 8. (a) Implemented capacitive coupled ring resonator with liquid con-
tainer, (b) inductive coupled ring resonators with liquid container, (c) meas-
ured S,;-parameter comparison between inductive coupled (I.C.) and
capacitive coupled (C.C) resonator sensors for DI-water and different con-
centration of NaCl in DI-water.

(since the quality factor drops so tremendously), while the
capacitive coupled resonator maintains its lower resonant fre-
quency and demonstrates distinguishable differences among
different concentrations of NaCl in DI water. Measured results
for capacitive coupled resonators confirms that increasing the
concentration of NaCl in water increases the conductivity of
the water and reduces the quality factor, thereby creating an
up-shift in i (Fig. 8 inset). Additionally, a nonlinear behavior
in the resonant frequency is observed which mainly originates
from the nonlinearity of the permittivity change in high con-
centrations of salt in the DI water.”” It is clear that the pro-
posed capacitive coupled structure has high potential to be
used in sensing applications.

In this paper, a microwave-coupled ring resonator has
been explored, using various simulations and experiments,
for use in high sensitivity sensor applications with wide
dynamic range. A comparison of the implemented capacitive
and inductive couple mechanisms shows that the capacitive
coupling design provides nearly double the sensitivity to per-
mittivity changes that is displayed in the inductive coupled
design. Experimental evidence with saline solutions demon-
strates that the capacitive coupled mechanism also has
greater range, allowing for detection of a greater variation in
concentration. The proposed sensor has a simple design and
provides a high quality factor at very low fabrication costs
and without the use of active devices.
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