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Abstract—A quantitative criterion based on structural
similarity is proposed for the quality evaluation of permittivity
images obtained by the recently proposed 2D SPDR scanning
technique. The criterion is shown consistent with visual quality
assessment, while opening way to rigorous optimization of
parameters of post-processing methods for spatial resolution
improvement below the SPDR head diameter. Two test images are
also defined, providing a physical insight into the SPDR imaging
method and facilitating its developments.
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I. INTRODUCTION

Dielectric properties of materials are essential for the design
of microwave and mm-Wave components and systems. While
various methods based on transmission line, quasi-free-space,
microscopy tips, and resonant test fixtures are used to acquire
these properties, the latter ones, and especially the split-post
dielectric resonator (SPDR) method [1][[2][3], are recognised
for supreme accuracy [3], ease of use, and reproducibility, also
in industrial environments [4]. SPDRs mounted in motorized
stages have also been applied for 2D mapping of high resistivity
semiconductors [2][5], but with spatial resolution of such
measurements limited by the finite size of the SPDR head.

Efforts have been reported to increase the spatial resolution
of SPDR images by taking advantage of the electromagnetic
(EM) field distribution within the head, which can be obtained
by full-wave EM modelling [6][7]. Such efforts are motivated
by the interest in measuring samples smaller than the SPDR
head [6][7], patterned samples [8], material inhomogeneities or
inclusions. This is highly relevant to new applications of the
SPDR method to energy materials, such as organic
semiconductors used in solar cells [8] or graphene anodes for
Li-ion batteries [9], where material nonuniformities arise from
manufacturing processes, and influence the performances of
target devices.

SPDR image postprocessing has been carried out in the
space [7] or spatial frequency [6] domains and visual
improvements of spatial resolution have been reported. Further
applications of both methods have been hindered by the lack of
quantitative criteria for the quality of reconstructed complex
permittivity images. Moreover, optimization of the methods’
parameters requires that standard test patterns be defined. This
paper responds to both above needs and is organized as follows.
Section Il presents an experimental scanning setup [8] as
applied to a small ceramic sample, image post-processing

algorithm, and Structural SIMilarity Index (SSIM) as a measure
of image quality. Section I11 proposes two types of test patterns.
SSIM Index is discussed for real and test samples, leading to
the Conclusions on further applications of the SPDR imaging.
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Fig. 1. 10 GHz SPDR surface scanner after [8], here applied to obtain
permittivity scan of 21mm x 21 mm ceramic sample.

1. SPDR SCANNING AND RESOLUTION ENHANCEMENT

A. Experimental scanning

Figure 1 shows a portable laboratory setup for microwave
imaging of materials with a dielectric resonator, as proposed in
[8]. The SPDR is mounted into the 2D scanner and its resonant
TEO16 mode at ca. 10 GHz interacts with a sample placed on
the motorized table. Here, a microwave signal is generated and
transmission |S21 through the resonator is measured by a
dedicated Microwave Frequency Q-Meter [8], but the scanner
can also be used with hand-held and laboratory VNAs [10]. The
measurement is controlled by a laptop application, which also
extracts the resonant frequencies and Q-factors at each position
of the scan, and converts them into material permittivity and
loss tangent using the SPDR method [1][3], enhanced with full-
wave modelling of SPDRs [7]. For SPDR head center placed at
point (u,v), the measured permittivity is denoted as &y and its
2D pattern over the scanned n X m area is written as an array (1):
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An analogous representation applies to the loss tangent. The
image obtained for a sample of microwave ceramics is shown
on the right of Fig. 1. The sample size (21 mm x 21 mm) is
comparable to the size of the SPDR head (ca. 20 mm at
10 GHz), hence, close to the center of the scan the ceramic
permittivity (er=9.03) is correctly measured. Blurred edges are

seen where the SPDR fields interact with both the ceramic and
the backgound.
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B. Resolution enhancement by deconvolution

Spatial resolution enhancement in spatial frequency domain
[6] is adapted here, based on the Wiener filter [11]:
T (wv)
H(u,v) = L —SNR (2
|IT(w,v)|2410 10
where T is SPDR template, i.e., a Fourier-transformed pattern
of squared electric field in the resonator, SNR denotes an
estimated value of signal-to-noise ratio in the measured data.
The raw permittivity image (1) is also Fourier-transformed and
the reconstructed image is obtained as:

G,, = FH{F(G.,} - Flm} - @3)

C. Reconstruction quality metric

The Structural SIMilarity Index was proposed in [12] for
quantifying image degradation caused by data compression or
transmission. Sunsequently, SSIM was shown relevant to the
validation of a microwave tomography system [13]. It reads:
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SSIM(x,y) = [L(x, 1]* - [cCe, 1P - [s(x, 0] (7)

where uy, uy are average values and oy, oy - variances of the
original image x and distorted Yy, ayy is covariance, C; and C; -
stabilizing constants, «, 3, y - weights of each term of eq. (7).
Here, we assume equal weigths a=p=y=1 and C,=C,=0.

The SSIM will serve to validate the reconstructed
permittivity images and to indicate the approximation for SNR
in the filter (2). SSIM between the actual ceramic sample
(square of & =9.03) and its reconstructed image (i.e., the scan
of Fig. 1 subsequently resolved by (2) with different SNRs) is
plotted in Fig. 2. Lack of structural similarity (SSIM~=0) occurs
if very low SNR<20dB or high SNR>80dB is assumed in (2).
The best SSIM is obtained with SNR=40..50dB, which is a
realistic estimate for the measurement setup of Fig. 1.
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Fig. 2. Structural Similarity of different reconstructed images to their original
counterparts: ceramic SUT scanned in the setup of Fig. 1 and two test patterns
scanned virtually with different added noise levels.

I1l. TEST PATTERNS AND VIRTUAL SCANS

A. Preparation of Virtual Scan

Virtual scan is prepared by imitating the measurement
process. Its value at position (u, v) corresponds to electric
energy contained within the head of the SPDR centred at (u, v).
The details of the procedure are given in [14].

B. Sinusoidal Test Signal and SPDR Insight

Figure 3 shows a section along a virtual sample, with areas
of sinusoidal-like permittivity variation with spatial frequencies
of: 0.02, 0.06, 0.1, 0.116932, 0.15, and 0.2 [periods per mm],
marked on the SPDR’s spatial frequency response (Fig. 3,
right). A Gaussian noise of SNR=40dB is added to the virtual
scan shown by the black line; the image reconstructed by filter
(2) with the same SNR is shown by the green line in Fig.3.

Test frequencies are selected to demonstrate the properties
of permittivity image degradation and restoration at the
characteristic points. The lowest spatial frequency is captured
by the SPDR with negligible attentuation. Higher frequencies
are damped but filtering restores the original amplitudes (and
phases) - even for the fourth pattern at the frequency of the
minimum of the SPDR response, invisible in the raw scan. The
SSIM of 0.85 is achieved between the original (grey) and
reconstructred (green) patterns. In Fig. 2, SSIM is also plotted
assuming Wiener reconstruction with different SNR in (2). For
values different than the noise added to the virtual scan the
SSIM is lower. This confirms that SSIM can also be used to a
posteriori estimate the overall noise in the measurement system.

C. Square Test Sample

A square sample of Fig. 4 is a digital twin of the real
ceramic sample of Fig. 1. Consecutive images in Fig. 4 show
its virtual scan with added 40dB noise and reconstruction with
different SNR in (2). Too low SNR set in (2) leads to the
damping of low frequencies; too high - amplifies the noise. For
SNR in (2) equal to the actually added noise the reconstuction
is the best: both visually (Fig.4) and via SSIM (Fig. 2).
Contrary to sinusoidal test patterns, maximum of SSIM is not
sharp, due to different noise interaction with the different image
harmonics. The optimum range is consistent for real and virtual
scans, which can thus be used for optimization of SNR in (2).

IVV. CONCLUSIONS

A microwave scanning setup based on 10 GHz SPDR has
been applied to the imaging of ceramic samples, with resolution
enhancement achieved by deconvolution in the frequency
domain. Error metrics based on structural similarity SSIM have
been implemented and validated based on virtual scans of two
test patterns. The first test pattern comprises sinusoids related
to the SPDR tranfer function and confirms the capability of the
deconvolution method to restore the blurred patterns, even
invisible to the eye, in the presence of a realistic 40dB noise.
The second pattern is a computer model of the real ceramic,
which compared to the real scan indicates the appropriate SNR
for high-quality image reconstruction. The SSIM-based
methodology provides a way to quantitatively compare and
further develop SPDR imaging methods for novel materials.
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Fig. 3. Test pattern comprising sections of sinusoids (left) of different spatial frequencies marked on the 10 GHz SPDR filtering characteristic (right).
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Fig. 4. From left to right: Model of the ceramic sample of Fig. 1, its virtual scan (VS) with 40dB Gausian noise, and the results of Wiener deconvolution assuming
20dB, 40dB, and 60dB noise in eq.(2). Upper row shows 2D images and lower row shows bi-sections.
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