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Abstract — A microwave planar resonant sensor for the
measurement of the complex permittivity in compact areas
and thin layers of the material under test (MUT) is presented.
Compared to transmission or reflection sensors, the adoption
of a scalar 2-port measurement procedure reduces the cost of
the system and improves its robustness. Compared to coaxial
line sensors, a substantial cost reduction is achieved. The low
cost of the sensor allows its use even in a disposable manner,
Through the follwave characterization of the probe a simple
equivalent semilumped model of the interaction with the
MUT has been derived along with a software calibration
procedure. An excellent measurement accuracy in a wide
range of complex dielectric permittivities is shown to be
feasible.

I. INTRODUCTION

The automation of industrial processes requires the
development of advanced sensors for a wide range of
measurement applications [1]. A wide category concerns
the dielectric properties of materials, for which microwave
sensors are widely employed operating either as resonators
or as transmission and reflection elements.

Wideband permittivity measurements are basically made
by transmission sensors [2] or reflection sensors such as
coaxial probes [3]. This kind of measurement is often too
complicated for industrial applications. Expensive
instrumentations such as vector network analyzers are
needed, making this approach inappropriate within
industrial environments or for in sifu measurements.

Sensors requiring merely scalar measurements allow
less expensive and more robust instrumentation to be
employed. Resonant sensors can be fully described in
terms of scalar measurements, so that they lend themselves
to industrial applications and in sifu measurements,
whenever wide-band characterization is not required.
Physical properties of the materials can then be extracted
once the permittivity of the sample has been measured.

A typical application of resonant sensors has been
demonstrated in a previous work [4], where a complete
system for monitoring the moisture content of wet
powered materials has been presented. In such a system,
an open-ended coaxial resonator was adopted as the
sensing  head. Besides requiring a  preliminary
experimental calibration, the coaxial resonator in unsuited
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for measuring the moisture content of thin layers as well
as in compact areas.

To cover such applications, a novel planar resonant
sensor has been developed and is presented in this paper.
The new sensing head can directly replace the previous
one, thus extending the measurement capability to thin
layers and small areas. In addition, by introducing an
accurate equivalent circuit model for the planar sensor the
experimental calibration procedure is avoided. The low
cost and simplicity of manufacturing allows the use of the
resonator also in disposable manner.
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Fig. 1. Geometry of the sensor {not scaled)

II. THE PLANAR RESONANT SENSOR

The sensor is sketched in Fig, 1. it consists of a quarter
wavelength resonant microstrip line with a distributed
coupling section to the input and cutput signal ports. The
microstrip line is 70 mm long, open-ended at one end and
grounded by a via hole at the other end. The nominal
substrate permittivity is €~ 3.2, with tgé = 0.003.

The interaction with the Material Under Test (MUT)
occurs through a rectangular slot (10 mm long, § mm
wide) cut in the ground plane. The distance between the
coupled lines in the input/output section is chosen in such
a way as to achieve a trade off between the transmitted
signal level and the Q factor of the resonator. The coupling
is placed at the maximum of current amplitude (near the
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via holes). 45° mitered bends are used to minimize
unwanted interaction.

The circuit can be analyzed using commercial full-wave
simulators based on the Moment Method [5]. The MUT is
represented by a sublayer underneath the microstrip
ground.

Since the slot in the ground plane is far enough from the
input and output ports, the interaction of the MUT with the
sensor occurs only in the slotted-ground section of the
microstripline. From now on we will concentrate our
attention to this part of the circuit.

With the following assumptions [6], [7]:

a) the slotted-ground section can be viewed as a
transmission line length with characteristic impedance

Z = L. 1)
Ve

where Zo is the caracteristic impedance of the line section
when all dielectrics are removed and €, is the MUT-
dependent effective permittivity of the line.
b} the slot length 1 is small compared to the wavelength,
so that the slotted-ground line section can be approximated
by the lumped equivalent circuit of Fig.2.a where:

Z =R+ jaul=Z,_-sinhkt ~ Z, -kt @)
Y kt ke

=G+ joC=Y tash—=¥,-=— 3
3 J . > "l 3)

k being the complex propagation constant of the
transmission line,

Let us now assume that the circuit is lossless, so that
R=0, G=0. The presence of the losses will be taken into
account later on. For a lossless circuit, L and C can be
obtained as

L=2Zy\poty £ @
£ £
C= ze'g HoEq 5T £ -Cy {(5)

where Co is the shunt capacitance value when all
dielectrics are removed.

To account for the fringing field at the slot edges, two
additional capacitors Cr are to be inserted in the equivalent
circuit as shown in Fig. 2b. It can be assumed that the
fringe capacitance Cy is not affected by the MUT, since
the stray electric field at the slot edge is essentially
confined to the microsrip substrate. Under the above
assumptions, the slotted ground section is represented by a
lumped equivalent circuit of Fig 2.bwhere only the
capacitor C is affected by the MUT.

The presence of a lossy MUT can be taken into account
by two additional conductances G in shunt with the
capacitors. The computation of G will be shown in the
next Section.
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Fig. 2. Equivalent lumped circuit (a), total semilumped
subcircuit (b)

II1. CALIBRATION

The unknown parameters (L, C. Cp) of the equivalent
circuit can be determined using a fitting algorithm by
simulating the response of the sensor loaded with known
dielectric materials. Since, as seen above, only C is
affected by the MUT, L and Cy can be computed using the
simulated unloaded response.

Once the C value have been determined, the effective
permittivity of the slotted-ground line can be cemputed
from (5). In the quasi static approximation, the effective
permittivity can be expressed as a linear combination of
the permittivities of the air (e.= 1), the substrate (g'syp) and
the MUT(&'\m): '

Eer = dyur € yur+sus "€ sus+ — Qaur —dsus (6)
qumutr and qsys being the corresponding filling factors.
They are obtained by calculating the fractions of the total
energy (volume integra! of E-E*) stored in the three
regions (MUT, substrate and air), [8]. As the values of
those integrals can be expressed in terms of the effective
permittivity, it car be shown that the filling factors are
given by:

E’eﬂ -1
s =2 ()
SUB £ SUB_l

ecaw _ 8 teﬁ_

Tyor = 71

€ yr—1
where e*#,gis the value in the presence of the MUT, while
exgrrefers to the unloaded case.

Equations (7) show that the MUT filling factor quur
depends not only on the structure geometry but also on the
MUT dielectric constant, while ggyp is independent of the
MUT.
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Fig. 3. Calculation of the effective permittivity (a), and g factor
(b} of the MUT using spline interpolation
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After the calibration with known dielectrics and using
spline interpolation, beth €4 and quur can be directly
calculated as functions of the MUT relative dielectric
constant (Fig.3).

Under the same assumptions made for the present case
thin layers of different thickness could be considered,
leading to a collection of plots like those in Fig.3.As
already mentioned, the loss in the MUT, thus the
imaginary part g"\yr of its permittivity, is represented by
shunt conductances G in the equivalent circuit of Fig.2. G
can be calculated in terms of the shunt capacitance C,
under the same assumptions on the total energy
distribution {8]. In the present approach the conductance is
modeled as follow:

G =[(Aehyur e tr + Bl€sr))- 1 +E5us 02l 0-Cp ()
where: A(Elyr) =0 €y’ A0A B(E'yy) = Mm-Enyr +q aTE
empirically chosen alometric and linear functions,
respectively. The parameters o, f, m, ¢ are abtained by a
four-point fitting on given MUT responses.

Once the calibration procedure has been performed, the
whole measuring procedure can be implemented in order
to determine the dielectric permittivity of the unknown
MUT.
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IV. MEASUREMENT PROCEDURE

The response of the resonant sensor is identified by the
(scalar) measurement of the power transmitted through the
ports; the response is sampled at a discrete set of
frequencies, then interpolated by Lorentzian fitting. This
allows the resonant frequency and the bandwidth to be
computed in a fast and accurate way [4].

Forcing the sensor model to exhibit the same resonant
frequency as the measured one, the MUT effective
permittivity is determined, and by a simple inversion of the
previously plotted function the MUT’s relative diclectric
constant at the resonant frequency is obtained.

Next the MUT's filling factor is computed by (7),
leading to the determination of the dielectric losses, thus of
the MUT loss tangent,

V. RESULTS

A. Measurement Simulation

The measurement of a material with known dielectric
constant has been simulated in order to check the accuracy
of the procedure.

The value of the test dielectric constant is 5.5-0.1925,
which leads to a resonant frequency of 656.58 MHz. The
data file written by the full wave simulator has been used
as if obtained from a measurement device. The value of C
that makes the two resonant frequencies match is 0.284 pF,
which leads to £.5=3.6 and €’y ;=5.495. The comparison
of the full-wave simulated response with the lossless
model is shown in Fig. 4a. To include the MUT loss in the
model, the value of quur has then been computed. The
additional fitting step leads to the evaluation of G in eqn.
(8), thus of unknown £”. The €' uyr value obtained is
0.19315 with an error of 0.34%.

The comparison of the simulated response with the lossy
model shows an excellent agreement over the entire
frequency band (Fig. 4b).

A set of measurement simulations have then been done
for different values of relative complex permittivity (g’ -
j€”) of the MUT. :

The results in Tab.1 show that errors in the evaluation of
€’ and €'’ are lower than 1% and 2% respectively.

B. Experiments

Four samples of different materials have been measured:
the samples where bricks (approximatively 10x2x3 em) of
Teflon, PVC, PEHD (kigh density polyethylene), Nylon.

The results for €' (Tab.2) have been compared with
tabulated values [9], imaginary part has been measured but
there is no literature to compare the results with, so
measures by resonant sensor have been compared with



those obtained using a HP429{A Impedance Meter and
HP16453A Test Fixture (Tab.3),

Excellent agreement has been achieved for the real part
of the permittivity, while a larger disagreement has bheen
found on thew imaginary part value. This can be explained
by the low accuracy of the HP42921 Impedance Meter for
low loss subsrates and by the uncertainty in the imaginary

part of the calibration material.
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Fig. 4, Comparing the equivalent circuit results 1o the simulated
response after application of fitting algorithm

UT's permittivity ::r'::"t't‘?:‘?; Error (%)

3 g" e €" e e"
55 ] 0.044 545 |0.04447 | 091 1.07
55 | 0.1925 | 5495 |0.19315| 0.18 | 0.34
5.5 0.495 5514 | 0.49973 | 0.25 0.96
7.3 | 00584 | 7.251 | 0.05806 | 0.67 | 0.58
7.3 | 02555 | 7.247 | 0.2596 | 0.73 1.60
7.3 | 0.657 7.36 06612 | 0.82 | 0.64
92 | 0.0736 9.22 00727 | 0.22 | 1.22
9.2 | 0.322 9.16 0.316 043 | 1.86
92 | 0.828 9.265 0.814 0.7 1.69

Tab.1 Simulation of permittivity measurement: results
Sample Measured [€" €"] Tabulated €' *
Teflon 207 0.0001 2.1

PVC 291 0.029 2.8+2.9
PEHD 2.36 0.004 2.3
Nylon 2.95 0,026 2.8+3.14

Tab.2 Permittivity measurement: experiment. *See[9]

Resonant sensor HP Imped, Meter
Sample : m ; -
[ £ £ [3
PVC 2.91 0.029 2.92 0.0175
PEHD 2.36 0.004 2.38 0.002
Nylon 2.95 0.026 2.97 0.036

Tab.3 Comparing values obtained using our planar resonant
sensor and HP4291A Impedance Meter.

V1. CONCLUSIONS

A planar resonant sensor has been developed. The
sensor is suitable for measurement of materials
permittivity in compact areas and thin layers by scalar 2
port measurements, reducing the cost of the measuring
system and improving its robustness. Moreover the low
cost of the sensor allows its use even in disposable
manner. The fullwave characterization of the probe has led
to a simple electrical semilumped model and to a software
calibration  procedure. The fullwave simulated
measurement shows an excellent accuracy in the
measurement of the complex dielectric permittivity of the
MUT. Experiments confirm a good performance of the
planar sensor.
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