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Abstract—An aperture-coupled dual-mode triangular res-
onator (DMTR) sensor is presented for measuring sample
under test (SUT) dielectric constant in real-time. Using this
structure, it is possible to compensate for temperature vari-
ations without adding any components or circuits to the
main resonator. With a specially designed slot in the middle,
the proposed triangular resonator can provide two separate
resonance frequencies: the lower frequency (F2) is used for
sensing, while the upper frequency (F1) can be used for cal-
ibration purposes and temperature compensation. Changing
the material in contact with the slot only affects F2, while
F1 remains the same. A sample structure is designed and
fabricated to evaluate the performance of the proposed DMTR

sensor. The measurement results indicate negligible changes at F1 equal to 2.425 GHz, providing an acceptable
calibration frequency in the industrial, scientific and medical (ISM) band. In contrast, the sample-dependent band around
2.36 GHz shifts frequency by 1.6 MHz per unit dielectric constant for samples with permittivity ranging from 1.0 to 6.15.
Loss tangents of up to 0.01 are also found to have no significant effect on frequency response. Temperature analysis
reveals the sensor’'s compensation capability. The frequency difference between F1 and F2 for any SUT remains constant
over a wide temperature range from —40 °C to 140 °C. As a result, the frequency difference variations depend solely on
the dielectric constant of the SUT at any given operating temperature.

Index Terms— Dielectric measurement, industrial, scientific and medical (ISM) bands, sensor, temperature compen-

sated, triangular resonator.

. INTRODUCTION

N RECENT years, with the increasing development of the

Internet of Things (IoT), the widespread use of sensors
in industry and other environments has led to consideration
of issues such as accurate performance, low cost, and long
life. Using electromagnetic waves for detecting changes in a
selected environment is one way to discover the variations [1].
Because of their passive structures and low cost of implemen-
tation, the planar microwave resonator sensors are widely used
for different applications such as structural health monitor-
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ing [2], [3], [4], [5], environmental quality assessment [6], [7],
[8], [9], human health care condition tracking [10], [11], [12],
defect detection [13], [14], characterization of liquid chemicals
and dielectric spectroscopy [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], and mechanical displacement or rotation
detection [25], [26], [27].

In planar microwave resonator sensors, those that need to
be approximate to sample or material under test are of special
interest because of their capability in the dielectric charac-
terization of samples, including solid, chemical composites,
liquids, and so on [28]. As a matter of fact, frequency variation
is the most common working principle in microwave resonator
sensors, often constructed by a planar resonator as the sensing
part and loaded with a transmission line [29], [30], [31], [32].

These sensors use electromagnetic waves, mainly using
fringing fields which are highly dense around the sensing
region, so that changes in the sample or sample under test
(SUT) cause variation in certain measurable characteristics of
sensing elements such as magnitude, resonance frequency, and
phase.

In recent years, researchers have examined and devel-
oped different resonance-based configurations as sensors.
In [33], the coauthor proposed high-Q factor cavity structures
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to explore the composition of liquid solutions. Microstrip
transmission lines and split ring resonators (SRRs) are also
widely used for sample sensing based on electromagnetic
coupling [34], [35]. Moreover, researchers have investigated
different incorporate of resonators to improve the accuracy
of, and compensate for, different parameters such as cross-
sensitivity [36], [37], [38].

In general, sensor size can play an important role in the
design process. There are different planar resonator sensors
useful for sensing based on frequency variations, but among
them, planar semi-lumped resonators are preferred because of
their small electrical size [39].

On the other hand, in reality, sensors are required an
error correction rate (ECR) to estimate environmental effects
such as temperature difference for precision measurements.
This need in turn leads to additional building blocks, which
result in higher costs and other considerations in microwave
sensors. Multiple resonant frequencies are useful in different
applications [40]. Although single- or dual-mode resonators
have been used in filter design, dual-mode resonators are
more interesting due to their benefit in the doubly tuned
resonant circuits, which decrease the number of resonators
by half and hence result in a compact filter configura-
tion [41], [42]. Similarly, in resonator sensors, operation in
dual modes provides the advantage of two transmission zeros
which can be used for different purposes.

In general, triangular patch resonators are used for fil-
ter applications. However, each operates merely in a single
mode at a specific range of frequencies [43]. Research has
been conducted on triangular patch resonators as dual-mode
filters [44], [45], but to the best of the authors’ knowledge,
neither consider it as a sensor.

Various research works have been conducted to overcome
the above parameters. The authors [27], [46], [47] introduced
the frequency splitting method for recognizing and compen-
sating cross-sensitivities caused by changes in ambient factors,
such as temperature. In this method, a pair of resonators are
fed through a single feed line, one for sensing and the other for
compensating changes in the environment. While the structure
only has one feed line, it uses two resonators, which increase
the sensor’s dimensions. In addition, the coupling between
resonators cannot be ignored, which has resulted in limited
sensitivity and resolution.

Differential mode sensors are another method of consid-
ering reference frequency [48], [49], [50], [51], [52]. The
introduced differential resonator sensors use two independent
resonators and feed lines. Thus, the sensors are composed of
two separate sensing elements and feed lines for referencing
and sensing. This method eliminates the coupling limitations
of the frequency split sensors but at the cost of a larger size.
In addition, since the differential mode sensors are a four-port
structure (two inputs, two outputs), a four-port measurement
device or a two-port measurement device with some additional
circuitry for transporting four ports to two ports is necessary.
As a result, differential mode sensors are more expensive and
complex to read than split mode sensors [53].

Contrary to [27], [46], [47], [48], [49], [50], [51], [52],
and [53], the proposed dual-mode triangular resonator

(DMTR) sensor uses only a single resonator with one feeding
transmission line, which carries both reference and sensing
frequencies simultaneously. In contrast to differential mode
sensors, which use two independent resonators and feed lines
(four-port structures), the proposed structure uses two distinct
electromagnetic modes of a single resonator with a single
feed line. Therefore, the proposed DMTR sensor effectively
avoids coupling between two resonance frequencies and also
cross-sensitivity of temperature. Moreover, having two sensing
and reference frequencies in a single structure is effective and
beneficial in different applications when variations in sensing
factors do not affect reference frequency. Accordingly, the
method is energy-efficient, small, low-cost, and eliminates
environmental effects by combining calibration and sensing
functions in a single resonator.

The proposed sensor works based on measuring the change
in resonance frequencies to determine the dielectric sample
properties.

The main goal of this article is to design a compact DMTR
sensor with the following operation capabilities: 1) having
a fixed resonance frequency as the reference point for self-
calibration and/or for transferring sensor data for real-time
material measurement scenarios and 2) having a sensitive
resonance frequency for a wide dielectric range in a specific
frequency band [industrial, scientific and medical (ISM)] to
measure dielectric constant based on resonance frequency
tracking. As a result of these objectives, the content is written
as follows. Section II discusses the structure and operational
behavior of the proposed DMTR sensor. Section III focuses on
analyzing sensor performance as it approaches different sam-
ple permittivities. Section IV presents the temperature-related
changes to investigate the proposed sensor in a more realistic
environment. In Section V, the structure is fabricated and
measured for materials with various relative permittivities. The
conclusion is given in Section VI.

[I. SENSOR DESIGN AND SENSING PRINCIPLE

A. Dual-Mode Triangular Patch Resonator

The proposed DMTR sensors use dual-mode triangular
patch resonators that were originally designed as filters [44].
A triangular structure offers not only an alternative design
but also a compact size and simple coupling topology when
compared with dual-mode square or circular resonators. Fig. 1
presents the structure of a DMTR sensor on a dielectric
substrate with a ground plane. It was discussed in [44] how
the electromagnetic fields can be computed using Wheeler’s
cavity mode for a DMTR structure as a dual-mode resonator.
The electric and magnetic fields in the z- and x-/y-directions
are, respectively, equal to

Ez(x’ y) = Am,n.l

X Icos[(znx + 2—n)l] cos[—zn(m — n)y}
V3a 3 3a
2rx 2w 2n(n — 1)y
ol )

4 (27rx +2_JT) 27 (l —m)y
cos _\/§a 3 )rleos| — =
(1)
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Fig. 1. Geometry of the DMTR sensor in the vicinity of the SUT.
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where a is the length of triangle, and A, ,; is a constant
coefficient. Moreover, the indexes m, n, and [ should sum to
zero since fields in (1) satisfy the wave equation.

By considering TMj, ,; as a fundamental mode (MI1)
for (1), and since changing the indexes m, n, and [ in (la)
does not change the field pattern of the triangle, there must be
another equation to find the other degeneration modes which
have different field patterns, but same resonant frequency.

This problem can be solved by rotating the coordinate sys-
tem and applying the principle of superposition. Accordingly,
as a counterpart of (la), the second degeneration mode can be
represented by [44]

E (x,y)
= Aj0,-1
x {2cos —n(_f/;:/gy) —i—% X COS —ﬂ(_ﬁx_y)
(V) ar]  [A(VE o)
— 2cos T-i_? X COS g
+ cos —Zﬂ(—ﬁx _y) —cos —27T <ﬁx _y)
3a 3a

2)

(b)
C C i C
N R %0 0 sl SUT
(c)

Fig. 3. Equivalent circuit model of (a) triangle resonator, (b) resonator
with slot, and (c) DMTR sensor with SUT.

Using this analytical method, a pair of fundamental degen-
erate modes can be identified in a triangular patch resonator,
with mode 1 (M1) provided by (1) and mode 2 (M2) pro-
vided by (2). These equations can be used to visualize two
degeneration modes, as shown in Fig. 2.

As can be seen, M1 displays a symmetric field pattern
on the vertical axis, in contrast to M2, which displays an
antisymmetric field pattern.

However, the resonance frequency of M1 and M2 is equal
to [37]

2c
Jmn = 3ae 3)
where ¢ and ¢, are speed of light and equivalent dielectric
constant of substrate, respectively. The resonator and sensor
analysis can be simplified by modeling the structure as an LC
circuit of Fig. 3(a) with resonance frequencies of

1
Flg= ——— 4
0 2w +/L1Cq @

1
Flo= ——— 5
' 20 VLG, )

where Lo £ L, = L, and Cy £ C; = C, are the equivalent
inductance and capacitance of resonator in modes M1 and M2,
respectively. In Fig. 3, R, L, and C are the resistor related

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on September 15,2023 at 22:40:25 UTC from IEEE Xplore. Restrictions apply.



LARIBI et al.: TEMPERATURE COMPENSATED DIELECTRIC CONSTANT SENSOR

18153

>
N

~
o
~

(b)

Fig. 4. Current density on a triangle patch resonator of Fig. 1 (a) M1,
even mode and (b) M2, odd mode.

to the equivalent loss, equivalent inductance, and equivalent
capacitance of the resonator, respectively. This article uses
SUTs made of nonmagnetic materials with varying dielectric
constants, thereby maintaining inductance but changing capac-
itance, as will be shown in Section II-B.

B. DMTR Sensing and Reference Principle

In investigating the triangular resonator behavior, the aim
is not only to detect relative permittivity differences among
materials but also to establish a fixed-frequency reference.
It will be discussed and verified in Section IV that mode
splitting using a vertical slot can provide both the options at
the same time.

To create a DMTR sensor, two degeneration modes
(M1 and M2) of the triangular patch resonator must be split.
Among various mode splitting methods [44], the best option
for the DMTR sensor is a small vertical slot in the middle
of the patch that can also provide a sensing point. Fig. 4
demonstrates the simulation results of surface current density,
Jsur, for a triangular patch resonator with a vertical slot.

As can be seen, the current distribution for modes M1
and M2 is parallel and perpendicular to the vertical slot,
respectively. Therefore, there is no change in the current
distribution of the triangular resonator for M1 after adding
a vertical slot, and C; remains constant. In contrast, there is a
vortex of current near the slot for M2. As shown in Fig. 3(b),
with the slot, a capacitance of Cy is added to C,, which shifts
the resonance frequency of F2 downward by A Fy, as

F 2510t = ! £
27/ L2(Co + Cyior)
Fig. 3(c) illustrates the equivalent circuit model of the trian-
gular resonator considering the SUT on top of the slot. As can
be seen, the SUT adds another capacitance, i.e., Csyr to Cy,
which reduces the resonance frequency of F2 more by A Fsyr,
as

F2() - AFslov (6)

1
Flgur =
27/Ly(Cy + Cyor + Csur)
B 27 \/LZCZ \/1 + CslongCSUT

= F2,
.(1 _ Caot Csur | 3 (Coar+ Csun)® )

20 8 C?
(M

TABLE |
ELECTRICAL PROPERTIES OF SUTS

Sample Material Dielectric constant Loss tangent
Ref. Air 1.00 0.0000
SUTI RO5880 2.2 0.0009
SUT2 TMM3 3.45 0.0020
SUT3 RO3006 6.15 0.0020

In the case of (Cgot + Csur) <K C3, the second and higher
order terms can be neglected. As SUT has no effect on F1,
and since the resonance frequencies are initially equal, F1 =
F1lp = F2y. Using F1 as the reference frequency and defining
NDFgyr as the normalized differences between two resonance
frequencies for any SUT with respect to a reference SUT, i.e.,
Air (7) can be simplified to

AF: F1—-F2
NDFgyp & 2Fsur _ SUT
A FRret F1 — F2p;
Csur ESUT
— 1+ =14+ ®)
2C2 - Cslot K
or

esur = K x NDFsyr — K 9

where K is a constant coefficient for a specific triangle
resonator with a fixed slot.

1. SIMULATION RESULTS AND DISCUSSIONS

To assess the interaction between the sensor and different
materials, Ansys Electronics Desktop (HFSS) is used to design
and evaluate the DMTR sensor with different sample permit-
tivities. The sensor’s behavior is investigated in a frequency
range of 2.3-2.6 GHz. Fig. 1 illustrates the detailed structure
of the designed sensor on a Rogers 3210 substrate with a
relative permittivity of 10.8, a loss tangent of 0.0027, and
a thickness of 1.27 mm. The microstrip feedline is used to
excite the triangular sensor with a gap of 0.07 mm and a
width of 1.2 mm, which is matched to the 50-2 input port.
In the middle of the triangular patch, there is an 8-mm-long
and 0.2-mm-wide slot for illuminating and sensing the relative
permittivity of an SUT. The location of SUT during all the
tests is fixed, as indicated in Fig. 1. In addition, to keep errors
at bay and simplify experiments, all the used SUTs have the
same dimensions. The permittivity and loss tangents of these
SUTs are provided in Table 1.

The electric field distributions at the location of the slot
inside the substrate and SUTs are plotted in Fig. 5 for both
the modes and two different SUTS.

As can be seen in Fig. 5(a), at mode M1, the electric fields
inside the SUTs are much less inside the substrate, hence
changing the dielectric constants of SUTs has no significant
effect on mode 1 of the structure. Contrary to the first
mode, M1, fields strongly coupled to the SUT at the second
mode M2, as shown in Fig. 5(b). Therefore, the SUT effect
can be considered as an additional capacitance that will shift
the resonance frequency of M2 to the lower values.

Fig. 6 displays the insertion loss and return loss results of
the full-wave EM simulation for SUTs with different dielectric
constant values. By observing the different variation trends of
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Fig. 5. Electric field distributions within the SUTs for different materials.
(a) Electric field for mode 1. (b) Electric field for mode 2.
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Fig. 6. Simulated insertion loss, |S21| (dB), and return loss |Si1],

of DMTR with reference and three SUT materials of Table .

the upper and lower frequencies, it can be approved that the
lower frequency is mainly caused by the resonance in the slot,
which is highly affected by sample permittivity variations.

esur versus defined normalized deviation in frequency,
NDFgyr, is plotted in Fig. 7 for three investigated SUTs.
A linear relationship between NDFsyr and esyr can be
observed in this figure as expected from (8). For the designed
structure K is around 40.8.

A comparison result between full-wave simulation and
circuit results obtained from ADS is presented in Fig. 8. The
results show a good agreement and point out the model’s
validity.

A full-wave EM simulation is performed to acquire more
information about the effects of dielectric loss and the thick-
ness of the proposed structure. The results show more variation
in resonance frequency by increasing the dielectric constant
of SUT for the scenario with thicker SUTs. Although this
sensation is less as the SUT thickness increases by a certain
value.

In other words, the SUT’s thickness effect on the resonant
frequency variation is more notable for thinner SUTs.

This observation is because the fringing fields in the sensing
region are restricted in a specific space around the narrow

6.5 T :
81" ¢ yr = 40.79 X NDFyy — 40.85 SUT3|
55F ¥
5t ) E
45} ]
S
2 4r &
u.}f 3.5
St @ SUTI 22 ]
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2.5+ SUT.I/ @ SUT3 615 ]
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1.5 L L L i i
1.04 1.06 1.08 1.1 1.12 1.14 1.16
NDFgyr

Fig. 7. Dielectric constant of SUT, e,syt, versus normalized deviation
of frequency, NDFsyT, with respect to the reference, for three SUTs of
Table | and the interpolated line.
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225 1 1 1 |
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Fig. 8. Comparison between full-wave EM and circuit model simulation
in the scenario with/without sample and for different SUTs of Table I.

slot. It is a fact that sensor blindness to its surrounding area
increases as it gets far from SUT.

The investigation illustrates that the physical dimensions of
the SUT have a significant effect on the sensing resonance fre-
quency of the structure. Accordingly, in practice, for different
small and thin SUTs, it is preferred to have a fixed size and
position relative to the DMTR sensor.

Fig. 9 demonstrates the cross-sensitivity to the thickness of
SUT in the DMTR sensor. As can be seen, with increasing
the SUT thickness, the variation in F2 frequency increases;
however, the variation becomes diminished above 5 mm.
Therefore, having more than 5-mm thickness in practical
applications can eliminate errors due to the accuracy of
SUT’s thickness. Nonetheless, due to the limited availability
of standard samples with a higher thickness, the same thinner
SUTs were used in this study.

The samples which are shown in Table I are just to prove the
fact that the variation in material relative permittivity causes
a shift in the lower resonance frequency.

The SUTs can be variable permittivity materials such as
pressure-depended or temperature-depended polymers as a
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Fig. 10. Simulated insertion loss of DMTR for fictitious SUTs with a

fixed dielectric constant, e,gyt = 6.15, and various loss tangents (tan ¢
from 0 to 0.01).

fixed structure that covers the narrow slot in real scenarios.
In this state, the variation in the phase and resonant frequency
of the DMTR sensor can be ascribed only to the changes in
its dielectric constant.

Fig. 10 illustrates the effect of samples’ loss in the fre-
quency response of DMTR. In these simulations, some fic-
titious materials with a fixed dielectric constant, &, = 6.15,
and various low loss tangents, tand from O to 0.01, were
considered as SUTs. As the reference frequency is constant,
Fig. 10 only plots the response around the sensing frequency,
i.e., F2 = 2.34 GHz. The results indicate a negligible change
in the sensing resonance frequency. Thus, DMTR sensors can
be used to measure dielectric constants without considering
loss tangents if the SUT is not lossy.

IV. TEMPERATURE-RELATED CHANGES IN
DIELECTRIC CONSTANT
One of the main aspects of sensor design is the environment
in which sensors operate, and temperature plays a main role
in environmental conditions. Thus far, coating sensors is the
conventional method for eliminating environmental condi-
tions or hazards, but it increases the sensor’s thickness and
makes it bulkier, which is undesirable for many applications.

S| (dB)

2.38
Frequency (GHz)

242

Fig. 11. Simulated insertion loss of DMTR for SUTs with a fixed dielec-
tric constant, e,gyt = 6.15, and various temperatures, from —40 °C to
40 °C.

As mentioned, the sensing resonance frequency will change
by changing the dielectric medium above the slot. Meanwhile,
thermal expansion of conductors (ground plan and patch) and
dielectric constant of dielectric material due to temperature
dependency can affect the DMTR sensor.

The dielectric constant of the substrate RO3210 is 10.8 at
room temperature (24 °C) and its thermal coefficient of
dielectric constant (TCDy) was found to be —459 ppm/°C for
up to 150 °C. The high TCD; leads to a high-temperature
sensitivity.

Since the coefficient of thermal expansion (CTE) of the
conductors is —16 ppm/°C, and the TCDy, is —459 ppm/°C, the
thermal response of the DMTR sensor will be controlled by
TCD; of the substrate material. Considering the temperature
effect on the dielectric layer, the variation in dielectric constant
Ag, can be calculated by

Aé, = & - TCDy - dT (10)

where ¢, is the dielectric constant of the substrate at room
temperature, and d7 is the change due to temperature. To find
the effect of temperature variation on DMTR response, a range
is selected from —40 °C to 140 °C with steps of 20 °C. As can
be seen in Fig. 11, both the resonance frequencies are shifted
upward. However, the differences between two frequencies,
ie.,, Af, or various temperatures remain constant for each
eyt as illustrated in Fig. 12 for a wide temperature range
from —40 °C to 140 °C. This phenomenon can be used as a
self-calibration capability that will compensate the temperature
dependency of resonance frequencies, and by measuring Af =
(F1 — F2) the value of gyt is detectable regardless of the
temperature.

V. FABRICATION AND MEASUREMENT
The DMTR sensor is fabricated on an RO3210 laminate
substrate. Two coaxial connectors are soldered to the feedline’s
input and output to analyze the sensor. The R&SZVAI13
vector network analyzer (VNA) is connected to the input and
output ports to measure the S-parameters, as shown in Fig. 13.
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Fig. 12. Simulated normalized deviation in resonance frequency, q v ( )

NDFsyT, of DMTR in a wide temperature range from —40 °C to 140 °C
for three SUTSs.

Fig. 13. Measurement setup using a VNA and equal-sized SUTs. The
samples were taken from standard dielectric substrates.

Small rectangular cubes of materials with dimensions of
5 x5 x 1.27 mm are placed in the center of the structure as
SUTs. Then for each setup, SUTs with the same dimensions
are tightly fixed over the narrow slot to reduce the unwanted
air gap between the sample and the DMTR sensor.

Fig. 14 demonstrates the measurement results for differ-
ent SUTs with relative permittivities between 1 and 6.15.
As shown in this figure, the reference frequency F'1 is about
2.425 GHz. As expected, the frequency of F'1 does not change
while the sensor frequency F2 varies between 2.365 and
2.355 GHz. Therefore, samples whose permittivity ranges
from 1 to 6.15 can be detected using the fabricated sensor with
a frequency shift of 1.6 MHz per unit dielectric constant. Due
to fabrication inaccuracies, the simulation and measurement
frequencies differ slightly. Since the substrate RO3210 has a
tolerance of +/—0.5, the EM simulation results were refined
and the relative permittivity of 10.7 was considered in the
fabricated sensor for further comparison. Moreover, a gap of

Fig. 14. Measured insertion loss, |S21| (dB), of DMTR with reference
and three SUT materials of Table I.

0

‘[| —>—Ref (Full wave)
—+—SUT 1 (Full wave)

SUT 2 (Full wave)
» —e—SUT 3 (Full wave)
----- Ref  (Measurement)
----------- SUT 1 (Measurement)
== =SUT 2 (Measurement)

SUT 3 (Measurement)

2.45 2.5

S, |(dB)

-16

2.35 2.4
Frequency (GHz)

Fig. 15.  Comparison between full-wave EM simulation and measure-
ment in the scenario with/without sample and for different SUTs of
Table I.

0.04 mm was added to the design to increase accuracy between
full-wave simulation and real scenarios.

After modification, a comparison between EM full-wave
simulation and measurement results is demonstrated in
Fig. 15. As can be seen, there is a good following between
the simulation and measurement. In accordance with expec-
tations, the higher resonance frequency is situated constantly
during changing materials; in contrast, the lower frequency
is sensitive to the relative permittivity of materials and
decreased by increasing the dielectric constant in the sensing
region.

Fig. 16 illustrates the measurement and EM full-wave sim-
ulation results of three different temperatures for an SUT
with a relative permittivity of 3.15. The measurement setup is
conducted in controlled surroundings. The experimental setup
consists of a VNA, sealed box, thermometer, heat source, and
power supply.

As discussed in Section IV, the thermal expansion of
dielectric constant of dielectric material and conductors due
to temperature dependency can affect the DMTR sensor.
Although due to the high sensitivity of substrate TCDy
(—459 ppm/°C), the thermal response of the DMTR sensor
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Fig. 16. Insertion loss related to full-wave EM simulation and mea-

surement results of the proposed DMTR sensor for three different
temperatures.

will be controlled by TCD; of the substrate material, and the
variation in dielectric constant can be calculated by (10).
As can be seen in Fig. 16, increasing the temperature pushes
both the resonance frequencies upward; however, the dif-
ference between the two frequencies remains constant for
each esyr. In this way, the temperature dependency of res-
onance frequencies can be compensated. Moreover, according
to the comparison results for the mentioned temperature
range and NDFsyr (Fig. 12), for various SUTs, the accu-
racy is constant for the mentioned temperature range with a
0.86% error.

Different SUTs exhibit a comparatively significant shift in
the sensing resonance frequency. All the samples examined
have low dielectric loss values, and based on Fig. 10, the
frequency shifts in F2 are caused by the changes in the real
part of the sample’s dielectric constant, i.e., &sur-

In microwave frequency-based sensors, as the main figure of
merit, the comparison is often based on the relative sensitivity
of the resonance frequency, which is defined as

1dfy
™= o de,

(1)

A meaningful comparison between microwave permittivity
sensors based on frequency variation reported in the literature
is difficult due to the fact that in other designs there is no
restriction on total frequency shift for a wide range of SUTSs
to maintain response in the standard ISM band. Therefore, for
the sake of fairness, the proposed design is considered in its
maximum sensitivity which releases the limited parameters.
So that the SUTSs’ thickness increased to 5 mm, and the gap
between the feed line and the triangle decreased by a value of
0.04 mm.

Table I shows a comparison between the proposed
dual-mode DMTR sensor and the state-of-the-art designs.
It summarizes some characteristics of various sensors for mea-
suring dielectric constants, including their operation frequency,
working principle, and accuracy which is shown by sensitivity.
Here, f is the resonance frequency of the sensor without SUT
(bare sensor), and S,y is the sensor sensitivity defined in (11).
Since different sensors operate in different frequencies, and for

TABLE Il
COMPARISON OF VARIOUS SENSORS IN TERMS OF SENSITIVITY

Reference  fo(GHz) Savw(MHz) Sauw(%)  Working Principle
(30] 2 6.8 0.34 Frequency variation
[21] 2.365 0.9 0.038 Frequency variation
[46] 0.978 2.03 0.207 Frequency splitting
(48] 1.125 4.24 0.376 Differential
[22] 24 4.9 0.2 Frequency variation

This work* 24 13.98 0.58 Frequency splitting

*This is the obtained results in the maximum situation.

having fair comparison §av_ is the one that should be considered
in comparison such that S,,, derived by dividing S,, by the
central frequency, fy, of the frequency span.

VI. CONCLUSION

A high-resolution doubly loaded triangular sensor is used to
measure different dielectric substrates. The higher resonance
frequency of this sensor is used for self-calibration purposes
because of its stability and intended frequency range. The
sensing resonance frequency (F2) has shown a compara-
tively considerable shift for material with different relative
permittivities. The effect of temperature on sensor performance
is compensated by considering the difference between two
resonance frequencies, which is constant with respect to the
temperature.
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