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Abstract. A frequency modulated continuous wave (FMCW) radar sensor whose
heart is a Monolithic Millimetre wave Integrated Circuit (MMIC) working at
approx. 94 GHz has been used for both process control and imaging for different
purposes. The radar sensor has been tested in the area of gas-assisted injection
moulding processes for production of plastics parts and components. By means of
waveguides and a window which is transparent for millimetre waves the waves are
guided into the cavity to be filled with liquid plastics. The appearance of a gas bubble changes the wave pattern inside the cavity. Thus, the process sequence can be
controlled in a quick and direct way.
With the help of a twodimensional raster scanning device imaging can be performed in diverse domains like defect detection, process control or homeland security. Flat and thin objects can be imaged with small aperture antennas working in the
nearfield domain. Defects in plastics parts like voids or pores or moisture spots can
be detected without the need of higher developed imaging methods. However, for
bigger distances the lateral resolution and thus the recognizability of the retrieved
object have to be improved with other means. For fixed distances mirrors or millimetre wave transparent lenses can be used for focussing resulting in a much better
lateral resolution compared to unfocussed antennas. For highly varying distances
focussing is to be fulfilled with synthetic aperture methods like SAR or SAFT algorithms (Synthetic Aperture Focussing Technique).

1. Millimetre wave radar sensor
The millimetre wave sensor is based on a frequency modulated continuous waves
(FMCW) radar sensor with a center frequency of about 94 GHz (W-band). The sensor was
supplied by the Fraunhofer-Institute for Applied Solid State Physics (IAF), Freiburg, Germany [1]. The heart of the sensor was a single chip (MMIC, monolithic microwave integrated circuit) with a size of about 3 * 2 mm² which contained all high frequency components (Fig. 1 and 2).
The microwaves are generated by a voltage controlled oscillator (VCO) whose frequency can be swept over a bandwidth of up to about 5 GHz (Fig. 3). The sensor works in
monostatic mode, i.e. with only one antenna for microwave transmission and reception.
Inside the sensor the transmitted and received microwaves are separated by a Wilkinson
directivity coupler. One part of the microwaves generated by the oscillator and the microwaves scattered by the object and received by the antenna are mixed in order to produce a
sinus-like intermediate frequency (IF) signal. Because of the sweep the frequency of the IFsignal is the difference of the frequencies of the transmitted and received signal. Its amplitude and phase depend on the reflection scattering parameters of the target.
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2. Monitoring of gas assisted injection moulding
The plastics industry has an increasing need for online monitoring of injection
moulding processes. Gas-assisted processes (gas injection technique GIT) are applied to
save plastics material and to assure the constancy of shape of the produced part. The aim of
the process monitoring and surveillance is to assure the proper sequence of process steps
and the correct position of the gas bubble inside the cavity. Existing monitoring methods
like measurement of temperature or pressure inside the cavity provide only indirect information or are often not quick and specific enough with regard to gas-assisted processes.
Microwave methods have firstly been developed about ten years ago [2]. Here simple fixed frequency microwave sensors have been applied which measured only amplitude
and could not make use of all the additional information like phase and frequency carried
by the microwave signal. To further develop the microwave method Fraunhofer IZFP and
ICT have built up a more complex system based on the 94 GHz radar sensor which measures not only amplitude but phase and frequency, too [3].
The millimetre waves generated by the oscillator are fed by a waveguide into the
cavity inside the tool. A high temperature resistant plastics window transparent to microwaves is used as antenna and separates the cavity from the waveguide. Fig. 4 gives the
scheme of the measurement arrangement. When the cavity is filled with liquid plastics and
when a gas bubble passes over the position of the window the wave propagation inside the
cavity is modified resulting in a measurable change of the reflection and scattering behaviour inside the cavity.

Fig. 1: Radar module with flanged horn antenna (photo:
Fraunhofer-IAF, /Tessmann, 2002/)
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Fig. 2: Inside view of the face-up mounted 94 GHz
FMCW radar module with injection port (photo:
Fraunhofer-IAF, Tessmann, 2002/)

Fig. 3. Block diagram of 94 GHz single-chip
FMCW radar /Tessmann, 2002/, MPA: mean power
amplifier, LNA: low noise amplifier, VCO: voltage
controlled oscillator
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Fig. 4: Schema of GIT monitoring with radar sensor

Fig. 5 presents a result gained during an injection moulding test with gas assistance.
The important process steps like the passage of the plastics melt and of the gas bubble over
the position of the millimetre wave window could be found by abrupt changes of the measuring quantities amplitude, phase and frequency of the IF-signal. They could be identified
unequivocally by comparison with a video movie taken during the test through an optical
window. The three measuring quantities can be combined to improve the validity of the
method. Theoretical calculations using ANSYS code confirmed the findings and can be
used in future to optimize the measuring parameters like frequency or type of the millimetre
wave window [4].
In monitor the GIT process of larger parts the frequency may be lowered from millimetre wave region to the microwave region resulting in much cheaper sensors. However it
must be assured that the microwaves are able to propagate inside the narrow regions of the
cavity. Therefore a minimum frequency must be guaranteed.
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Fig. 5: Millimetre wave measuring quantities vs. time for a
gas assisted injection moulding test (plastics material: COC)

3. Imaging
3.1. Nearfield
With the help of a two-dimensional raster scanning device imaging can be performed in diverse areas like defect detection, process control or homeland security. For flat
and thin objects imaging can be performed by antennas with small apertures working in the
nearfield domain. Scanning is then carried out with small antenna-object distances (in the
range of a few millimeters or even less) resulting in an image resolution smaller than the
wavelength. Defects in ceramics or plastics parts like voids or pores or moisture spots can
be detected without the need of higher developed imaging methods. As an example Fig. 6
shows the scanning result of artificial flat bottom bore holes in a porcelain plate. The bore
holes were on the back side of the plate so that they could not been seen from the scanning
side. The images of the holes are magnified by diffraction effects, since their sizes are in
the order of magnitude of the wave length. To improve the lateral resolution some image
reconstruction methods based on synthetic aperture or diffraction tomography have to be
applied.
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Fig. 6b: Contactless scan image of the bore holes,
scan area 50 * 45 mm², scan step 0.5 mm; on the
upper rim of the image the plate is curved.

Fig. 6a: Scheme of the flat bottom holes in a porcelain plate (thickness about 6 mm); from top to bottom: diameter 1 mm, 2 mm, 3 mm; from left to right:
depth 1 mm, 2 mm, 3 mm; distance between adjacent
holes 15 mm

3.2. Farfield
In farfield the effects of geometrical spreading and diffraction get more serious. In
the area of homeland security one of the aims is to detect hazardous or illegal objects like
weapons and explosives contactlessly and over large distances. Millimetre-waves are able
to penetrate clothes or even thin walls and thus to detect concealed hazardous objects.
However by geometrical spreading and by diffraction effects the image of the objects will
be unrecognizable even at relative low distances between the sensor and the object. For
fixed distances millimetre-waves can be focussed in quasi-optic way by metallic mirrors or
dielectric lenses. Fig. 7a shows that a revolver is hardly recognizable in its millimetre wave
image over a distance of 20 cm between the antenna end and the object. Here a standard
horn antenna has been used. With an elliptic mirror attuned to the antenna the lateral resolution of the image can be essentially improved (Fig. 7b).
When a 12 mm thick gypsum board plate is inserted between the antenna and the
object the revolver can still be recognized. The background is now slightly noisy due to
some scattering of millimetre waves in the plate (Fig. 8).
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Fig. 7a: Raster-scan of a revolver from distance of
20 cm with 94 GHz-FMCW-radar with standard
horn antenna; scan area 260 mm * 240 mm, scan
step 5 mm

Fig. 7b: Scan of the same revolver with focusing
horn antenna – mirror combination (mirror size
about 10 cm) over the same distance. The revolver
is fixed on the right side. Scan step 2.5 mm

Fig. 8a: Raster-scan of a revolver from distance of 20
cm, scan area 198 mm * 162 mm, scan step 3 mm

Fig. 8b: Raster-scan of a revolver from distance of
20 cm with same scanning conditions as in Fig. 8a
but with inserted 12 mm thick gypsum board plate

If the distance between the object and the sensor is changing a fixed hardware focussing is no more useful. However software focussing with the method of synthetic aperture can essentially improve the lateral resolution in similar way like hardware focussing.
Fig. 9 gives an example realized with the three-dimensional FT-SAFT-software (Fourier
Transformation Synthetic Aperture Focussing Technique) developed at University Kassel
[5]. This image has been reconstructed with data gained with a two-channel radar module
which delivered both the real- and imaginary part (I- and Q-component) of the complex
analytical signal. This results in a better signal/noise-ratio compared to a reconstruction
with only the real part.
The range resolution of the radar module was about 4 – 5 cm. Fig. 10 demonstrates
that by shifting the two-dimensional slice through the three-dimensional space the object
can be characterized in three dimensions. In Fig. 10 the protruding revolver clip is nearly
invisible whereas in Fig. 9b it can be recognized quite well. If the object is wrapped in a
coat to simulate a concealed weapon some additional scattering centers arise but the object
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is still recognizable (Fig. 11). Data fusion from different polarization states of the scattered
electric field will further improve the recognizability of the object.
It should be mentioned that an antenna with high gain, i.e. with a narrow beam, improves the resolution of the raw image; however it deteriorates the resolution of the reconstructed image due to the lack of information from directions which deviate from principal
beam direction.

Fig. 9a: Raw image of the revolver scan, scan area
201 mm * 174 mm, Distance between object and
antenna end appr. 20 cm, scan step 1.5 mm, horn
antenna aperture 9 mm * 13 mm

Fig. 9b: Revolver reconstructed with 3D FT-SAFT (2Dslice through the reconstructed volume in the depth of
the revolver); in the lower right corner the revolver is
fixed with a metal clamp.

Fig. 10: Revolver reconstructed with the same data as in Fig. 9b,
however the 2D slice was set a few cm closer to the observer.
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Fig. 11: 2D-slice of the 3D FT-SAFT reconstruction of the revolver wrapped in a coat
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