ECNDT 2006 - Tu.2.8.1

Advanced Broadband Millimetre-Wave
Characterization Techniques of Dielectrics
Frank GUMBMANN, Phat Hue TRAN, Jochen WEINZIERL, Lorenz-Peter SCHMIDT
University of Erlangen-Nuremberg, Institute for Microwave Technology, (LHFT)
Erlangen, Germany
Abstract. The paper presents a broadband CW imaging technique using an
unfocused free space reflection measurement setup in W-Band (75-100 GHz). The
goal is to achieve a spatial highly resolved 3D-image of a dielectric device under
test (DUT) in order to detect cracks or other defects up to a size of 1-2mm. After the
data collection, numerical post processing is applied to the unfocused rawdata in
order to achieve a highly resolved 3D-reconstruction of the DUT. Two approaches
are realized, the first one is a special Synthetic Aperture Radar (SAR) algorithm
called Range Migration Algorithm (RMA). The second one is a deconvolution
algorithm based upon a constrained least squares (CLS) method. Latter
reconstruction techniques require coherent signal detection. Therefore a heterodyne
frequency stepped measurement setup was developed. This setup is realised with a
commercial network vector analyzer (VNA) which allows a fast and accurate
measurement of a broadband frequency response of the DUT. The data collection is
either realized in a planar or cylindrical scanning geometry. Both cases are
examined. Furthermore spectral estimation techniques are applied to the broadband
measurement data to overcome the limitations of the range resolution, achieved by
conventional processing techniques.

Introduction
In recent years, considerable advances in applying millimetre-wave signals for nondestructive testing of dielectrics have been achieved. The main advantage of using
electromagnetic waves for NDT is the good penetration, especially in the case of
dielectrics. Therefore, the importance of microwave and millimetre-wave non-destructive
testing is rapidly growing. The goal is the precise detection of material defects. In the case
of imaging systems, the image quality of all setups depends on the spatial and lateral
resolution capability.
The basic approach of many millimetre-wave NDT setups is a transmission measurement
using focusing horn-lens antenna combinations with a large aperture to get a sharp beam
spot in the object plane which has to be as small as possible. Due to physical limitations,
the beam diameter can only be decreased by increasing the frequency of such a focusing
setup. Therefore, the spatial resolution for the free space methods depends on the
wavelength of the electromagnetic wave.
To overcome this limitation, we have developed a coherent free space reflection
measurement setup without focusing elements, based on advanced, high precision radar
techniques dealing with optimised, fast SAR procedures. In theory, the use of SAR
algorithms allows a frequency and range independent lateral reconstruction of the object
reflectivity. The application of a special SAR processing procedure called range migration
algorithm (RMA) enables a complete 3D reconstruction of the measurement object. We
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also implemented a deconvolution algorithm based upon a constrained least squares (CLS)
method. In contrast to the SAR algorithm, which is basically a correlation based procedure,
the deconvolution seeks to eliminate the antenna characteristics out of the measurement
data. Both approaches will be demonstrated in a planar and cylindrical scanning geometry.
Another important issue is the resolution in range. To achieve a high range resolution, a
large bandwidth is needed. For this reason we investigated a broadband frequency stepped
concept in the W-band (75-100 GHz). In addition to conventional signal processing
techniques, we applied spectral estimation techniques to overcome the limitations of the
range resolution caused by the limited signal bandwidth. These techniques have shown very
promising potential for an impressive enhancement of the range resolution, resulting in a
significant improvement of the 3D-reconstruction of dielectric objects.
1. Measurement Objects
In order to demonstrate the potential of this imaging technique and the applied numerical
reconstruction techniques regarding to the spatial resolution, adequate measurement objects
are needed.

Fig. 1.1 PVC step wedge with drill holes

For the planar scanning geometry a step wedge made of polyvinyl chloride (PVC) (Fig. 1)
with several drill holes of different diameter will be used. The dielectric constant of PVC is
about εr = 3-3,5. The diameter of the drill holes and the height of the steps are labelled in
the figure.

Fig. 1.2 PVC pipe 1 with grooves and drill holes

Fig. 1.3 PVC pipe 2 with drill holes, groove, wax stripe
and razor blade

To demonstrate the results in cylindrical geometry we used two different PVC pipes. The
first one (Fig. 1.2) has grooves in the inner surface of the pipe and drill holes inside the pipe
wall. In Fig. 1.3 the second pipe is shown with a groove on the outer surface and drill holes
through the pipe wall. It is also important to recognize differences between materials with
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different dielectric properties. Therefore an object with low contrast (wax stripe, εr = 2,3)
and with high contrast (razor blade) concerning the dielectric constant of the PVC pipe
were placed on the inner surface of pipe 2.
2. Numerical Reconstruction of Unfocused Measurement Data
In the following section a short description of the applied numerical reconstruction
techniques will be given. The algorithms will be described for a planar scanning geometry.
The reconstruction scheme for a cylindrical geometry can be derived in an equivalent
manner.

Fig. 2.1 Planar scanning geometry

Fig. 2.2 Cylindrical scanning geometry

2.1 Model of the measurement signal
Fig. 2.1 and 2.2 show a planar and a cylindrical quasi-monostatic scanning geometry. The
DUT is described by a frequency independent reflectivity function f(x,y,z). In the case of
planar geometries the transmitter and receiver antennas are scanning a rectangular plane
with the DUT in its field of view. With a linearised approach of the scattering problem
(Born approximation [1]) and the application of the radiating reflector model [1], [2] the
received signal s ( x, y, ω ) can be described by a two dimensional convolution of the
reflectivity function f ( x, y, z = Z 0 ) and the point spread function (PSF) h( x, y,Z 0 , ω ) of the
sensor for a fixed range z =Z 0 . The parameter n( x, y, ω ) denotes for additive measurement
noise.

s ( x , y , ω ) = f ( x, y , z = Z 0 ) * h ( x, y , Z 0 , ω ) + n ( x, y , ω )

(1)

The PSF can be described as
h( x, y,Z 0 , ω ) = a ( x, y, Z 0 , ω )e

j 2 k x 2 + y 2 + Z 02

(2)

The exponential term denotes for the two way phase roundtrip of a spherical wave with
wavenumber k = 2π λ . The term a( x, y, Z 0 , ω ) describes the amplitude decay resulting
from the wave propagation and the characteristic of the antenna beam. Using the properties
of the Fourier Transform, the 2D convolution can be transformed to a multiplication in the
space frequency domain. Equation (1) transforms to

S (k x , k y , ω ) = F (k x , k y ) ⋅ H (k x , k y , ω ) + N (k x , k y , ω )
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(3)

An equivalent formalism can be derived for a cylindrical scanning geometry.
2.2 SAR-Processing (RMA)
SAR processing is a well known technique to achieve a time efficient and accurate
reconstruction of a reflectivity function which was scanned by an unfocused measurement
setup. Theoretically it is possible to achieve a range and frequency independent lateral
resolution with Δx, Δy = D x , y 2 [1], [2] where D x , y is the diameter of the antenna aperture
in horizontal/vertical direction. This is in contrast to a real aperture antenna, where good
lateral resolution is only achieved with a large aperture diameter and/or high frequencies.
Hence the use of SAR processing allows a flexible reconstruction of the DUT with a lateral
resolution, which is theoretically frequency and range independent.
The RMA [1], [2] is a special SAR-algorithm which can also be applied to near field
measurements because no approximations to the phase history of the electromagnetic wave
(equation (2)) are introduced in the derivation of the reconstruction algorithm. Furthermore,
the phase term H (k x , k y , ω ) is directly evaluated in the space frequency domain using the
Weyl identity [3]. By neglecting the beam characteristic of the sensor, H (k x , k y , ω ) can be
written as follows:
e jk z Z 0
H (k x , k y , ω ) =
j 2k z

with

k z = 4k 2 − k x2 − k y2

(4)

This saves two FFT operations to evaluate the PSF in space frequency domain.
At least it is possible to achieve a 3D reconstruction of the reflectivity function f(x,y,z) by
using a coordinate transformation in the space frequency domain called Stolt interpolation
[1], [2]. The whole RMA can be summed up in three steps:
- (raw data correction)

~
F (k x , k y , ω ) = FFT2 D {s (x, y, ω )}⋅ H * (k x , k y , ω )

(5)

- (Stolt interpolation)

~
~
F (k x , k y , ω ) → F (k x , k y , k z )

(6)

k z = 4(ω c0 ) − k x2 − k y2

(7)

2

- reconstruction result

{

}

~
~
f ( x, y, z ) = IFFT3 D F (k x , k y , k z )

(8)

FFT and IFFT denotes for the Fourier and Inverse Fourier Transform respectively.
2.3 Deconvolution, CLS-method
The SAR-processing can be interpreted as a matched filtering of the measurement data
(equation (5)). An extension of this method would be the complete cancellation of the PSF
from the measurement data. This procedure is called deconvolution. The basic
deconvolution approach in presence of measurement noise would result in the following
equation:
S (k x , k y , ω )
N (k x , k y , ω )
~
(9)
F (k x , k y ) =
= F (k x , k y ) +
H (k x , k y , ω )
H (k x , k y , ω )
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By taking a look at the last term in equation (9), it is obvious that zeros in the PSF lead to
an infinite amplification of the noise term N (k x , k y , ω ) and therefore to an useless
reconstruction of the DUT. To overcome this problem, a regularisation is introduced to
affect the influence of the noise in the reconstruction. In the following a regularised
deconvolution based upon a CLS method [4] is used. The algorithm in the space frequency
domain can be summed up in the following equation:
S (k x , k y , ω ) ⋅ H * (k x , k y , ω )
~
F (k x , k y ) =
2
2
H (k x , k y , ω ) + α C (k x , k y )

(10)

The parameter α is called the regularisation parameter, which controls the trade off
between fidelity and smoothness of the reconstruction. On the one hand, a too small value
of α leads to a reconstruction which is dominated by noise. On the other hand, a too large
value of α leads to a very smooth and inaccurate reconstruction of the DUT. Hence α has
to be chosen very carefully. In [5] some algorithms are described for an automatic
determination of the regularisation parameter. The constrained operator C (k x , k y )
introduces a specific weighting of the raw data spectrum to achieve a better noise
suppression for an optimal object reconstruction.
3. Reconstruction results: SAR vs. CLS-Deconvolution

Fig. 3.1 a) Planar measurement setup
b) Cylindrical measurement setup

Fig. 3.1 shows the planar and the cylindrical measurement setup. A 13 dB conical horn
antenna was used as transmitter and receiver antenna. The diameter of the horn antenna
aperture is D x , y = 6 mm. This leads to a lateral resolution of Δx, y ≈ 3 mm, regarding to the
SAR theory.
3.1 Planar/Cartesian Geometry
The following section includes the results achieved in a planar measurement setup with a
step wedge made of PVC (Fig. 1.1) as DUT. The distance between the antennas and the
upper step is Z0 = 55 mm (near field of the antenna). Fig. 3.2 a) shows the magnitude of the
unfocused measurement data, averaged over 200 frequency points. It shows a blurred image
of the step wedge and the steps can only be differentiated by diffraction effects on the
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edges. After the SAR processing (Fig. 3.2 b), the drill holes can be resolved down to a
diameter of 2 mm (Fig. 1.1, drill holes No. 1.2 and No. 2.1). Nevertheless the
reconstruction is dominated by diffraction effects especially at drill holes with a diameter
smaller than 4 mm.

Fig. 3.2

a) Magnitude [lin.] of raw data, averaged over 200 frequencies
b) Magnitude [lin.] of SAR processed data, averaged over 200 frequencies
c) Magnitude [lin.] of CLS processed data, averaged over 200 frequencies

These effects are strongly reduced using the CLS algorithm. To sum up, a lateral resolution
Δx, y = 2 mm seems to be possible, which is even better than expected by the theoretical
estimation.

Fig. 3.3

Section plane in range (z-) direction

Fig. 3.4

Section plane at z = 14,68 mm

Fig. 3.3 shows a cut in the x-z plane. Here the reflections are visible which are caused by
the air-PVC transition as well as the transition between PVC and air on the backside of the
step wedge. At range position z = 14.68mm a x-y section plane is shown (Fig. 3.4). Special
attention should be given to the drill hole (DR) in the side of the wedge, which becomes
clearly visible in this plane.
3.2 Cylindrical Geometry
The results achieved in the cylindrical measurement geometry are presented in this section.
The distance between the antennas and the surface of the PVC pipe is Z0 = 45 mm. Fig. 3.5
shows a reconstruction of the range profile of PVC-pipe 1 (Fig. 1.2).
The grooves N1-N3 as well as the drill holes B1 and B2 are clearly visible in the section
plane. Thus it is possible to achieve a lateral resolution of Δx, y = 2 mm regarding to the
smallest visible groove (N3).
Fig. 3.6 a) and b) show the SAR reconstruction in the φ–y section plane at different range
positions. Especially in Fig. 3.6 b) all defects (grooves, drill holes) are visible as slots
inside the pipe wall. Fig. 3.7 – 3.8 show the reconstruction of the second PVC pipe (Fig.
1.3). In the range profile in Fig. 3.7 the drill holes B1 and B2, the groove and the objects on
the inner pipe surface are clearly visible.
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Fig. 3.5

PVC pipe 1:
Section plane in range
(ρ-) direction

Fig. 3.6

a) SAR reconstruction at section plane S1
(ρ = 15,9mm)
b) SAR reconstruction at section plane S2
(ρ = 23,9mm)

In Fig. 3.8 a) even the drill hole with a diameter of 1mm is visible because of diffraction
effects. Fig. 3.8 a) and b) also show that objects with a high dielectric contrast (razor blade)
as well as a low dielectric contrast (wax stripe) can clearly be separated from the PVC pipe.

Fig. 3.7

PVC pipe 2:
Fig. 3.8 a) SAR reconstruction at section plane S1 (ρ = 19,9mm)
Section plane in range
b) SAR reconstruction at section plane S2 (ρ = 29,2mm)
(ρ-) direction
c) CLS reconstruction at section plane S1 (ρ = 19,9mm)
d) CLS reconstruction at section plane S2 (ρ = 29,2mm)

After the reconstruction with the CLS algorithm, drill holes B1 and B2 as well as the
groove appear sharper in contrast to the SAR processing. The blurring is reduced as a result
of the deconvolution as well as in the planar case.
4. Range resolution

In contrast to the lateral resolution, the range resolution Δz depends on the signal
bandwidth B. A common approach in processing broadband measurement data, achieved by
a frequency stepped measurement setup, is the application of the Inverse Fast Fourier
Transform (IFFT). The same processing is applied when working with the RMA (equation
(7)). This approach suffers from limited range resolution and a limited accuracy with regard
to the determination of the received time delays. With respect to our signal bandwidth of B
= 25 GHz, a minimum range resolution in free space of Δz ≈ 6 mm is achievable.

Δz = c0 2 B

(11)

To overcome these limitations it is possible to apply model based spectral estimation
techniques. The main advantage of these methods is the a priori assumption of a signal
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model. This leads to a better separation and more accurate determination of nearby signal
components and thereby to a better range resolution. We tested several autoregressive (AR)
spectral estimation and eigenvalue-based spectral estimation algorithms. These tests
demonstrated that the Matrix Pencil Method (MPM) [6], [7] provides the best results for
this application. This can be confirmed from a theoretical point of view, because the
underlying model of the MPM fits the received broadband measurement signal very
accurately. The frequency response s (ωk ) for the k-th frequency point ωk of the
measurement signal at one pixel can be described by the MPM as a superposition of
complex exponentials which depend on the time delays τ i and the reflection amplitudes Ai
of the received measurement signal.
M

M

i =1

i =1

s (ω k ) = ∑ Ai exp( jω kτ i ) + n(ω k ) = ∑ Ai z ik + n(ω k )

(12)

M is the number of reflected signals and the model order of the estimation, respectively.
The superimposed exponentials can be described as a polynomial of order M (equation
(12)) with zeros z i . The data vector s (ωk ) is separated in two subarrays of equal length.
After arranging each subarray in a Toeplitz matrix, the zeros z i are estimated by a
generalized eigenvalue problem. A detailed description of the MPM algorithm can be found
in [6], [7].

Fig. 4.1

Evaluated range profile with
MPM processing

Fig. 4.2

Evaluated step height with
MPM processing (assumed εr = 3)

Fig. 4.1 shows the time delay of the received measurement signal caused by reflection from
the transition between air and the PVC step wedge. In contrast to the IFFT processing, with
a range resolution of Δr ≈ 6 mm (B = 25 GHz) each step with a height of 1 mm can be
resolved by the MPM. This is a significant improvement in comparison to the IFFT
processing. If a dielectric constant of ε r = 3 is assumed for PVC, the step heights h can be
calculated from the time delay τ1 (reflection at air-PVC interface) and τ2 (reflection at PVCair interface).
c (τ − τ )
h= 0 2 1
(13)
2 εr
The result is shown Fig. 4.2, thereby the step heights are correctly evaluated.
5. Conclusion

We have developed a broadband imaging technique using an unfocused free space
reflection measurement setup in the W-band (75-100GHz). The broadband measurement
signals were generated and coherently detected by a frequency stepped heterodyne
transmitter/receiver setup. This setup was realised using a commercial VNA. The
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unfocused raw data were restored by numerical post processing techniques. A lateral
resolution of Δx, y = 2 mm was achieved with the SAR processing algorithms (RMA). This
result is better than the expected theoretical value of 3 mm. The application of the CLS
(deconvolution) algorithms leads to an improvement of the image quality regarding to
diffraction effects at edges. The broadband phase information of the measurement data at
75-100 GHz can be used to achieve additional range resolution. We demonstrated the
performance of the spectral estimation technique Matrix Pencil Method (MPM), where time
delays and step heights of the different steps can be determined more accurate in contrast to
a conventional FFT processing. An improvement of the minimum range resolution towards
Δr ≈ 1 mm can be achieved.
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