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ABSTRACT A differential planar microwave resonator permittivity sensor for material characterization is 
proposed in this paper. The sensor is based on asymmetric terminated cross-shaped resonator (TCSR) to 
provide multi-band notch frequency characteristics, allowing permittivity measurement of a small dielectric 
material under test (MUT) with a single resonator. Differential sensing is robust against varying ambient 
factors that cause frequency variations in the measurements. The dielectric properties of the MUT can be 
measured from the difference in notch frequencies with the reference material. To illustrate the technique, a 
tri-band sensor is prototyped using the proposed resonator configuration to measure the permittivity of both 
solid and liquid samples. The empirical equations for the determination of the MUT permittivity in relation 
to the notch frequencies have been derived. The sensor operates at 0.97, 1.69, and 2.91 GHz with an 
average sensitivity of 1.18, 4.45 and 1.22 MHz, respectively. The measured results are in good agreement 
with the theoretical analysis. 

INDEX TERMS Microwave sensors, material characterization, permittivity sensors, differential sensors, 
cross-shaped resonator, microstrip technology. 

I. INTRODUCTION 
Microwave sensors come in many forms and have 
numerous applications in the industry [1]. Several 
applications include material characterization [2]–[22], 
velocity and displacement detection [23]–[25], thickness 
sensing [26], strain detection [27], and skin sensing [28]. 
Microwave frequency is defined as the frequency between 
300 MHz to 300 GHz, which has wavelengths of about 1 mm 
to 1 m. This frequency region is commonly used in numerous 
communication systems such as mobile communication 
system, Wi-Fi system, satellite system, radar system, and 
terrestrial TV broadcasting system.  

Microwave sensors rely on the interactions between 
microwave and the materials as a mean for sensing. These 
interactions include transmission, reflection, refraction, 
scattering, absorption, and the resulting changes in the signal 
magnitude, velocity, phase, and sometimes polarization. The 

behavior of these responses depends on the properties of the 
material that microwave interacts with, which can be 
characterized by permittivity ε, and permeability μ. 
Microwave sensors offer many advantages include the 
possibility of fast, contactless sensing. Moreover, because 
microwave can propagate into many materials, sensing 
within a material is possible. Microwave sensors provide a 
stable and consistent measurement and are insensitive to the 
ambient conditions. One type of microwave sensor is the 
resonator-based sensor. Resonator is a guided wave structure, 
typically a transmission line (e.g., coaxial cable, strip-line, 
microstrip, slot-line, co-planar-waveguide, etc.) with 
discontinuities at the boundaries that allow waves to reflect 
and forms constructive interference at the resonant 
frequency. The frequency of resonance is influenced by 
dielectric around the resonator, and it can, therefore, be used 
for determining the permittivity of a material. 
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An advantage of microwave resonator sensors over the 
non-resonator microwave sensor is its stability because the 
resonant frequency of the resonator is determined by the 
physical dimensions. Resonator sensor can be implemented 
with the resonator surrounded by the material under test 
(MUT), which allows the response to be sensitive to the 
losses of the MUT and allows easier permittivity calculation. 
Other implementations exposed part of the resonator to the 
MUT, which can be used for more lossy MUT, and requires 
less sample. However, establishing the theoretical 
relationship between the measured response and MUT 
permittivity can be difficult and will require calibration or 
curve fitting.  

 Microstrip gap, as illustrated in FIGURE 1, is often used 
in the dielectric measurement of material in small quantities, 
be it micro-fluidic sensing [2], [3], [8], [18], [29], thin films 
[17], or other solid materials. A microstrip gap forms a 
capacitive region between the two physically separated 
conductors and can be modeled by a series coupling 
capacitor Cs that is connected to shunt capacitors CP1 and CP2 
on both ends, as shown in FIGURE 2. Modeling for the 
capacitance of the microstrip gap as a function of the 
dielectric constant of the PCB and the dimensions can be 
found in [30]–[33]. The model can be simplified to use only 
Cs to represent the microstrip gap. The relationship between 
Cs and permittivity of the MUT εrMUT can, therefore, be 
approximated by a linear relationship [2], [4] as follows 

 

 0 rMUs s UTTs MC C C     (1) 

where Cs0 represents the capacitance from the dielectric 
substrate and the surrounding space, excluding the MUT 
placement region. The term εrMUTCsMUT represents the 
capacitance contribution due to the placement of the MUT, in 
which CsMUT represents the capacitance contribution without 
MUT loading. The frequency sensitivity of the sensor to the 
MUT is related to the area of which the sensor interacts with 
the MUT. Larger MUT coverage will increase the sensitivity 
at the expense of requiring a larger amount of sample.  

Differential sensing with microwave resonators has been 
gaining attention lately for their ability to reduce the effects 
of environmental factors such as temperature and humidity to 
the measurement. This type of sensor determines the 

permittivity of the MUT by using the difference in resonant 
frequencies between the MUT and a reference material, 
where the reference can be a material similar to the MUT or 
being left vacant. Two independent sensors of the same kind 
can be used to form a differential sensor. When a differential 
sensor is used as a single material sensor, MUT will be 
arranged on one end of the sensor, and the permittivity can be 
determined from the difference in resonant frequency Δfz. 
When used as a comparator, two materials will be placed on 
each end of the sensor to determine if the materials have 
different permittivity. One of the materials may have known 
characteristics to serve as a reference material like how dial 
indicator and gage blocks are used to conduct length 
measurements. However, with two sensors require two sets 
of input/output for measurement, making the measurement 
process more difficult. There are exceptions, for example, in 
[7], differential sensor formed by two identical, but 
independent single-port sensors are used to measure the 
difference in resonant frequency with the reflection 
coefficient. 

Differential resonator sensors based on frequency splitting 
have been proposed that allow differential measurement with 
one pair of input and output port [6], [9], [10], [14], [15], 
[20]–[22]. This type of sensor relies on the disruption of 
resonator symmetry to generate two notch frequencies. When 
the resonators are symmetrically loaded with the same MUT, 
only one notch frequency will appear. However, when the 
symmetry is broken due to asymmetric MUT loading, the 
notch frequency will be split into two. The differential 
frequency is determined by the level of asymmetry of the 
loadings; hence, differential sensor is robust against the 
variations of the common-mode ambient factors. The 
advantages of single-ended two port sensors have over four 
port designs include simplified measurement steps and the 
requirement for measuring devices. There are several 
implementations of frequency splitting based differential 
sensor. Using microstrip splitter/combiner architecture, 
differential sensors have been proposed with a pair of 
transmission line in parallel that is being loaded with split 
ring resonators (SRR) [14], complementary split ring 
resonator (CSRR) [6] or step impedance resonators (SIR) 
[15]. In [10], SIR with half-wavelength separation are loaded 
on a transmission line to reduce inter-resonator coupling and 
improve sensitivity. In [21], [22], a pair of SRR/CSRR is 

 (a) (b) 

FIGURE 2. Microstrip gap (a) Top view of a physical model, (b) Lumped 
circuit model. 
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FIGURE 1. Illustration of MUT on top of a microstrip gap of a 
permittivity sensor.  
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loaded on a transmission line in parallel to create a 
differential sensor. In [9], a dual-mode resonator was 
proposed to provide differential sensing with a single SRR, 
with the differential sensing implemented using an algorithm. 

Typical resonator sensors operate at a single frequency 
band, and therefore can only characterize MUT at a single 
frequency range. For dispersive samples such as aqueous 
solutions, multi-band sensing is beneficial because the 
dielectric properties of these materials are frequency 
dependent. There are many implementations of multi-band 
sensors using multiple resonators. In [4], a quad-band 
resonator sensor is realized by loading four CSRR to a 
transmission line. In [16], a dual-band permittivity and 
thickness sensor is implemented using a single-compound 
CSRR that is formed by nesting two CSRR to generate two 
distinct resonance current lengths. For single-band 
differential resonator sensors, except for the dual-mode 
resonator approach in [9], are realized using two resonators 
in combination. For multi-band differential sensors, 
implementations by cascading multiple individual differential 
sensors have been reported [15], [20]. A disadvantage with 
the multi-resonator setup is that each resonator requires the 
placement of a sample for the sensor to operate, which makes 
multi-band sensing cumbersome for the scenario where the 
size of the sample is small. Also, each additional resonator 
will increase the size of the overall sensor. Currently, there is 
a lack of a single resonator implementation of a multi-band 
differential resonator sensor.  

In the realm of planar microstrip filters, multiple-mode 
resonator (MMR) [34], [35] and defected ground structure 
(DGS) [36] are widely used. A novel MMR called the 
terminated cross-shaped resonator (TCSR) has been 
researched by many to realize bandstop filters with 
controllable notch bands [37], [38]. The transmission poles 
and zeroes for symmetric TCSR with different terminations 
have been studied extensively. The capacitor loaded TCSR, 
for instance, allows the generation of multiple in-band 
transmission zeros with notch frequencies fz controllable by 
changing the capacitance, and this property can be used for 
material sensing. In this paper, a tri-band differential 

microwave sensor based on TCSR technique, useful for 
characterization of small liquid and solid sample, is 
proposed. This design uses a single resonator to achieve 
multi-band differential sensing, which has the advantage of 
compact size and only requires a single small sample to 
operate. To the best of our knowledge, this is the first 
microwave resonator sensor that can provide multi-band and 
differential sensing functionality simultaneously using a 
single resonator. 

 
II.  ANALYSIS OF TERMINATED CROSS-SHAPED 
RESONATOR WITH ASYMMETRIC CAPACITIVE 
LOADING 
The proposed TCSR structure is shown in FIGURE 3. The 
parameters θn and Zn (n = 1, 2, 3) denote the electrical lengths 
and characteristic impedances of these transmission lines, 
respectively. The TCSR is formed by a transmission line (Z1, 
θ1) loaded with an open stub (Z3, θ3), and two transmission 
lines (Z2a, θ2a) and (Z2b, θ2b) loaded with capacitive 
termination of CL2a and CL2b respectively. The capacitors can 
be replaced by microstrip gaps using (1) as described in the 
previous section to represent the placement of MUT. The 
TCSR is loaded to a transmission line to provide the input 
and output to the circuit. 

The input impedance Zin of the resonators can be 
expressed as 
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To simplify the analysis, we assume that all transmission 
lines of the resonator share the same characteristic impedance 
Z2 = Z2a = Z2b = Z3 = 50 Ω and electrical length θ = θ2a= θ2a= 
θ3= π/2 at f0. The frequency f0 will be set as 2 GHz from here 
on for the convenience of analysis. When CL2a = CL2b = 0, 
there are two transmission zeros, fz1 and fz4, symmetrically 
located below and above f0 respectively that are generated by 
the transmission line portion of the resonator. The 
frequencies of transmissions zero fz1 and fz4 can be expressed 
as  
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FIGURE 3.  Schematic of the proposed TCSR (in black) with open and 
capacitive terminations. 
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1) SYMMETRIC CHARACTERISTICS 
When CL2b = CL2b = CL > 0, an additional transmission 

zero fz3 will be generated at a frequency between fz1 and f0, 
which can be expressed as  
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    The notch frequencies fz1, fz3, and fz4 are lowered as CL 
increases, as shown in FIGURE 4.  

2) ASYMMETRIC CHARACTERISTICS 
When CL2a ≠ CL3b, the symmetry of the resonator is disrupted 
and if both values are non-zero, an additional transmission 
zero fz2 would be generated. Equation (5) provides a good 
representation to fz2 when CL2b > 2CL2a. 
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According to the analysis above, the transmission zeros fz1 
and fz4 are generated by the CSR and exist without the 
capacitive loadings. The notch frequency fz3 is generated by 
the symmetric capacitance terminations, while fz2 is formed 
due to the asymmetry of the capacitive loadings.  

3) ANALYSIS OF TCSR NOTCH FREQUENCY 
CHARACTERISTICS 

FIGURE. 5 shows the notch frequencies of the TCSR with 
asymmetric capacitive loading. We define Δfz31 = |fz3 – fz1|, 
Δfz34 = |fz4 – fz3|, Δfz23 = |fz3 – fz2| and ΔCL2 = |CL2a – CL2b|. 
When CL2b increases and other parameters remain 
unchanged, the notch frequencies fz1, fz2, fz4 would be 
lowered, while fz3 would stay unchanged compared to the 
other notches. The fz2 and fz3 is the frequency splitting pair 

 
FIGURE 4. Notch frequency vs different CL = CL2a = CL2b, for Z1 = Z2 = 
Z3 = 50Ω. 

 

 
FIGURE. 5. Notch band frequencies vs CL2b, where CL2a = 0.05 pF to 
represent an unloaded microstrip gap, Z1 = Z2 = Z3 = 50 Ω 

 

 
(a) 

 
(b) 

FIGURE 6. Notch frequencies for asymmetric termination, where CL2a = 
0.1 pF and CL2b = 0.3 pF, vs (a) Z1, and (b) θ2 
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due to asymmetric loading, and their difference Δfz23 can 
provide differential sensing information when the TCSR is 
used in a permittivity sensor. Also, although fz1 and fz4 are 
formed by the CSR intrinsically, the behavior of the 
frequency difference Δfz31 and Δfz34 exhibit traits of behaviors 
that we expect from differential resonator sensors. From 
FIGURE 4, we can observe that when the TCSR is under 
symmetric load CL, for a small variation in CL, Δfz31, and 
Δfz34 remain mostly unchanged. This provides a common-
mode resistance to ambient environment interference. On the 
other hand, the frequency difference Δfz31 and Δfz34 are 
sensitive to the change in the asymmetric capacitive loading 
ΔCL2, as shown in FIGURE. 5. Therefore, the proposed 
TCSR can generate four notches and can provide differential 
sensing capability for three bands with Δfz31 Δfz23 and Δfz34. 
However, since the reference frequency is at fz3, Δfz31 and 
Δfz34 does not give optimum permittivity results for 
dispersive materials but should be adequate for dielectric 
characterization with empirical equations. For the 
configuration in FIGURE. 5, the TCSR can be used as a 
sensor with frequency bands located around 1 GHz, 1.7 GHz 
and 2.9 GHz, with Δfz23 being the most sensitivity to change 
in the difference in the capacitance ΔCL2. 

The line impedance Z1 provides independent control over 
the outer notch frequency of the resonator, fz1, and fz4. For 
fixed Z = Z2 = Z3, when the Z/Z1 ratio increases, the fz1 and fz4 

move closer to f0 without affecting fz2 and fz3, as shown in 
FIGURE 6 (a). With this control parameter, we can assign 
the starting location for fz1 and fz4. The frequency fz1 to fz4, on 
the other hand, decrease as θ2 increases, as shown in 
FIGURE 6 (b). Therefore, by changing Z/Z1, θ, and θ2/θ, the 
relative locations of fz1 to fz4 can be adjusted. 

III.  IMPLEMENTATION OF TCSR BASED MICROWAVE 
SENSOR 
To demonstrate the proposed method, the sensor is designed 
on PCB board RO4003C with substrate permittivity εr = 3.38 
and height h = 0.812 mm. The layout of the design is shown 
in FIGURE 7. The capacitors are replaced with microstrip 
gaps, and each of them is implemented using a circle with a 
gap in the middle to allow larger MUT placement area. The 
dimensions of the sensor are as follow: l1 = 23.1 mm, l2 = 
20.6 mm, l3 = 20.8 mm, lF = 29 mm, w1 = w2 = w3 = wF = 
1.72 mm, diameter of the microstrip gap D = 2.5 mm with 
gap width g = 0.2 mm. The overall size of the sensor is 54 
mm × 66 mm (0.60 λg × 0.73 λg at f0). Simulation of the 
sensor is conducted using Ansys HFSS. FIGURE 8 shows 
the simulation result for the proposed sensor with different 
MUT loading on one microstrip gap and vacant on the other 
side, illustrating the effect of frequency splitting on fz2 and fz3 
due to asymmetric loading of microstrip gap as well as fz3 
and fz4.  

Analysis of the sensor Δfz is performed by assuming that 
the microstrip gap on one side is unloaded (εrMUTa = 1) and 
loaded with various the cylindrical MUT on the other end 
(εrMUTb) with a diameter of 2.5 mm and height hMUT = 0.60 
mm. The MUT dimension is chosen for illustration, and Δfz 
varies with different MUT sizes. The relationship between 
the Δfz and εrMUT for different frequency band are obtained 
from simulations is shown in FIGURE 9. 

The sensor is prototyped using the LPKF C100 milling 
machine, and measurement is conducted using Anritsu 
MS4624D vector network analyzer (VNA) to verify the 
design. Results from different MUT, a solid sample, and a 
liquid sample are obtained by loading the MUT on one side 
of the sensor. The solid sample is a piece of RO4003C 
substrate with a thickness of 1.524 mm, a length of 1.1 mm 
and a width of 0.2 mm, with the length of dielectric aligned 

 

FIGURE 8.  Simulation result of the TCSR based differential 
permittivity sensor under different dielectric load.  

 
FIGURE 7. Layout of differential permittivity sensor using microstrip 
cross-shaped resonator structure. 

 

FIGURE 9. Δfz of different bands vs εrMUT  
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FIGURE 10. Measured and simulated result of TCSR based differential 
permittivity sensor loaded with RO4003C with hMUT = 1.542 mm and 
vacant without loading. (a) fz1, (b) fz2, (c) fz3, and (d) fz4. 

to the top of the microstrip gap in parallel with the gap. For 
the liquid sample, a water droplet of 8 μL in volume is 
applied precisely using a micro-pipette. The results of the 
measurement in comparison with the EM simulation is 
illustrated in FIGURE 10 and FIGURE 11. The figures show 
a good overall match between the two and the deviation can 
be attributed to fabrication tolerance. The sensor can also 
measure liquid droplets with relatively high surface tension 
such as sucrose solution and saline solution but is not 
demonstrated here. 

 A comparison of the average sensitivity Sav of different 
microwave resonator sensors that accept small MUT is 
shown in Table I. The sensitivity is defined as follows  

 z

r

S
f








  (6) 

where the Δεr = |εrMUT - εrREF| is the difference in relative 
permittivity between the MUT and the reference material, 
εrREF = 1 in this case. The average sensitivity Sav takes the 
mean of |S| over the detection range, and Sav,f is Sav divided 
by the center frequency fc. For the proposed design, the three 
bands operate at 0.97, 1.69 and 2.91 GHz, and have Sav of 
1.18, 4.45 and 1.22 MHz, respectively. As shown in the 
table, the Sav,f of the proposed sensor is comparable with 
other planar microwave resonator sensors that accept small 

MUT. 
Several solid samples are tested on this differential sensor 

to illustrate that it can be used for measuring different MUT. 
MUT 1 is RO4003 with a thickness of 1.524 mm mentioned 
earlier. MUT 2 is Roger RO3210, and MUT 3 is FR4 with 
permittivity of 10.2 and 4.6 respectively and have the same 
dimension as MUT 1. MUT 4 is indium tin oxide (ITO) 
coated thin film with a thickness of 0.13 mm and a diameter 
of 5 mm, included to demonstrate that this sensor can detect 

 
(a) (b) 

 
 (c) (d) 

FIGURE 11. Measured and simulated result of TCSR based differential 
permittivity sensor loaded with distilled water. (a) fz1, (b) fz2, (c) fz3, and 
(d) fz4. 

TABLE I 
COMPARISON OF THE SENSITIVITY DIFFERENT MICROWAVE SENSORS 

WITH SMALL MUT 

Ref. fc (GHz) Sav (MHz) Sav, f (%) 

[2] 1.9 1.53 0.081 
[11] 0.9 1.8 0.186 
[12] 2.5 8 0.320 
[13] 3.5 9.16 0.261 
[14] 0.87 0.79 0.0091 
[19] 2 4.76 0.238 
[17] 2.02/2.35/2.69/3.03 1.25/1.38/2.13/6.37 0.062/0.059/0.079/0.211 

T.W. 0.97/1.69/2.91 1.18/4.45/1.22 0.121/0.263/0.042 
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FIGURE 13. Measured result of TCSR based differential permittivity 
sensor under different dielectric load, Vacant ( ), MUT 1 
( ), MUT 2 ( ), MUT 3 ( ) MUT 4 ( ). (a) fz1, 
(b) fz2, (c) fz3, and (d) fz4. 

 
(a) (b) (c) 

FIGURE 12. Photo of the prototyped sensor with different MUT. (a) 
RO4003C, (b) 8 μL distilled water, and (c) Thin-film 
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thin film samples. The photo of the prototyped sensor, along 
with MUT placement, is shown in FIGURE 12. The result of 
the measurements is shown in FIGURE 13. While fz3 stays 
relatively constant for different MUT, it still varies from 
1.9756 GHz to 1.9606 GHz for the materials listed, but it 
approaches a constant value as εrMUT increases.  

To demonstrate the functionality of the sensor for 
permittivity sensing, the three MUT with known εrMUT, 
MUT 1 to MUT 3 are used for establishing an empirical 
model from simulation and measurement results to associate 
the permittivity εrMUT and the Δfz for each frequency band. 
The equations are as follows 

 31 3117050 16013rMUT zf     (7a) 

 2
32 32 321828.2 986.27 117.29rMUT z zf f     (7b) 

 2
34 34 3415150 7805.7332.1 16rMUT z zf f    (7c) 

where the Δfz are in GHz, for εrMUT between 3 to 11. Since 
the dimensions of the MUT have an influence on the 
resonant frequencies, this set of equations is only applicable 
to MUT of the same physical size. The empirical model for 
water droplet and thin film samples can be established 
separately. Using (7) and the measured Δfz, the εrMUT31, 
εrMUT32, and εrMUT34 are 3.34, 3.36, 3.36 for MUT 1, 10.16, 
10.37, 10.48 for MUT 2, and 4.51, 4.46, 4.68 for MUT 3 
respectively. The overall εrMUT of MUT 1 to MUT 3 are 
computed by using weighted sum with the Sav,f of each band 
as the coefficients. The results are listed in TABLE II and 
show a good agreement between the measured permittivity 
and the known values from the datasheets. 

VI. CONCLUSION 
A novel tri-band planar microwave resonator sensor based on 
asymmetric TCSR with differential sensing capability is 
proposed for material characterization. A prototype operating 
at 0.97, 1.69 and 2.91 GHz with a dimension of 54 mm × 66 
mm is designed, fabricate, and tested. The principle of this 

sensor is based on the capacitance change of the TCSR 
terminations that is generated by the placement of MUT to 
cause variations of multiple notch frequencies. This approach 
uses a single resonator to provide multi-band and differential 
sensing functionalities simultaneously, thus allowing a 
compact sensor design that can accept small solid or liquid 
MUT. 
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