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Abstract. In this paper, we demonstrate an active 3-D millimeter wave (mmW) imaging system used for char-
acterization of the dielectric function of different plastic materials and liquid solutions. The method is based
on reflection spectroscopy at frequencies between 75 and 110 GHz, denoted as W-band, and can be used to in-
vestigate homogeneous dielectric materials such as plastics or layered structures and liquid solutions. Precise
measurement of their dielectric properties not only allows for characterization and classification of different
fluids, but also for reliable detection and localization of small defects such as voids or delamination within mul-
tilayer structures built from plastic materials. The radio frequency (RF) signal generation is based on circuits
that have been designed and fabricated at the Fraunhofer Institute for Applied Solid State Physics (IAF) using a
100 nm InGaAs mHEMT process (Tessmann et al., 2006; Weber et al., 2011).

1 Introduction

The development of weight- or stability-optimized materials
such as plastics or laminates has become the basis of most
modern technologies. Manufacturers must meet highest de-
mands in terms of quality, reliability and cost efficiency. Con-
sequently, there is an increasing interest in high-end prod-
uct surveillance systems that allow for non-destructive mate-
rial testing at the production stage as well as in operation.
For most non-destructive testing methods, either ultrason-
ics (Blitz and Simpson, 1996) or electromagnetic radiation
(Blitz, 1997) are used. The main disadvantage of ultrasonic
methods is that a couplant between the transducer and the de-
vice under test (DUT) is required (Bourne, 2001), so that they
are not suitable for the investigation of large areas. In con-
trast, remote operation can be realized by using electromag-
netic waves. Accordingly, the size of the DUT is not limited,
as it can either be moved through a fixed beam or scanned by
mechanical or digital beam-forming (Wirth, 2001). Besides
visible light, X-rays and terahertz frequencies, the millime-
ter wave spectrum that spans from 30 to 300 GHz has be-
come well established for non-destructive material analysis.

At the Fraunhofer Institute for Applied Solid State Physics,
an active 3-D imaging tomograph operating at frequencies
between 75 and 110 GHz (W-band) has been successfully
realized. The system can not only be used for detection of
concealed objects (Zech et al., 2011), but also for visualiza-
tion and localization of small defects within multilayer struc-
tures consisting of known dielectric materials (Klenner et al.,
2013).

In this paper, we present a new experimental setup based
on the imaging scanner and investigate the chances and chal-
lenges of non-destructive material characterization at W-
band frequencies. The method is based on reflection spec-
troscopy and allows for measurements of the refractive in-
dices of layered plastic samples and determination of the
complex dielectric function of different liquid solutions us-
ing a Debye model.

2 Experimental setup

Figure 1 shows the mmW imaging scanner operating at
frequencies between 75 and 110 GHz, denoted as W-band.
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Figure 1. Photograph of the mmW focusing system.

Since the wavelength of W-band frequencies is small enough
to approximately describe the signal by quasi-optical ray
tracing models, parabolic mirrors have been designed to fo-
cus the signal on a movable sample stage. In order to perform
reflection spectroscopy on different plastic samples, the sys-
tem must be able to transmit and receive a signal at fixed
frequencies between 75 and 110 GHz. This is realized by
multiplying the output signals of two HP 8241A synthesiz-
ers using in-house x 12 frequency multipliers as shown in
the block diagram in Fig. 2. While one of the synthesizers
is used to generate the transmit signal, the second one feeds
the LO input of an in-house 1/Q heterodyne receiver mod-
ule. Thus, its output frequency is shifted by Af =50 MHz.
A Tx&Rx horn antenna is used for transmission and re-
ception of the mmW beam that is focused at the DUT on
the sample stage using parabolic mirrors. A directional W-
band coupler (—10dBm isolation) is used to feed the RF in-
put of the heterodyne receiver module such that RF and LO
signals can be mixed to create in-phase (IF-1) and quadra-
ture (IF-Q) output signals at a fixed intermediate frequency
(IF) of 50 MHz. Both signals are then amplified and de-
tected using two AD 8310 logarithmic power detectors with
a 95dB dynamic (DC to 440 MHz). It turned out that addi-
tional low-pass filters are needed to reduce the influence of
unwanted system-related interference effects. The setup pro-
vides a total bandwidth of B, = 35 GHz and an output power
of Prx.max =~ 0dBm.

A sketch of two exemplary DUT used for the character-
ization of different materials is shown in Fig. 3. While ho-
mogeneous plastics can be investigated by measuring the
reflected intensity of arbitrary multilayer stacks built from
several plastic discs, water-based liquid solutions need to be
filled in a custom-designed cuvette acting as a Fabry—Perot
interferometer.
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Figure 2. Block diagram of the millimeter wave imaging system
used for reflectometric measurements.
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Figure 3. (a) Exemplary three-layer DUT consisting of discs made
from POM, PVC and PMMA. (b) Custom-designed cuvette for in-
vestigation of liquid solutions such as H>O. The HDPE layer acts
as a Fabry—Perot interferometer.

3 Data processing

Since the absorption of millimeter waves in most homoge-
neous plastics is comparably small (Lamb, 1996), the com-
plex part of the refractive index

n=n"—jn’ (D)

can be neglected for investigation of the dispersion of mul-
tilayer structures built from homogeneous plastics. For this
purpose, theoretical models based on calculation of S matri-
ces (Kuhlke, 2011) are used to fit the measured data in order
to obtain the refractive indices of a multilayer sample. Since
the experimental setup provides (approximately) perpendic-
ular beam incidence on the sample stage, Fresnel’s reflec-
tion and transmission coefficients corresponding to a layer i
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Figure 4. Simulated and measured power spectra corresponding to
a 20 mm thick single-layer PMP sample.

within a multilayer structure are given by

ri-1i=—"-, 2
ni—1+n;
2ni_1
tl—l,i =
ni_1+n;

where n; is the refractive index of the material in layer i. Fur-
thermore, the phase shift of an electromagnetic wave passing
through this layer can be calculated as

2
5,‘ = —T[ d,-n,-f, (3)
€0

where f is the frequency of the transmitted signal, d; is the
layer thickness and cg is the speed of light in vacuum. Based
on these equations, an S matrix of the form

S=S(no,n1,...,np,d1,....dy, f) 4
and the corresponding reflectivity
p=pno,n1,...np,d1,....,dy, f) (5)

can be derived for arbitrary multilayer structures consisting
of M layers. In order to determine the refractive indices of the
layers within a sample, the refractive index of the medium
surrounding the sample ng as well as the layer thickness
di, ..., dys are fixed in the model, while the refractive indices
of the layers within the DUT n4, ..., nj can be optimized by
a Levenberg—Marquardt algorithm (Levenberg, 1944). This
model intrinsically assumes that there is no dispersion, as the
Levenberg—Marquardt algorithm tries to find a single, opti-
mal refractive index per layer for the full W-band. Therefore,
dispersion will qualitatively become visible as a discrepancy
between model and experimental data, as shown in Fig. 4.

In order to investigate material dispersion in a more quan-
titative way, it is necessary to select narrow frequency ranges
rather than the full W-band to fit the model more accurately.
The following method can be used.
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1. Fitthe experimental data for the full W-band to obtain a
refractive index n"!! for every layer i.

2. Define upper and lower limits for possible values of the
refractive indices based on nFU. This will increase the
convergence rates of the following fits.

3. ldentify the first maximum or minimum and set a corre-
sponding counter variable to k = 0.

4. Select a narrow frequency range around the kth ex-
tremum in the measured spectrum.

5. In consideration of the upper and lower limits defined in
step 2, fit the measured data within the narrow range to
obtain refractive indices nf

6. Slightly vary the values of nf (manually) until the model
does significantly deviate from the measured data. This
allows for estimation of the errors in n¥.

7. ldentify the center frequency fn’; of the maximum or
minimum and estimate its uncertainty s’;..

8. Save data point (f,’,;nf‘) and corresponding error esti-
mations.

9. Select the next extremum (k = k + 1).

10. Repeat steps 4 to 9 for every maximum and minimum
in the spectrum.

The first two steps are mandatory for obtaining reasonable
results from the Levenberg—Marquardt algorithm when only
a narrow range of measurement data is used. In particular,
there is no unique solution for multilayer DUT, and the algo-
rithm does not converge properly without limiting the fitting
parameters. In addition, it is useful to define a measure of
inaccuracy for the fitted model such as the following sum of
squares:

N
o= iZ‘,(P,-—T(f;))z. (6)
N &

P; is the jth of N measured values and corresponds to the
frequency f;. Accordingly, T(f;) is the value of the theo-
retical model at f;. At the first step of the method described
above, o can be used for a first qualitative characterization
of the strength of dispersion of a material over full W-band.
It is, however, neither a quantitative measure of the relax-
ation strength nor a confidence limit on the refractive indices.
Since there is only a slight dispersion in most materials that
have been investigated, one could also use a model contain-
ing an additional distribution parameter for the refractive in-
dex instead of the method described above. In the case of
a single-layer sample, the convergence rate of a model con-
sidering dispersion is still sufficient, while it is significantly
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decreasing when analyzing two- or three-layer DUT. There-
fore, the algorithm described above is, in general, superior
regarding convergence rates.

In principle, the analysis of liquid samples can be per-
formed in a similar way. However, the assumption of negli-
gible contribution of the complex part of the dielectric func-
tion no longer holds for water solutions, as they are signifi-
cantly absorbing in the mmW regime (Peacock, 2009). Con-
sequently, the algorithm presented above leads to significant
uncertainties. In order to reliably fit the measured data using
a model where dispersion is parameterized, the lid of the cu-
vette (cf. Fig. 3) must be made of a material with very weak
dispersion such that the sample only consists of one layer
where dispersion must be considered. This is realized by us-
ing PMMA and HDPE lids and a Debye-type model of the
form

€0 — €00

€(@) =€) = je' (@) = ot T

()

to parameterize the complex dielectric function of the lig-
uid layer. Hereby, €g and €., describe, respectively, the low-
and high-frequency limits of the dielectric function. The pa-
rameter 7 is the relaxation time of the dipole polarization
process within the liquid solution caused by an incident elec-
tromagnetic field. Since a custom-designed cuvette is used
for measurements of solutions (cf. Fig. 3), the layer structure
of different DUTSs is always identical and the sample can be
regarded as a Fabry—Perot interferometer. Hence, instead of
using an S matrix formalism, the reflected intensity from the
cuvette can be described by the simpler relation

2

I () a5 N ~2is\’
=|ro1+fo1r12 f1o € Z (rlo r2 e ) )
lo(w) =
(®)

where

n1— €00+ Tier
riz(w) = — 9)

ni+,/€so+ lo-l—iwo;

is the reflection coefficient corresponding to the interface
with the liquid solution, which is described by the Debye
model, and § is the phase shift of the electromagnetic field
within the material on top of the liquid (cf. Eq. 3). By opti-
mization of the Debye parameters ¢g, €5 and t, the model
can be fitted to the measured data to obtain the evolution of
the complex dielectric function of liquid solutions at W-band
frequencies.

4 Dispersion of layered plastics

Table 1 shows the results of fitting theoretical models de-
scribing the reflectivity of single discs of POM, PVC,
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Table 1. Average refractive indices of different plastics at W-band

frequencies.

Material nFull G Ful
Polyoxymethylene (POM) 1.752  0.055
Polyvinyl chloride (PVC) 1.703 0.057
Polymethyl methacrylate (PMMA)  1.590 0.027
Polymethylpentene (PMP) 1.549 0.053
High-density polyethylene (HDPE) 1.512 0.021

Dispersion of typical dielectric materials at W-band
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Figure 5. Dispersion of different plastics measured from single
discs.

PMMA, PMP and HDPE (each d = 20 mm thick) to the mea-
sured data. The refractive indices n™U!' have been found by
optimization using a Levenberg—Marquardt algorithm. Ad-
ditionally, the confidence limits o !l of the respective opti-
mized model are shown for each refractive index. Note that
this is not an explicit error of n7U!! but a measure of how well
the model, which assumes constant refractive indices, de-
scribes the corresponding experimental data that are in gen-
eral influenced by dispersion. Assuming that the measure-
ments have been performed under similar conditions, a rel-
ative difference in ol between two materials is therefore
essentially caused by their different strengths of dispersion.
By using the method described in Sect. 3, the refractive
indices of narrow regions around the maxima and minima
of the measured interference spectra (see Fig. 4) have been
determined for each of the four plastic discs. The optimiza-
tion algorithm did converge within all the selected regions
such that a refractive index could be determined at every
extremum. The resulting frequency-dependent refractive in-
dex is plotted for all the discs in Fig. 5. While the refractive
indices of POM, PVC and PMP slightly decrease over W-
band, PMMA shows nearly no dispersion. Thus, the disper-
sion plots are in agreement with the data shown in Table 1.
Multilayer samples have been investigated by building ar-
bitrary stacks consisting of two, three or four discs that are
either 10 or 20 mm thick. An exemplary dispersion plot cor-
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Figure 6. (a) Dispersion of different plastics measured from a
double-layer structure. (b) The refractive index of PMP measured
from a three-layer sample is overestimated compared to the single-

disc measurements.

Table 2. Conductance and pH values of the different solutions.

DUT Conductance (mScm™~1)  pH value
DI water 0.1 7.9
HCL solution 740.0 0.4
NaCl solution 171.2 8.2
NaOH solution 401.0 12.6

responding to a two-layer stack is shown in Fig. 6a. Since the
power spectra become more irregular with the number of lay-
ers, frequency resolution of the dispersion plots is decreased
compared to the single-disc measurements. However, both
measurements are in agreement, and this is also true for any
other combination of two discs.

Measurements of three- and four-layer samples have
shown that, in several configurations, the refractive indices
of deeper layers are overestimated with respect to the single-
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Figure 7. (a) Reflectivity spectrum of a HDPE cuvette filled with
different solutions. (b) Error bars on the data points are much
smaller than the markers used for visualization. Therefore, the dif-
ferent solutions are clearly distinguishable.

layer measurements. This behavior occurs if the refractive
indices of upper layers are larger than in lower layers. Fig-
ure 6b shows the dispersion curves obtained by measuring
the reflectivity of a three-layer sample where the lowest layer
is a PMP disc and the corresponding refractive index is over-
estimated compared to the measurements shown in Fig. 5.
The overestimation is most probably caused by the assump-
tion of perpendicular incidence on the sample, which is not
entirely true. In particular, beams get refracted away from
the perpendicular in deeper layers if there are primarily tran-
sitions from a medium of higher refractive index to a medium
of lower refractive index. Furthermore, parts of the signal get
refracted out of the beam path of the system, causing a lower
convergence rate of the Levenberg—Marquardt algorithm and
therefore larger error bars compared to the single-disc mea-
surements.
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5 Complex dielectric function of water solutions

In order to investigate whether water solutions of differ-
ent physical or chemical properties can be uniquely distin-
guished using reflection spectroscopy at W-band frequen-
cies, a set of four sample solutions based on DI water has
been prepared. By measuring their conductances and pH val-
ues, the solutions have been characterized as shown in Ta-
ble 2. For the measurements, each solution is filled in a
custom-designed cuvette with a 25 mm thick top layer made
of HDPE. Accordingly, dispersion of the top layer can be ne-
glected at W-band frequencies. Due to the finite isolation of
the directional coupler used in the setup, a high-frequency in-
terference pattern overlays the raw data of the spectra. Thus,
a Savitzky—Golay algorithm (Savitzky and Golay, 1964) is
used to smoothe the data sets. Furthermore, the reflectance of
each DUT is measured ten times in succession to determine
the reproducibility of the spectra by averaging and calculat-
ing the standard deviation. Figure 7 shows the smoothed and
averaged reflection spectra of cuvettes filled with pure DI wa-
ter as well as HCL, NaCl and NaOH solutions. The standard
deviation of the curves is on the order of 10~°. Error bars are
therefore much smaller than the markers used for visualiz-
ing the data. Accordingly, reflection spectroscopy at W-band
frequencies can be reliably used to detect or uniquely differ-
entiate solutions of different conductances or pH values.

The complex dielectric function of these solutions can be
calculated using the Debye model represented by Eq. (7).
Thus, the parameters €g, €, and T must be determined from
the measured data sets. Therefore, the reflection coefficient
corresponding to the liquid interface is parameterized by the
Debye model (cf. Eq. 9) so that a Levenberg—Marquard al-
gorithm can be used to fit Eq. (8) to the measured data by
optimization of the Debye parameters.

However, simulations have revealed that all parameters in-
fluence the spectra in a similar way and that t is by far
the most sensitive parameter (Abels, 2014). These theoreti-
cal results are in accordance with other investigations show-
ing that the presence of foreign molecules in water mainly
result in the reduction of the potential barrier of the dipole
reorientation process or an enhanced formation of hydrogen
bonds (Kaatze et al., 2002). Both effects directly influence
the dipole relaxation time and therefore the parameter 7. Ac-
cordingly, the convergence rate of the Levenberg—Marquardt
algorithm is low without weighting or limits on the Debye
parameters. In order to take this effect into consideration, the
Debye parameters are first determined for a pure DI water so-
lution. The results are in good accordance with other values
found in the literature (Peacock, 2009), so that the weights
of the optimization process can be calibrated with respect to
the DI water sample. Assuming that the presence of HCL,
NaOH or NaCl molecules in the water solution mainly influ-
ences the relaxation time z, the dielectric function has been
determined for each of the samples as shown in Fig. 8. While
the dielectric function corresponding to the basic solutions is
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Figure 8. Real and imaginary parts of the dielectric function of dif-
ferent water solutions. Due to measurement inaccuracies, the dielec-
tric function of the NaCl and NaOH solutions can not be uniquely
distinguished.

lower compared to DI water, the permittivity spectrum of the
acidic HCL solution is increased. These results are in con-
trast to prior investigations at frequencies of up to 40 GHz
(Kaatze, 1983), where the real part of the dielectric function
of hydrochloric acid solutions is lower compared to pure wa-
ter.

A dielectric decrement can be attributed to the specific
conductivity of the acidic solution. If this decrement is strong
enough to significantly superimpose the relative increase of
the dielectric function caused by its relaxation time, the
above assumption no longer holds and a more detailed model
must be considered to fit the measured data. Even though, to
the authors’ knowledge, there are no comparable measure-
ments in the frequency range between 75 and 110 GHz, it
appears likely that this is the case. However, due to the ne-
cessity of strong smoothing of the spectra, which influences
both the amplitude and position of peaks, the use of more
complex models is not feasible using the current experimen-
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tal setup, and uncertainties in the parameters of the fitted De-
bye model are already significant. Hence, NaOH and NaCl
solutions are not uniquely distinguishable.

6 Conclusions

We have demonstrated a reflectometric setup to measure the
refractive indices and dispersion of different multilayer sam-
ples made from homogeneous plastics as well as the Debye
parameters corresponding to a relaxation model describing
the complex dielectric function of liquid solutions. The setup
is included in a mmW imaging scanner so that the informa-
tion on the dielectric behavior of different DUT can be di-
rectly used for mmW imaging.

Small defects in multilayer structures have been success-
fully visualized and localized based on the data obtained by
reflectometry measurements (Klenner et al., 2013). In gen-
eral, the presented method works well with stacks consist-
ing of two or three layers. However, the refractive indices of
lower layers in several configurations of three- and four-layer
samples are overestimated if the signal gets significantly re-
fracted away from the perpendicular. The performance of
the system is strongly dependent on the convergence rate of
the Levenberg—Marquardt algorithm and can be increased if
some material parameters are already known. Accordingly,
the method can for example be used to detect specific ma-
terials within unknown multilayer stacks, in particular if the
dielectric properties of the target material adequately differ
from its surroundings.

Furthermore, the reflectances of acid and basic solutions
have been investigated and compared to pure DI water. While
the reflectance spectra of all the samples are clearly distin-
guishable with respect to statistical uncertainties, the strong
parasitic interference caused by the directional coupler used
in the setup leads to significant inaccuracies regarding the
model parameters when the data are fitted. As a consequence,
more complex models could not be investigated in more de-
tail. In addition, samples that only differ slightly in their di-
electric behavior, such as the two basic solutions that have
been investigated, can not be uniquely distinguished.
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