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Abstract—To unlock the full potential of composite materials, reliable measurement methods during and after their
manufacturing are required. Established measuring methods are commonly based on ultrasound or thermographic
imaging techniques and offer only a limited usability. A promising alternative to the aforementioned methods are millimeter-
wave-based systems. It has already been demonstrated that such systems can provide a tomographic representation
of composite materials, enabling the detection, localization, and classification of critical defects within the component.
The tomographic millimeter-wave imaging system presented here is operating in the W band and is packaged for the
operation in a manufacturing environment. For this purpose, it is enclosed by a dustproof housing and can be mounted
on an industrial robot, which enables the development of an automated measurement procedure during and after the
manufacturing process of composite materials. The direct integration of the measurement system into the manufacturing
process allows for early-stage fault detection and classification, which is essential for the production of high-quality,
high-performance, and highly reliable composite materials.

Index Terms—Microwave/millimeter wave sensors, composite materials, millimeter-wave (mmW) radar, nondestructive testing, radar
imaging, robot programming.

I. INTRODUCTION

The properties of composite materials can be adjusted to the require-
ments of the respective tasks, by altering their mechanical or chemical
properties through the selection of different constituents and their
mechanical layout. Especially the strength-to-weight ratio of certain
composite materials, such as glass-fiber reinforced plastics (GFRPs),
makes them an excellent choice in a wide field of applications. These
include ships, aircrafts, trains, cars, storage tanks, wind turbines, and
many more [1]. To make use of the full potential of such materials, they
have to be defect free. Especially in the case of large-sized structures,
which are mainly manufactured by manual craftsmanship, a defect-free
component cannot be guaranteed without the application of a proper
inspection method. High-performance components require reliable
methods to assure their quality and enable the detection and classifica-
tion of any critical defect during and after the manufacturing process.
Ultimately, such a measurement method enables the manufacturing
of stronger, yet lighter components, which is a key factor in achieving
more efficient, more reliable, and more sustainable systems. Ensuring a
defect-free material allows for the thickness and strength requirements
of said material to be lowered, the thickness of the components can be
reduced while they still provide the required mechanical strength.

The currently established measurement methods for the inspection
and investigation of GFRP have their individual limitations with regard
to tomographic material inspection [2], [3]. While ultrasonic-based
methods are capable of generating a tomographic representation of
GFRP, the requirement of a coupling medium, that may possibly react
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with uncured resin and destroy the measured components, limits their
usefulness in a manufacturing environment. The tomographic informa-
tion acquired via thermographic methods is restricted to only limited
depth information, due to the measurement principle. X-rays-based
methods are rarely used in a manufacturing environment, due to their
ionizing radiation. Finally, methods utilizing the optical or terahertz
frequency spectrum typically have a limited penetration depth, due to
the materials’ absorption coefficient increasing with frequency.

It has already been shown that systems based on millimeter waves
(mmW) can be used for nondestructive material inspections [4]–[6],
since they provide a sufficient resolution to detect, localize, and classify
critical defects in GFRP, which are used as force compensating compo-
nents. This contact-less and nondestructive method can be deployed at
any point in the manufacturing chain. This enables the direct detection
through live monitoring. In this letter, an mmW-based measurement
system, with focus on applicability in a manufacturing environment,
is presented.

The structuring of this letter is as follows: Section II provides
the basic working principle of mmW-based tomographic imaging.
Section III presents the mmW imaging system for the automated
investigation of composite materials. This is followed by measurement
results of a composite material with incorporated defects, which are
presented in Section IV, and finally, Section V concludes this letter.

II. MILLIMETER-WAVE TOMOGRAPHIC IMAGING

The basic procedure to generate mmW-tomographic images of com-
posite materials is comparable to those applied in ground-penetrating
radar or wall-penetrating radar techniques [7], [8]—with the system
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Fig. 1. Schematic depiction of the measurement system, including radar front end, a robotic arm providing the motoric movement, data processing,
and movement control. The inset on the right-hand side of the image shows the radar front end in more detail.

presented here being based on the frequency-modulated continuous-
wave (FMCW) radar principle. Yet, in contrast to a classical radar
application, in which the distance of a target is detected, the dis-
tance to the sample under test (SUT) and its thickness are al-
ready known. The tomographic information of interest of the com-
posite material is encoded in the received signal’s magnitude and
phase within the frequency range corresponding to the SUT’s range
position [5].

In a typical composite material, the reflected mmW signal is a
combination of multilayer reflections from the individual fiber layers,
excited radiating coupled modes, and reflections from any dielec-
tric interface boundary—which could be the sample’s top-surface,
backside, or a deviation in the component’s layout [9]. Based on
this information, the detection of inhomogeneities in the material’s
internal structure, like fiber perturbations or variations in the relative
fiber-to-resin volume ratio in GFRP, becomes possible. Considering
that the fiber orientation in such systems is the defining factor of
the material’s mechanical strength, such measurement systems can
provide vital information on the sample’s quality, while also revealing
weak points in its internal structure.

In such an FMCW system, the radar resolution

�RR = cm

2B
(1)

is defined by the speed of light cm in the investigated medium and
the radar signal’s bandwidth B. This resolution defines the minimal
distance between two separate targets for them to be distinguishable.
In the case of an intensity-based evaluation, as presented in this work,
the range accuracy is approximately proportional to (B2 Nη)−1 [10]
and depends, besides the radar bandwidth, on the signal-to-noise ratio
(SNR)η and the number of samples N recorded by the analog-to-digital
converter (ADC). As shown in [5], a phase-based evaluation can also
be a viable approach. The achievable lateral resolution depends on the
wavelength of the utilized radar signal and the antenna front end. The
achievable penetration depth of the signal depends on the material’s
absorption coefficient and on the radar’s dynamic range. Typically, this
results in the following premise: While a higher frequency, typically re-
sulting in a higher bandwidth, of the radar signal provides an enhanced
resolution, at the same time, the signal attenuation increases as well,
limiting the signal’s penetration depth into the material. Keeping this in
mind, the optimal frequency range of the radar depends on the SUT’s
dielectric properties, its size, and the resolution required to resolve
defects that are classified as critical for the target application [11].

Fig. 2. Measured near-field pattern of the 15-dBi rectangular horn
antenna in combination with the designed HDPE lens used for the radar
front end.

III. MEASUREMENT SYSTEM

A schematic depiction of the developed measurement system can
be seen in Fig. 1. In order to generate the radar signal, a custom-
made phase-locked loop is utilized as a signal source. With it, linear
frequency chirps from 6.85 to 8.85 GHz, with a pulse duration of
1.04 ms, are generated. A power splitter divides the generated sig-
nal into the transmit-and-receive signal. Both, the transmitter and
the receiver, consist of a frequency multiplier-by-twelve (x12) [12]
each, which up-converts the source signal into W band—providing a
suppression of unwanted harmonics of more than 25 dBc within the
3-dB bandwidth frequency range of the x12. With the used frequency
chirps, this results in an operational bandwidth of 24 GHz. While no
further active components are used in the transmit path, the receiver
consists of an IQ-mixer with an integrated low-noise amplifier (LNA).
The components used in the transmit and receive path are based on
the Fraunhofer IAF’s 100-nm metamorphic HEMT (mHEMT) pro-
cess [13] and are assembled in WR10 waveguide split block modules.

The mmW signal is focused onto the SUT by using a 15-dBi rect-
angular horn antenna in combination with a high-density polyethylene
(HDPE) lens. This front-end setup is identical for both the transmit
and receive path. With this setup, a spot size diameter of 25 mm is
achieved at a range of 200 mm from the lens tip. This is confirmed by
the measurement of the antenna lens combinations near -field pattern
within the W band, which is shown in Fig. 2 for a frequency of
94 GHz. The near-field measurement shows the radiation pattern of
the transmitter, with the area of interest being scanned with a W band
near-field probe connected to a spectrum analyzer. Due to the identical
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Fig. 3. Depiction of the radar-sensor housing can be seen on the left-
hand side. An image of the mounting tool connected to the industrial
six-axis robot is shown on the right-hand side.

Fig. 4. Photo of the SUT with incorporated resin wedge.

antenna lens layout of the transmitter and the receiver, the radiation
pattern of the receiver is similar in shape. Transmitter and receiver are
integrated into a dustproof robotic-arm radar-mounting tool, which
is designed to be attached onto an industrial robot. A 3-D rendered
representation of this mounting tool is shown in Fig. 3 on the left-hand
side. The housing is designed in such a form that the transmit and
receive signal paths overlap at a distance of 200 mm.

An ADC with a sample rate of 15.625 MS/s and a resolution of 14 bit
is used to record the detected intermediate frequency (IF) signal, which
is then stored for offline processing. The radar front end, together with
the signal source and the ADC, is integrated, respectively, connected
to the mounting tool. A KUKA KR 10 R1100 sixx six-axis industrial
robot is used to scan the SUT, which enables the position and alignment
of the radar front end to be freely adjustable in a 3-D space, to match the
requirement of the specific SUT. The radar tool, attached to the utilized
robotic arm, can be seen in Fig. 3 on the right-hand side. In the photo,
the side plate of the radar housing, on which the ADC is connected, is
removed in order to reveal the internal split block modules.

IV. MEASUREMENT RESULTS

To demonstrate the radar-based imaging system, a GFRP sample
with integrated defect, in the form of a resin wedge, with a width of
18 mm and a height of 4 mm, is measured. A photo of the 300 mm ×
300 mm × 40 mm large SUT can be seen in Fig. 4. The position of
the resin wedge is marked, it being approximately 35 mm below the
surface and stretching over the complete 300-mm length of the SUT.
The displaced fibers, resulting from the distorted fiber layers located
on top of the wedge insert, are also marked. The material composition
and structural layout of the SUT corresponds to the structure of wind
turbine spar caps, which provide the mechanical stability of wind
turbine rotor blades. The SUT has a relative fiber-to-resin volume ratio
of 0.8, composed of a monoaxial fiber layout with a fiber diameter of
17 μm.

The data processing to generate a tomographic representation of
the SUT is performed in a similar way as described in [5], with the

Fig. 5. Measured cross section of the SUT. In the top diagram, the
radar sensor is illuminating the top side of the SUT, while in the bottom
diagram, the bottom side is illuminated.

key differentiating factor, that in this application an intensity-based
evaluation, is performed. By transforming the recorded data of a single
measurement position into the frequency domain using the chirp-Z
transformation, the frequency range of the transformation can be set
accordingly to fit the SUT’s range and thickness. In the next step, the
signal is transformed into the range domain using

R = cm fIFT

2B
, (2)

with R denoting the range, fIF the received IF frequency, and T
the frequency chirp’s ramp duration. The result is an A-scan of the
respective measured position. In the results shown here, the separate
range bin layers’ magnitude is normalized to the respective maximum
value, in order to compensate for the clutter introduced by the surface
reflection and also to compensate for the sample’s signal attenuation.

By combining adjacent A-scans along a line, a B-scan can be
generated. Such scans of the xz-plane of the SUT, with a step size of
2 mm along the x direction, are shown in Fig. 5. With the robot running
in a manual-mode safety setting, the measurement of one cross section
takes 2 min, limited by the mechanical positioning speed. The top
diagram shows a measurement with the SUT facing upwards, while at
the bottom diagram the SUT is facing downwards. In both images, the
resin wedge, as well as the displaced fibers, are marked and can both be
identified visually in the radar images. In the case of the resin wedge,
a localization of the defect is possible as well as the determination of
the defects shape and size. This allows for the possible classification
of the defect in terms of its impact on the mechanical properties of the
SUT. By scanning the SUT from both sides, the system’s capability
of detecting and classifying defects directly below the surface, as well
near the backside is demonstrated.

By scanning the surface area of the SUT, a C-scan is generated.
The diagrams in Fig. 6 show the xy-plane in various depths, scanned
with a step resolution of 2 mm. While the top diagrams represent
the measurement result with the SUT’s topside facing upwards, the
bottom diagrams are with the SUT being placed upside down. The
left-hand side diagrams show the xy-plane in a depth corresponding
to 5 mm below the SUT’s respective surface layer. This corresponds
to the resin wedge’s position in the case of SUT being placed upside
down. In contrast, the right-hand side diagrams represent the xy-plane
at a depth of 35 mm below the current surface layer of the SUT. This



3500104 VOL. 5, NO. 3, MARCH 2021

Fig. 6. Tomographic representation of the SUT, with the top side of the
SUT illuminated by the radar on the top diagrams and the bottom side
on the bottom diagrams. The left-hand side shows the xy-plane 5-mm
below surface and the right-hand side 35-mm below surface.

time, this corresponds to the resin wedge’s position in the case of the
SUT being placed facing upwards. As can be seen in all scenarios, the
resin wedge, as well as the distorted fibers, can be distinguished from
the defect-free regions, enabling a detection of defects within the SUT
and a classification of their extend.

V. CONCLUSION

In this letter, an mmW imaging system operating in the W band
is demonstrated. The contact-less measurement system is capable
of generating tomographic images of samples made of GFRP. The
system enables detection, localization, and classification of critical
defects for such components’ mechanical stability. By integrating the
radar front end into a dustproof housing with integrated dielectric
lenses, the system can be operated in a manufacturing environment.
As shown, by connecting the radar sensor with an industrial robot the
measurement can be automated and could be integrated directly into
the manufacturing process.

Further enhancements of the system, like increasing the amount of
sensors to reduce the measurement time required or advanced data
processing algorithms in order to enable automatic evaluation of the
radar images, represent some of the next steps in order to further
optimize the system for an industrial use. The sensor described in

this letter is operating in the W band, but it could be replaced with
one capable of operating at higher frequencies in order to increase
the image resolution if required, with the drawback of a reduced
penetration depth for a given transmit power and receiver sensitivity.
Additionally, a combination of different measurement principles, like
thermography and mmW, can bring further benefits in the form of
thermographic large-area error detection and mmW-based error clas-
sification. Overall, as demonstrated here, mmW-based measurement
methods can provide a valuable addition to the tool box of composite
material inspections.
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