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Abstract. With the help of microwave sensors it is possible to characterize nonconductive test objects in nondestructive and contactless manner concerning the materials properties like the permittivity and the correlated materials parameters like density or porosity. Since the specimen geometry influences the measuring quantities
the specimen dimensions like thickness can be determined, too, if the materials
properties remain constant. In the frame of experimental investigations the density
of foam specimens made of polyurethane could be determined with phase sensitive
microwave sensors working at the frequencies of 2.45 GHz and 5.8 GHz. By applying a pattern recognition procedure this is possible even if the distance between sensor and test object is changing. With a monolithic frequency modulated continuous
wave (FMCW) radar sensor working in the millimetre wave range (94 GHz) the
thickness of the anticorrosive plastics layer (polyethylene) on a steel pipeline is
measured contactlessly. By combining the millimetre-wave sensor with a distance
sensor the unavoidable distance variation between sensor and pipeline occurring
during coating process can be measured and corrected.

1. Introduction
Microwave and millimetre wave techniques are well suited to characterize the properties of nonconductive or weakly conductive materials in noncontact way. Since the transmission powers are very low and don’t change the test object these techniques are referred
to as non-destructive. As both materials properties and physical dimensions of the test object influence both magnitude and phase of the reflected and scattered microwaves, the
physical dimensions can be determined contactlessly if the materials properties are constant. In many cases the geometrical relations of the measurement arrangement are very
complex and the development of mathematical-physical relationships and models may be
too difficult. Therefore, the retrieval of the materials properties or physical dimensions
from the microwave measuring quantities requires the application of the methods of artificial intelligence like pattern recognition or neural networks.
2. Determination of foam plastic density by fixed-frequency sensors
As an example for noncontact determination of materials properties the aim of this
investigation was the determination of the density of foam plastic plates. The specimens
were of type Sylomer from producer Getzner and were delivered in six different densities
and two thicknesses. The specimen dimensions were 30 cm x 21 cm with thicknesses of 13
mm and 25 mm. Measurements have been made with fixed-frequency phase–sensitive sensors in the royalty-free ISM-bands around 2.45 GHz and 5.8 GHz. First used sensor type
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had integrated separated planar transmission and reception antennas (patch antennas) and
was manufactured by IMST, Kamp-Lintfort, Germany (Fig. 1). The dimensions of the sensors were governed by the antennas and not by the high frequency electronics. Instead of
the integrated antennas some external antennas can be used, too. The second used sensor
type had no integrated antenna for both transmission and reception and was manufactured
by the Research and Production Complex (RPC) of Tbilisi State University, Georgia. The
outputs of both sensor types were the real and imaginary part of the reflection scattering
coefficient of the specimen which depends on the materials properties and geometrical dimensions of the test object.

Fig. 1a: Microwave-Sensors from RPC with
fixed frequency 2.45 GHz and 5.8 GHz with
half-wave-dipole-antennas

Fig. 1b: Microwave-sensors from IMST with fixed
frequency 2.45 GHz (right) and 5.8 GHz (left) with
integrated patch antennas for transmission and reception

If the distance between test object and sensor is changed an oscillating magnitude
behaviour is observed (Fig. 2) whereas the phase is changing smoothly and linearly. The
oscillation is mainly due to the interference of reflections from the specimen and from the
components of the sensor itself. It can be removed only partly by optimizing the sensor and
the evaluation method (determination of the magnitude from real and imaginary part). As
the frequency bandwidth is very small a temporal window to remove the reflections from
the sensor cannot be set. However, if the distance is fixed some simple curves are found
which can be approximated by polynomials describing the relationship between the magnitude and the specimen density (Fig. 3). Here it may be favourable to use a curve maximum
as fixed distance. If this simple calibration curve is known an unknown density can be easily found only by measuring the magnitude provided that the measuring arrangement and
the specimen dimensions are unchanged. An example for the capability of the sensors to
determine the moisture in non-contact way is given in Fig. 4.
Only very simple systems allow the physical-mathematical description and modelling which makes possible the straight forward determination of the materials properties
from the measuring values. More complex systems require inversion methods, e.g. the pattern recognition or neural networks, to retrieve the materials properties. Here a calibration
procedure is needed which incorporates complex specimen shapes and disturbing effects
like scattering at the edges.
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The question was raised if it is possible to determine simultaneously both materials
properties like density and geometrical values like thickness if the distance between specimen and sensor is changing. At this the specimen was situated within the near field of the
sensor antenna so that a simple distance law like in far field could not be applied. A
mathematical-physical modelling appeared no more feasible due to the complexity of the
experimental arrangement. Therefore the pattern recognition method has been used. To
achieve the aim, the data basis has to be expanded, i.e. a data matrix of measuring values
has to be created. This has been done by varying the distance (mostly between about 313
mm and 381 mm) with a positioning unit in steps of small fractions of the wavelength and
by measuring both real and imaginary part (or magnitude and phase) of the scattering parameter as function of the distance for all available specimens. To get the statistical variability every distance variation measurement has been repeated several times (up to 10
times). These data formed the training matrix for a pattern recognition algorithm developed
at IZFP and realized in LabVIEW-code [1]. Additionally a pattern matrix is needed to input
the natural scattering of the measuring values to the pattern recognition algorithm. The
measuring data which fed the training matrix of the pattern recognition procedure were the
real and imaginary part for both frequencies and distance. These were assigned to the target
values density and thickness.
To test the pattern recognition algorithm one or more of the test series (real- and
imaginary part vs. distance) was removed from the training matrix and regarded as being
originated from an unknown specimen. The pattern recognition algorithm was applied to
these data. Fig. 5 gives an example for the ability of the algorithm to determine unknown
measuring quantities. Here the mean value of the calculated values gained over a distance
variation of about 70 mm is plotted vs. the given density values.
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Fig. 2: Magnitude vs. distance between sensor and specimen for foam plastic with different densities (IMSTsensor 2.45 GHz)
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Fig. 3: Magnitude vs. density measured at different distances between sensor and specimen (IMST-sensor
2.45 GHz)
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Fig. 4: Correlation between the real part of the measuring voltage of the microwave sensor and the moisture
in a plate made of gypsum board (thickness 12 mm, IMST-sensor 2.45 GHz)
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Fig. 5: Calculated vs. given density of foam plastic specimens; the target values are situated on the straight
line (IMST-sensor 2.45 GHz)

Out of the two applied specimen thicknesses (13 mm and 25 mm) the correct thickness was always recognized. Hence the original aim to determine both material properties
and geometrical values was achieved in non-contact way and with changing distances between specimen and sensor. The distance, however, should be known. The recognition performance was better for 2.45 GHz than for 5.8 GHz and the performance for 2.45 GHz
alone was nearly as good like for 2.45 GHz and 5.8 GHz combined.
3. Determination of the coating thickness on steel pipes by a radar-laser technique
Normally pipeline tubes made of steel are wrapped by a polyethylene (PE) anticorrosion layer whose thickness is typically between 3 and 5 mm. The entire PE layer generated by an extruder is applied on the tube which rotates with a circumference speed of up
to 1 m/s or more. The feed speed parallel to the pipe axis is in the order of magnitude of 0.1
m/s. The industrial producer is searching for a method to online monitor the layer thickness
with emphasis on the weld seam where the layer thickness is normally smaller than at the
rest of the tube. The existing measuring methods require radiation screening (γ-ray method)
and their special resolution is not sufficient.
3.1. Measuring system
The main part of the system consists of a microwave sensor which works in the millimetre wave range. It is based on a frequency modulated continuous waves (FMCW) radar
sensor with a centre frequency of about 94 GHz (W-band) and a bandwidth of about 5
GHz. The sensor has been supplied by the Fraunhofer-Institute for Applied Solid State
Physics (IAF), Freiburg, Germany [2]. The heart of the sensor is a single chip MMIC
(monolithic microwave integrated circuit) with a size of about 3 mm * 2 mm which contains all necessary high frequency components (Fig. 6a and b). The sensor works in
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monostatic mode, i.e. with only one antenna for microwave emission and reception. The
other system components are: power supply, function generator to feed the voltage controlled oscillator (VCO) and computer with plug-in A/D-board. The frequency band around
94 GHz is not royalty-free. However, the measuring unit can be shielded to avoid radiation
leakage.

Fig. 6: Radar module with flanged horn antenna (photo: Fraunhofer-IAF, [2])

The basic idea of the measuring system consists of measuring the distance between
the sensor and the PE-steel interface with the radar sensor and the distance between the
sensor and the air-PE interface with a laser distance sensor [3]. Most part of the microwave
energy is transmitted through the PE layer whereas the laser light is reflected at the air-PE
interface. The PE thickness can then be calculated from the difference between both values
provided the measuring values are properly calibrated. Presently the distance sensor consists in a laser triangulation sensor which is placed nearby the radar sensor (spot diameter
ca. 2 mm). Both sensors are working in contactless way and the measuring spots of both
sensors should coincide.
Fig. 7 shows a scheme of the system. The microwaves are radiated by a horn antenna and focussed by an elliptic mirror or a lens on the surface of the test object. The diameter of the focus spot depends on the focus length of the used mirror and may be less
than 5 mm. The reflected waves are received by the same antenna and are processed inside
the radar sensor (generation of the IF-signal) and finally digitized. Some measures can be
taken to minimize the distance variations. If this is not sufficient the distance sensor is necessary to correct the values calculated from the radar sensor.
A prototype measurement system has been built up and tested on a laboratory
specimen (PE wedge with thickness variation from 2 mm to 7 mm glued on a metal plate)
and on a PE coated tube with a diameter of 780 mm and a length of ca. 1 m positioned on a
rotatable device. System software was realized by a LabVIEW software module.
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Fig. 7: Scheme of the combined radar-laser-measuring system with quasi-optical arrangement

3.2 Experimental results
In the frame of first experiments it has been found that the phase of the IF-signal is
very sensitive to the layer thickness. An accuracy of 50 µm appeared to be feasible under
favourable circumstances. However the dependence of the phase on layer thickness is not
completely linear but shows a thickness dependent undulation which is due to the interference of multiple reflections between the interfaces. An additional fundamental problem is
the ambiguity of the phase. When the layer thickness changes by about 1 mm, the phase
changes abruptly by +2π or -2π. So the true layer thickness must be a-priori known with an
accuracy of better than about 1 mm in order to get unequivocal values. However, in reality
the layer thickness may change by several mm on the tube, especially near the weld seam.
Thus phase, amplitude and frequency of the IF-signal depend in a complex way on
the distance between the sensor and the interface PE-steel and on the thickness of the layer.
Therefore, due to the lack of a manageable physical-mathematical equation system here
again the pattern recognition method has been applied for data inversion. The necessary
training data have been gained with a specimen made of a metal plate as substrate and a
wedge-like plastics layer to generate all occurring layer thicknesses. Training data were
obtained by linear repetitive scans (repetition number 5 to 10) over the length of the specimen with several distances between sensor and specimen. Thus a signal pattern matrix with
different layer thicknesses in the axis parallel to the specimen surface and with different
distances in the orthogonal axis is created. The signal pattern set consists in signal parameters like amplitude, phase at different positions in the IF-signal and position of the maximum of the envelope of the IF-signal. An unknown thickness is determined by comparison
of the signal pattern of the thickness to be determined with the trainings data based on the
method of least error squares.
Fig. 8a shows an example of a correlation plot for the radar data without involving
the laser distance data. Many layer thickness values are not recognized correctly. However,
when the laser data are integrated nearly all layer thickness values are accurately determined (Fig. 8b). Similar results are obtained by only using some sample points of the IF7

signal instead of the pre-processed quantities like amplitude or phase. That way data processing is considerably accelerated and the whole measuring system is simplified. Thus an
online capable system can be realized in future.

Fig. 8a: Determination of the layer thickness by pattern recognition for ten different distances between sensor
and specimen and without taking into account the laser data. For every distance ten identical scans have been
performed. For one of the ten scans the thickness was assumed to be unknown. It has been determined by
pattern recognition with the help of the other nine scans which constituted the training data.

Fig. 8b: similar to Fig. 8a but incorporating laser data
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