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Communication
Nondestructive Testing Using mm-Wave Sparse Imaging Verified for Singly

Curved Composite Panels
Niklas Wingren and Daniel Sjöberg

Abstract—Nondestructive testing of composite materials is
important in aerospace applications, and mm-wave imaging has
been increasingly used for this purpose. Imaging is traditionally
performed using Fourier methods, with inverse methods being an
alternative. This communication presents a mm-wave imaging
method with an inverse approach intended for nondestructive
testing of singly curved composite panels with sparsely dis-
tributed flaws. It builds on previous work which was limited
to imaging on planar panels. The move from planar to singly
curved panels increases the applicability of the method for
aerospace applications. The imaging method is reference-free due
to a numerical source separation algorithm and exploits sparsity
in reconstruction of scatterers. It is demonstrated using near-
field measurements at 60 GHz of an industrially manufactured
composite panel with deliberate flaws. Compared to a more tra-
ditional Fourier imaging method, our method generates images
with higher resolution and higher dynamic range. Flaw detection
is also easier using our method as it generates images with less
background clutter.

Index Terms—Image reconstruction, inverse problems, mi-
crowave imaging, nondestructive testing, source separation.

I. INTRODUCTION

Composite materials are increasingly used for a wide range
of applications such as automotive parts, sports equipment
and aerospace structures [1]. Specifically in aerospace, reasons
for using composite materials can be their high strength-to-
weight ratio and electromagnetic (EM) performance [2]. The
latter is especially important for radomes, but also for aircraft
structural components in some cases. Doubly curved and
singly curved structures are used for aerodynamic surfaces,
with singly curved structures being less costly and easier to
manufacture [3]. During production and maintenance of such
structures, nondestructive testing (NDT) is typically performed
to detect flaws without detrimental effects on performance [4].
An interesting method for NDT in general, and for evaluation
of EM properties of composites in particular is millimeter
wave (mm-wave) (30-300 GHz) imaging [5], [6]. One of its
main advantages is an inherently high resolution, but there are
many others such as contactless operation, compact systems
and a relatively low cost [5], [7]. A typical mm-wave imaging
system consists of a transmitting (Tx) antenna illuminating
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the DUT, and a receiving (Rx) antenna sampling the signal
scattered by the DUT at a set of spatial points. This sampling
can be done in a simple way by mechanically scanning a single
Rx antenna between the desired spatial points [8].

A traditional way of performing microwave and mm-wave
imaging is through Fourier methods. One common example is
synthetic aperture radar (SAR), which has proven useful in a
wide range of NDT applications [9]–[12]. SAR is traditionally
performed by sampling the scattered signal over one spatial
dimension and using a large bandwidth to obtain a two dimen-
sional image [13]. A Fourier method with close similarities to
SAR is time reversal imaging (commonly known as migration
in geophysics) [14], [15]. In contrast to traditional SAR, this
method can be performed using a single frequency but with
sampling of the scattered signal over two spatial dimensions. If
sampling is performed in a plane, the signal can be translated
to other parallel planes, which allows for simple imaging on
a planar DUT.

Imaging can also be approached as an inverse problem,
often using methods from computational electromagnetics
where the fundamental EM equations are solved numerically
[16]–[20]. As with time reversal imaging, inverse methods
can be performed with spatial sampling in a plane using a
single frequency. However, while time reversal imaging results
in images in parallel planes, the inverse approach allows for
images conformal to an arbitrary DUT surface [21]. One way
of setting up the imaging problem from fundamental EM
equations is with an inverse equivalent source formulation,
where the known signal is related to unknown currents using
an integral equation. This integral equation is then discretized
to obtain a linear system of equations which can be solved to
obtain the currents [20]–[22]. The system is often not solved
directly, but through the use of appropriate optimization meth-
ods. Methods utilizing L1-minimization have shown promise
for the solution of underdetermined systems where the solution
is known beforehand to be sparse in the selected basis [23],
[24].

This communication builds upon the previous work in
[25] and [26] where an inverse equivalent source technique
was developed to generate high resolution and high dynamic
range mm-wave images of planar DUTs. A source separation
technique was used to estimate the scattered signal without the
need for a reference measurement, and an L1-minimization
technique was used for sparse scatterer reconstruction on the
DUT. The sparsity in the reconstruction stemmed from the
intended application of industrially manufactured low-loss,
low-permittivity aerospace composite panels, as flaws were
then assumed to be few and physically small.
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Fig. 1. Illustration of the measurement setup with surfaces of interest (source,
DUT, measurement) highlighted and operators between surfaces as arrows.

The purpose of this communication is to demonstrate
transmission-based imaging on a singly curved surface en-
closing a DUT. If the DUT is itself singly curved, the image
can be conformal to its surface. This makes the method more
suited towards the intended application of NDT of aerospace
structures as it extends the possible geometries of DUTs.
As singly curved structures are less difficult and costly to
manufacture than doubly curved structures, the extension of
the DUT geometry made in this work is expected to be
relevant for many realistic structures. The images presented
in this communication use data from near-field measurements
at 60 GHz of an industrially manufactured singly curved com-
posite panel. For comparison, images are generated both using
the inverse approach and more conventional time reversal
imaging. As in previous work, the images produced using
the sparse imaging approach have high resolution and high
dynamic range, especially when compared to those produced
using time reversal.

The communication is organized as follows. Section II
briefly describes the imaging algorithms of interest. Sec-
tion III describes the experimental setup used to retrieve data.
Section IV presents and discusses imaging results, which is
followed by conclusions in Section V.

II. IMAGING ALGORITHMS

The problem of interest is visualized in Fig. 1 where a
source (the Tx antenna) illuminates a singly curved DUT and
the transmitted signal is measured in a planar grid by the Rx
antenna. The objective of an imaging algorithm is to use the
data from the measurement plane to reconstruct an image of
the DUT showing EM flaws. An inverse equivalent source
approach is used to reconstruct equivalent electric currents on
a planar surface in front of the source and a singly curved
surface on the DUT (the surfaces highlighted in Fig. 1). For
this purpose, operators mapping electrical currents to electric
fields are used, with operators of interest drawn in Fig. 1.
The details of this approach are found in [25], [26] for
planar surfaces, and in this work we primarily highlight the
differences required for imaging on singly curved surfaces.

The sparse imaging used in this work specifically uses
two steps detailed in [25], [26]: source separation and L1-
minimization. The source separation step uses a truncated
singular value decomposition (SVD) regularization to numer-
ically estimate the field due to the source and the background
medium of the DUT. This is then subtracted from the measured
data, resulting in a field due to flaws in the DUT without
use of a reference measurement. The general methodology is
independent of DUT geometry, and as such it is the same as
used in earlier work.

The L1-minimization step is used to reconstruct flaws
using the data from the source separation step. The nominal
manufacturing quality is deemed to be good enough that flaws
are few and far apart, which corresponds to a sparsity condition
for scatterers in a pixel basis. Due to this, the imaging problem
is formulated as a basis pursuit denoising problem [24], which
reads

ŝ =argmin
s

‖s‖1 (1)

s.t ‖NDUT(s ◦ ÊDUT)− Êsc‖2 ≤ κσ. (2)

In the above, s are scattering amplitudes, ÊDUT is an estimate
of the field incident on the DUT (computed from the source
separation), Êsc is the scattered field obtained from the source
separation step, κ ≤ 1 is a user-defined parameter and σ
is the L2-norm of the residual given by a phase-conjugation
solution. The bound in (2) thus produces solutions with smaller
residuals in L2 than obtained by phase conjugation, with κ < 1
enabling even tighter bounds. The implementation uses the
SPGL1 solver for MATLAB [24], [27]. While the general
method is the same as presented in earlier work, the singly
curved shape of the DUT required changes in certain parts.
Since the previous work used planar geometries, care was
taken to adapt the DUT mesh to be conformal to an arbitrary
singly curved surface. Due to the large electrical size of the
imaging problem, the operator NDUT in Fig. 1 is accelerated
by exploiting translational invariance in the Green’s function.
For a planar DUT, translational invariance can be obtained
in both x and y, making the operator similar to a Toeplitz
matrix. Matrix-vector multiplications for this matrix type can
be computed by fast Fourier transforms (FFT) [28], enabling
the operator to be applied using a two-dimensional FFT. For
the DUT geometry used in this work, translational invariance
can only be obtained in y, changing the structure of the
operator. The acceleration method was modified to reflect this,
with the operator being applied using a combination of FFT’s
and summation instead.

As an alternative to the sparse imaging method, data is also
processed using a Fourier method. A time reversal approach
[14], [15] is used since this allows for imaging using single
frequency data in two spatial dimensions. Since the method
translates the signal from the measurement plane to other
parallel planes, multiple translations are required for imaging
on a singly curved surface. For each x-coordinate in the
measured data, the signal is translated in −z such that the
resulting image plane intersects with the DUT surface at that
x-coordinate. The image data along that intersection is then
extracted, generating an image conformal to the DUT surface
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Fig. 2. Experimental setup with the example DUT (EDUT) mounted for
imaging of its center. Top right inset shows close-up view of EDUT structure.

when this is done for every x. Finally, the image is normalized
to that obtained from a reference measurement with the DUT
absent.

III. MEASUREMENT SETUP

Measurements were performed in the microwave laboratory
at Lund University, Sweden. A photograph of the measure-
ment setup is shown in Fig. 2, which can be compared to
the schematic view in Fig. 1. The setup was mounted on
a Newport RS 2000 optical table. The Tx antenna was a
Flann 25240-20 standard gain horn and the Rx antenna was
an MVG OEW5000 open-ended waveguide. An SHF 827 RF
amplifier was used at the Tx end of the system to boost the
signal level. The Rx antenna was scanned along the measure-
ment surface using two THORLABS LTS300/M positioners.
The Tx and Rx ends of the system were connected to a Rhode
& Schwarz ZVA 67 GHz vector network analyzer (VNA)
where S21 was measured. Measurements were performed
for 201 linearly spaced frequency points in the band 55-
65 GHz to allow for reduction of multipath propagation by
time gating. The frequency of interest to image reconstruction
was centered in this band at 60 GHz. A laptop was used
to control measurements using a GPIB connection to the
VNA and USB connections to the positioners. Data was then
retrieved for all frequency points in 81× 81 regularly spaced
points over a 300 mm × 300 mm measurement plane, a
scan which took roughly 7 h to complete. The sampling
distance was thus 3.75 mm, which corresponds to 3λ/4 at
60 GHz. This is in violation of the Nyquist criterion, which
is of interest to Fourier based steps in the post-processing.
However, the wavenumber spectrum at the Rx antenna is
restricted by the beamwidth of the Tx antenna and the sys-

tem geometry. This allows for a larger sampling distance
before aliasing occurs than that given by the standard Nyquist
criterion [29]. The DUT, referred to as the example DUT
(EDUT) in the following, was an industrially manufactured
composite panel provided by SAAB Aeronautics. The panel
was shaped as a semi-circular cylindrical shell with a radius
of 24 cm and a height of 35 cm. It was constructed as a
sandwich-structured composite with a 2 mm low-permittivity
overexpanded Nomex honeycomb core between two 0.5 mm
sheets of Toray EX-1515, a cyanate ester quartz fabric pre-preg
[30]. The adhesive Toray EX-1516, developed for bonding
solid, honeycomb, or foam core structures used in aircraft and
space applications [30], was used to assemble the panel and
it was covered with a fluoropolymer film. A close-up of the
EDUT showing the honeycomb structure is shown in the inset
of Fig. 2.

A medium-density fiberboard platform was used to elevate
the EDUT to a height appropriate for scanning of the Rx
antenna. Blocks mounted on the top of the platform allowed
for consistent rotation of the EDUT so that different parts
could be imaged. The boresight distance between the Tx
antenna and the EDUT was 570 mm, while the Rx antenna was
scanned in a measurement plane 60 mm further away. These
distances were selected to place the EDUT in the far-field of
the Tx antenna, enable enough illumination of the EDUT and
capture most of the scattered field in the measurement plane.

Two types of scans were performed: reference measure-
ments and EDUT measurements. For the reference measure-
ment, the setup was identical to that described above but
with the EDUT removed. While one of the stated advantages
of the sparse imaging approach was reference-free imaging,
time reversal imaging required a reference measurement for
normalization. EDUT measurements were performed with the
EDUT rotated between scans, assisted by blocks mounted on
the top of the platform. There was no overlap between imaged
parts of the EDUT. The labels right and left used in following
parts of this work refer to the directions when the EDUT is
viewed from the Rx antenna towards the Tx antenna.

After capturing the data and before performing imaging, two
post-processing steps were conducted: time gating and probe
correction. As described earlier, a wideband measured signal
was used for the purpose of reducing multipath components
using time gating. More specifically, the frequency domain
data for each spatial sample was zero-padded and transformed
to the time domain where a Tukey window centered on the
first peak in the signal was applied. A window length of 0.9 ns,
corresponding to a 27 cm propagation distance in free space,
was selected after inspection of the signal characteristics in the
time domain. Transformation back to the frequency domain
then resulted in a reduction of the multipath components of
the signal. A single-frequency dataset at 60 GHz was extracted
and probe correction was applied to it. This standard technique
for open-ended waveguides, which is described in [8], [31],
aims to remove the influence of the probe from measurement
data. After these two post-processing steps, electric field data
without multipath components could be obtained.
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Fig. 3. Image on the singly curved EDUT surface together with the same
image projected to an xy-plane.

IV. IMAGING RESULTS AND DISCUSSION

Images were generated from the time-gated and probe
corrected measurement data using sparse imaging and time
reversal imaging. To improve the resolution of the sparse
images, a sub-sampling of 4 was used, replacing each mesh
element on the EDUT by 4× 4 smaller elements. The resolu-
tion of the time reversal images was equal to the measurement
resolution as this was limited by the method itself. All pro-
cessing was performed on a desktop computer with 32 GB
RAM. While there were no processing parameters to set for
time-reversal imaging, the sparse scatterer reconstruction step
required selection of the parameters τSVD (truncation threshold
in the SVD used in the source separation) and κ (from (2))
as discussed in [26]. For the images shown in this work, the
parameters τSVD = 0.01 and κ = 0.85 were used.

In all images, reconstruction was done on the singly curved
surface of the EDUT, but for visualization clarity they are
shown here as planar images. These are projections from the
original image on the singly curved surface to an xy-plane as
illustrated in Fig. 3. The final images of the EDUT generated
using time reversal imaging and sparse imaging are shown
in Figs. 4 and 5 together with photos of the imaged parts of
the EDUT. The color scale is equal for all images, although
the quantities represented by that scale are different. This is
done to illustrate differences in dynamic range between images
rather than details in individual images.

Starting with the right part of the EDUT shown in Fig. 4,
the sparse image in (b) shows six clearly visible indications
which correspond to visual indications of flaws in (a). Most of
the background is zero due to suppression of nonzero pixels
by the L1-minimization routine. For time reversal imaging in
Fig. 4(c), it is seen that the indications are not as clearly
distinguishable from the background as for sparse imaging.
The resolution is also visibly lower as no sub-sampling could
be performed. Of the visible indications, only the one near
(x, y) = (−30, 20) mm is similar to Fig. 4(b) in separation
from the background. For other indications, the separation is
only a few dB, which is not very far from the variation in the
background. Those near x = 100 mm are especially difficult
to distinguish due to the spurious background near the edges.

The spurious background near the edges can be related to the
normalization. Both the measured and reference fields have
smaller main lobes after the time reversal translation, resulting
in very low and noisy values near the edges. Normalization
increases the low amplitudes, but the noise remains. Even
away from the spurious values near the edges of the image, the
background is not as homogeneous as in the sparse imaging
case.

The left part of the EDUT is shown in Fig. 5. In this case,
the sparse image in Fig. 5(b) shows four clear indications
which correspond to visual indications in (a), and one weak
indication near (x, y) = (−100, 100) mm. In the background
some clutter at low levels is visible. This can be attributed to
the selected κ since a higher value would reduce clutter, but
at the expense of the number of visible indications. For time
reversal imaging in Fig. 5(c), the indications which were clear
in (b) are seen but with the expected lower resolution and
a smaller separation to the background. In the top left, it is
difficult to identify a flaw due to the spurious background.
There is one strong visual indication in the lower right
of Fig. 5(a) which is not present in either (b) or (c). An
additional transmission measurement was set up to investigate
this discrepancy. This measurement was simpler than that used
for the main results and consisted of the same Tx antenna
in line with a fixed Rx probe connected to a ZVA67 VNA
measuring S21 at 60 GHz. Different parts of the EDUT
were moved between the antenna and the probe while S21
was monitored. All flaws affected S21 except for the one
not seen in Figs. 5(b) and (c). Since three different methods
using two separate measurements failed to detect that flaw,
it is concluded that its electromagnetic properties are similar
to the EDUT background medium. This apparent absence
of electromagnetic contrast makes the detection failure less
concerning as the purpose of our method is primarily to
evaluate electromagnetic performance.

For both time reversal imaging and sparse imaging, it can be
observed that some flaws near the edges of the measurement
plane give weaker indications on images than those in the
center, e.g. near x = 100 mm in Fig. 4(b). For time reversal
imaging, this can be partly attributed to the spurious back-
ground near the edges. However, scattering amplitudes from
sparse imaging are also weaker near the edges without any
spurious background. One explanation for this effect lies in the
collection of the scattered field. If the location of a scatterer is
near the center of the measurement plane, a large part of the
scattered field is captured by the measurement. For scatterers
further away from the center, less of the scattered field is
captured which gives less data for image reconstruction. A
system implication of this is that the measurement plane
should be larger than the section of interest on the DUT.

V. CONCLUSION

The aim of this work was to demonstrate a mm-wave imag-
ing method developed for NDT of singly curved composite
panels. A comparison has been made between our sparse
imaging method and a more traditional time reversal imaging
method. The sparse imaging method has been demonstrated to
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Fig. 4. Images for the right part of the EDUT retrieved using different methods. (a) Photo of the measurement area. (b) Absolute values of the scattering
amplitudes from sparse imaging. (c) Amplitude of the time reversed field normalized to reference field.
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Fig. 5. Images for the left part of the EDUT retrieved using different methods. (a) Photo of the measurement area. (b) Absolute values of the scattering
amplitudes from sparse imaging. (c) Amplitude of the time reversed field normalized to reference field.

provide images with multiple benefits over the time reversal
imaging method such as higher resolution, higher dynamic
range and more homogeneous background. While the method
used in this work is an extension of one developed for planar
DUTs, the imaging on singly curved DUTs presented in this
work is likely to be more relevant to NDT on structures found
in aerospace applications.

While the method presented in this work can be used for
NDT of industrially manufactured panels as demonstrated, it
can be improved upon to streamline usage in an industrial
setting. One easily identified limitation is the measurement
time, which was 7 h in this work. It could be reduced
greatly by replacing the single Rx antenna used in this work
with an antenna array. This comes at a cost and complexity
deemed unnecessary at this stage, but would likely not impact
the presented algorithms. Another limitation is the need to
accurately know the DUT shape and position beforehand. In
this work, a simple semi-circular cylindrical shell was used

and it was carefully positioned. While more complicated DUTs
can still have known geometries, the method could be made
more versatile by the use of some other technology like 3D
laser scanning for geometry characterization. This could also
increase accuracy since small changes in DUT geometry and
position can be accounted for. An interesting extension of this
work would be to move from transmission-based to reflection-
based imaging since NDT could then be performed with access
to only one side of the DUT. While this extension was done for
planar DUTs in our previous work, a more considerable effort
would be needed to do the same for singly curved DUTs.
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