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Abstract—In this paper, a novel method to characterize the thermal
dilatation of metals using a contactless measurement of the frequency-
dependant reflection coefficient of a resonator is introduced. This wireless
technique allows extracting the thermal expansion coefficient of the
material without the need of any calibration. Two antennas, a VNA
and a scatterer fabricated with the under-test material are required. All
the measurements have been achieved using a climatic chamber with
absorbers to control the scatterer’s temperature. Measured values for
thermal expansion coefficients are in good agreement with the values
provided by the manufacturer which is confirmed by a sensibility study.

Index Terms—Contactless measurement, RF characterization, Scat-
terer, Thermal expansion

I. INTRODUCTION

HERMAL expansion coefficient is a crucial parameter for

applications in the field of civil engineering or semiconduc-
tor industries. We can see in the literature that many different
experimental approaches have been used. This significant diversity
comes from the great variety of techniques that exist to measure
displacement. We can cite purely mechanical approaches, or the very
wide variety of optical approaches (interferometry, optical imaging,
x-rays diffraction...) [1]. Thus, to extract the thermal expansion
of a material, examination of the literature reveals for example
mechanical dilatometers such as capacitance dilatometers [2] which
consist of two parallel plates with one stationary and one that can
move. The thermal expansion moves the free plate and so, shifts the
gap between the plates. By measuring the capacitance, the thermal
expansion coefficient can be extracted. Push-rod dilatometer [3] can
also be found, where a rod of the material under-test expands and
transfers its expansion to a pressure gage measuring the displacement.
This method is widely used for many reasons. For example, it is
compatible with most materials. However, one of the main drawbacks
of this test bench comes from the fact that the material under test
is in contact with the bench, so particular attention must be paid
to thermally isolate the bench from the heated sample. Specific
materials are needed to fabricate the test bench, and reference samples
can be used to reduce the uncertainty. For this reason, contactless
methods have been widely studied. To develop more precise test
bench, several optical approaches have been used to measure CTE
[4]. Compared to dilatometry, significantly greater accuracy can be
obtained. For example, optical dilatometers using an interferometer
can have resolution of 0.1% [5], [6]. However, the main limitation of
these techniques, such as interferometry, is a maximum temperature
of measurement above 700°C. Other drawbacks of these methods
are the cost of optical setup, the need of alignment accuracy as
well as a strict control of the environment (the use of a vacuum
chamber for the effect of the refractive index of the atmosphere on the
wavelength of light, strict control of the wavelength of the laser...).
Another optical method consists in a digital microscope to picture
the expansion as a function of temperature and an optical mire to
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convert pixel to length [7]. For some materials such as crystals, X-
ray diffraction can be used to measure the crystal lattice parameter
as a function of the temperature in order to extract its thermal
expansion [8]. From the state of the art, each experimental approach
has advantages and disadvantages depending on a lot of factors such
as the uncertainty, the sample size or shape, the sample preparation
time, or the temperature range required. Note also that most of these
test methods have been standardized for general use [9], [10], [11]. A
brief summary of the general advantages and disadvantages of some
approaches is given in Table 1. Multiple other CTE measurement
benches exist and have been listed in [1].

In the first raw of Table I, the uncertainty of the different
methods is compared based on some references in order to give
examples of the error that can be reached. However, even if the
CTE of various materials are listed in a large number of reference
books, the uncertainty is seldom reported. Due to the fact that
these values are averaged over large ranges of temperature in most
sources, the uncertainty at ambient temperature can be increased.
Another reason why reference books could not be accurate enough
is relating to the fact that metals are rarely pure, so CTE can
vary from manufacturer to manufacturer. Note also that all these
different experimental approaches require dedicated and optimised
test benches that are generally not commercially available or not
easy to access to non-expert in the field of materials engineering. For
all these reasons, an easy approach to implement CTE measurement
technique is required. Contrary to most existing techniques, the
one presented here requires no calibration or sample of reference.
It is based on a very simple analytical model that everyone can
implement. Moreover, the bench is composed of commercially
available off-the-shelf RF equipment. Last but not least, this novel
test bench can be easily replicated by any expert in the field of RF
in order to measure the CTE of his own material.

Despite the very large number of test benches developed for the
measurement of CTE, to our knowledge, none is based on an RF
principle. However, many years ago it has been shown that by sending
an electromagnetic wave towards a specific target, and by receiving
the backscattered field, many physical quantities can be sensed
wirelessly. A striking example of such back-scattering application
can be traced back to the early 1900’s with Leon Theremin’s work
[12]. This work includes the contactless musical instrument called
"Thereminvox’ which uses the position of the hand to produce a
sound, or the passive listening device called 'The Great Seal bug’
[12]. Since then, numerous works have been done to wirelessly
sense physical quantities using this back-scattering principle such as
mechanical displacement of the order of 100 um [13], strain [14],
small variations due to the fabrication randomness of the tag for
authentication [15], or even permittivity [16]. The closeness between
RF and thermal domain has been also used to develop RF temperature
sensors by using, for example, temperature dependence of permit-
tivity [17] or dilatation of a 3D structure [18]. Here, a free-space
measurement of the resonance frequency of a resonator is used to
characterize the thermal coefficient of metals. Specific planar resonant
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TABLE I
ADVANTAGES AND DISADVANTAGES OF EXISTING METHODS
Mecanical Optical Optical X-ray This paper
(push-rod) (microscope)  (interference)

Error on CTE 4% [19] 6% [7] <1% [20] 6% [21] 6%*
Materials adaptability Very good Good Good Only crystals ~ Only metals
Contactless No Yes Depend Yes Yes
Alignment accuracy Not needed Needed Needed Needed Not needed
Sample preparation Minimal - Depend Extensive Medium
Equipment cost Low Medium High High Medium
Standardized 191 No [10] No No

* An error lower than 1% has been obtained with Zinc and Copper.
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Fig. 1. Expansion of a 1D object due to temperature variation.

scatterers fabricated with several metals under characterization have
been introduced for this purpose. The scatterer’s shape is simple
enough to be modeled with an analytical expression and also to
fabricate. With this model, the derivation of the CTE does not require
any advanced computation, any RF solver or even a lookup table as
it is generally the case when one seeks to capture a physical quantity
by using the principle of back-scattering because of the complexity
of the problem. The measurement technique is essentially based on
the resonator which has been designed to meet precise specifications:
the resonator is made entirely of metal, in one layer and has a high
resonating behavior. As described below, these two characteristics are
essential for the measurement of CTE using RF waves.

II. THERMAL DILATATION

The thermal expansion of a material is defined as the modification
of its volume with a temperature variation at a constant pressure.
If we consider a 1-dimension object of length [; at temperature 7}
(Fig. 1), this object will expand with an increase of temperature, and
the final length at a temperature 15 > T is :

b=b+d=L00+a(T—T1)) (€Y

where d; is the expansion in length due to the increase in temperature
[1] and « the coefficient of thermal expansion (CTE) of the material.
T> — Ty will be written AT in the rest of the paper.

In this work, the thermal expansion coefficient « is supposed to be
temperature-independent in the considered temperature range. Note
that this coefficient is positive for almost all materials. In addition,
this thermal effect affects a real 3D object in all directions which
means that if the material is not isotropic for this phenomenon, the
CTE can be different in the different directions (z, y, and 2).

In this paper, a loop resonator is considered as a scattering device
and its thermal expansion is studied (Fig. 2). The resonator is only
composed of one layer of metal. Due to the absence to any ground
plane, the scatterer can simply be placed on top of any substrate. In
such a case, the introduced model can be used as long as the substrate
permittivity can be considered as temperature independent in the
considered range. With this loop shape, the resonance frequency can
be considered to be related only with its larger dimensions. So the
extracted CTE is in the direction of the notch characterized by its
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Fig. 2. Nominal dimensions of the fabricated loop (i.e. values used for the
fabrication): | = 50.83mm , g=2.07mm and w=1.43mm.

Climatic chamber

Fig. 3. Principle of the measurement of the resonance frequency used to
extract the CTE.

length [ (along x axis) as illustrated in Fig. 2. In the rest of the paper,
a physical quantity with subscript 1 (respectively 2) is considered at
temperature 1 (respectively 7%).

The measurement principle based on free-space measurement is
illustrated in Fig. 3. When a loop is illuminated by an incoming
electromagnetic-field, the maximum energy back-scattered at a tem-
perature 77 occurs at its resonant frequency fi defined by [22]:

i
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where ¢ is the speed of light in vacuum, €.y is the effective
permittivity seen by the loop, /1 is the length of the notch and
Al is the additional length taking into account the presence of
short circuit (SC) discontinuities. Indeed the loop resonator can be
considered as a transmission line section terminated at both ends
by a SC [22]. Note that the effective length L1 = I3 + 2Al; will
be used for the rest of the paper. Note also that if the loop is used
without any substrate, €.s is equal to one.

As mentioned, the physical length of the resonator {; follows (1)
but 2Al; which physically corresponds to an interconnection realized
by a conductor does not necessarily follow the same dependence with
temperature. Indeed, the shape of this conductor is not only along the
x axis but also the y axis. At a temperature 7> > T, the effective
length L, will increase and its expression Lo can be written as :

Lo = (1 + acAT) + 2AL (1 + Ka AT) 3)

with a constant coefficient K, where in the proposed model, describes
the specific dilatation of the SC discontinuities. Therefore, the reso-
nant frequency f> for a temperature 7> > T3 will be shifted to lower
frequencies and can be written as :

c

c
2. /EeffLQ o 2. /Eeff[q (1 + BAT)
where £ is introduced as the equivalent expansion coefficient for

the effective length L;. The expression of g is deduced from (3) and
(4) and is :

“)

L +2KAL
=a——F 5
B @ I+ 2A0L 3)

In order to study the importance of K, electromagnetic simulations
of a loop resonator in vacuum with dimensions given in Fig. 2 have
been carried out using the software CST MW. The quantity 2Al;
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Fig. 4. Resonance frequencies of a loop versus the temperature. Comparison
between simulations results and the introduced model (5) for different values
of the coefficient K.

has been determined so that the effective length in (4) matches the
simulated resonance frequency for 7'=0°C. The frequency response
of the resonator has been extracted for different temperatures in
the range 0-60°C based on (1). Fig. 4 presents the variation of the
simulated resonant frequency versus temperature.

To illustrate the effect of K, with the use of (5), two cases were
plotted: K = 0 (Al; doesn’t expand with temperature) and K = 1
(both lengths are affected in the same way).

We can see that the case (K=0) leads to the maximum error with
the simulations while the case (/K=1) gives better results. However,
the optimal result is obtained when K'=1.02 leading to an equivalent
expansion coefficient :

=101« (6)

The quantity K is a geometry dependant parameter of the scatterer
and Al is a function of the effective permittivity as expressed in [22].
Simulations with different loop dimensions ! show that K can have
different values (for example, K=1.60 for [=39mm) which makes (6)
necessary to obtain a good accuracy on the extracted CTE. A study
of the influence of K on the accuracy of the measurement is done
in section IV.

When temperature increases, the effective length Li(1 + BAT)
increases leading to a lower value of the resonant frequency as
described by (4). If the substrate permittivity is assumed temperature-
independent, the value of 8 can be extracted with the measurement
of two resonant frequencies (fi, f2) at different temperatures (71,
T5 respectively) and then the value of « can be extracted using (6).
Indeed, based on (4) we can write for two temperatures 17, 15 with
a reference length Lo at temperature 1p :

Li=Lo(1+ B(Th —Tp)) = Fcffﬁ @)
Ly = Lo(1+ B(Ts — Ty)) = Wﬁ ®)

Considering (7) and (8), the CTE can be extracted using the following
formula:
f1— fe

foTo — fiTh — (f2 — f1)To

Note that (9) is independent of Lo and also of the effective
permittivity e.sy. With this method, the CTE can be extracted with
a good accuracy without a prior knowledge on the length lo and
effective permittivity of the scatterer. For the rest of the paper, the
reference temperature Ty is set to 0°C to be able to compare our
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Fig. 5. Setup configuration. a) Setup inside the climatic chamber. b) The loop
resonators made with different metals.

results with the data given by the metal’s provider (Table II). In this
case, (9) can be simplified:

__h-F
foTo — 1Ty
Another solution to extract [ is to develop (7) and (8) using Taylor

series of first order and to note that the frequency shift A f caused
by a variation of the temperature is equal in first approximation to

Af~ f1f(Te —Th) 1)

So if we have several measurements at different temperatures, this
linear expression can be used to extract .

(10)

III. MEASUREMENTS

The measurement configuration setup and the fabricated tags used
to determine the CTE are illustrated in Fig. 5. Tag information is
given in Fig. 2. As shown in Fig. 3, tag support is polystyrene with
an effective permittivity close to 1. Based on results described in the
previous section, a value of K = 1.02 was considered to extract the
CTE [see (6)].

A climatic chamber VC0018 by Votsch is used to control the
temperature. Absorbers are placed inside the chamber to reduce
the reflection level (see Fig. 3). A bi-static antenna configuration
is used to increase the isolation. The protocol followed to do the
measurements is the following: the temperature in the climatic
chamber is first set. When the temperature is stabilized, the Sa21
parameter is measured using a VNA. The exact measurement of the
temperature of the loop is then determined using a thermal camera
(Infrared Thermal Camera TC-1). We used this method to be sure
of the extracted temperature because of the thermal inertia of the
different materials inside the cavity. The measurements have been
smoothed in order to remove any residual measurement noise that
may impact the search for the maximum and thus induce an error
on the frequency extraction. Raw and smoothed measurements are
plotted in Fig. 7-b).

IV. RESULTS AND ANALYSIS

The loop of the same geometrical dimensions presented in Fig. 2
has been realized with 4 different metals (Zinc, Nickel, Copper,
and Aluminum). High purity metals have been chosen for the
fabrication (more than 99% purity). The CTE of these metals is
given by the manufacturer following ASTM or DIN (international
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Fig. 6. Measured frequency shift versus temperature for the different metals.

TABLE II
COMPARISON OF THE CTE (a) MEASURED IN RF AND GIVEN BY THE
PROVIDER
CTE Error in %
(x10=6°Cc—1) with provider values
Metal Provider | using (11) | using (10) | with (11) | with (10)
Zinc 31.0 31.03 31.08 0.09 0.25
Copper 17.0 16.96 17.13 0.2 0.76
Nickel 13.3 12.43 12.45 6 6
Aluminium 22-25 22.1 22.07 - -

standards test-methods) [23] presented in Table II and compared to
our measurements. Note that aluminium is coming from a different
provider and its CTE is given with a precision of £5%.

The zinc loop resonator has been measured for several temperatures
from 27.2°C to 56.2°C. The measured S21 parameters are plotted
in Fig. 7-a. Simulation results are also given for comparison. Note
that a notch [ equal to 51.1mm at 7'=27.2°C has been considered in
simulation to perfectly fit the data with the measurement results.

As shown in Fig. 7-a, simulations and measurements are in good
agreement for the considered temperature range. A maximum error
of 0.3 MHz can be observed at 31.1°C. With the exception of this
temperature the measured resonance frequencies (Fig. 6) tend to a
linear evolution as obtained in simulation and stated by (11).

By applying the protocol described in the previous section, the CTE
of zinc can be extracted using (6). By considering only the minimum
and maximum temperature values, a CTE of 31.08 x 107%°C™! is
computing using (10). A linear fitting based on the five different
temperatures and by using using (11) leads to a value of 31.03 x
1075°C~! presenting thus a relative error of 0.09 % when compared
to the value provided by the manufacturer.

Same measurement protocol has been applied for the three other
metals (Copper, Nickel, Aluminum). The extracted CTE exhibits
a good agreement with the value provided by the manufacturer
as illustrated in Table II. For Copper and Nickel, both the fitting
technique and the linear extraction give the same value for the CTE.
The error compared to the provider value is higher for Nickel which
presents the lowest CTE value. The lower is the CTE, the smaller
is the expansion, and thus, accuracy is lower. For the lowest CTE
(Nickel), an error of 6% is obtained while Zinc and Copper provide
a better agreement with an error less than 1%.

The relation between the measured expansion in length of the

TABLE III
UNCERTAINTIES
Metal Ao between measurement | Ac using (12)
and provider’s value
Zinc 0.03 x 10~ 1.9 x 1076
Copper 0.04 x 10~ 3.35 x 1076
Nickel 0.87 x 10~ 0.7 x 106
Aluminium - 3x 106

loop Al due to an increase of temperature is plotted in Fig. 8. It
is interesting to note that we can extract from this figure that the
approach is accurate enough to measure dimension variation of Al=
3.6 um. This is observable for aluminium between 43°C and 46°C.
This value can be compared with the 25 pum of variation in length
already detected based on a RF backscattering wave approach in
[15]. Fig. 8 shows the high sensitivity to length variation of the
proposed approach which is requested to extract with high accuracy
the CTE of different metals.

In Fig. 6 the measured frequency of the different metals as a
function of temperature is plotted. Note that, in such representation,
the slope of the measured frequency shift is equal to fo/3 as stated
by (11).

An analysis of the evaluation of K on the extracted CTE can
be done in order to verify the criticality of this parameter. We can
compute the CTE («) by using (5). By using this equation, we can
vary the value of K to evaluate its effect on the extraction of «, for
example if a constant value of K is used for several loop dimensions.

If we vary the value of K from 0.6 to 1.6, we see that an error of
2% is obtained in the worst case if K is equals to 1.6. This means
that an error of 56% on K only introduces an error of 2% on the
measured CTE.

V. UNCERTAINTY OF THE METHOD

The theoretical uncertainty of the method can be estimated. From
(6) and (10), the error on « can be written as

Ja(T2 —Th) fH(T —T)

O1lAa = —— = 72 _A — A

1012a (foTz — f1T1)? ft (foT> — f1T1)? 2 12)
Ji(fr = f2) AT, + Ja(f2 = fr) AT,

(feTo — f1T1)? (feTo — f1T1)?

By considering a resolution of 10 kHz on the frequency measure-
ment and an error of 1°C on the measured temperature, sensitivities
are computed and the results are given in Table III.

This sensibility study shows that in order to have a better precision
for CTE extraction, a higher variation in temperature is required. The
higher is the difference, the higher is the resolution on the extracted
CTE. Also (12) can be applied to have an idea of the uncertainty on
the extracted value. If a lower precision is required, the temperature
variation range during the measurements can be increased.

VI. CONCLUSION

In this paper, a novel method based on a contactless measurement
approach to extract metals CTE is introduced. A method that permits
to extract this coefficient with better precision than the one used to
fabricate the planar resonator as discussed. This approach allows a
wireless measurement with no calibration needed. Resonator loops on
several metals like Zinc, Nickel, Copper and Aluminum have been
realized and tested. Extracted values for thermal expansion coefficient
are in good agreement with the values provided by the manufacturer,
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highlighting thus the potential of the free-space measurement ap-
proach for the thermal expansion coefficient characterization.
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