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On Super-Resolution With an Experimental
Microwave Tomography System
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Abstract—The resolution of an experimental microwave tomog-
raphy (MWT) system is investigated. Using two cylindrical nylon
targets and an operating frequency of 5 GHz, a separation resolu-
tion of 2 mm, or 1/30 of a wavelength, is achieved. While this res-
olution is among the highest reported in the literature, it is not a
sufficiently robust indicator of the expected resolution obtainable
for complex targets, and this is shown with further examples of
more complicated targets. However, the basic separation resolu-
tion limit obtained is a good way of comparing various aspects of
different MWT systems.

Index Terms—Electromagnetic tomography, image resolution,
microwave imaging.

1. INTRODUCTION

ICROWAVE tomography (MWT) is an imaging

modality that uses electromagnetic radiation in the
frequency range of a few hundred megahertz to a few gigahertz
to quantitatively reconstruct the complex permittivity of the
object being imaged. Biomedical MWT provides a promising
alternative or complementary biomedical diagnostic technique
to conventional soft-tissue imaging modalities. The advantages
of MWT include its low cost, the use of nonionizing radiation,
and the ability to quantitatively image the bulk electromagnetic
properties of tissue (i.e., the dielectric constant, as well as
the conductivity of the tissue), which are not directly imaged
by other modalities. Despite these advantages, MWT has not
found a firm place as a clinical tool.

Perhaps the largest remaining challenge to make MWT a
competitive biomedical imaging modality is to improve the
achievable resolution over what has been reported for current
state-of-the-art MWT systems, making it more comparable to
MRI, ultrasound, and X-ray CT. The lower resolution of MWT
is directly linked to the relatively larger wavelengths being
used to interrogate the object of interest. There is, however,
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no known theoretical limit to the spatial resolution obtainable
from MWT; image resolution as low as 1/6 of a wavelength
has been obtained for near-field imaging systems [1], and it has
been suggested that the true resolution limit is governed by the
achievable signal-to-noise ratio of the measurements [2] and
not the wavelength (cf., low-frequency impedance tomography
systems [3]).

As the resolution limit for MWT technology is not currently
known, and the future success of MWT depends upon im-
proving the resolution performance of such systems, having
a means of comparing the performance of different MWT
systems (including the utilized data acquisition techniques,
measurement calibration methods, and imaging algorithms) is
important to the ongoing research effort in this area. In this
letter, we quantify the resolution performance of our air-filled
MWT system [4] by using a series of well-defined simple
experiments designed to reveal the separation resolution limit
of the system. The concept of separation resolution, though
not identified as such, has been used before by other inves-
tigators as an indicator of their systems’ performance and
therefore allows for a comparison between systems. We show
that the achievable separation resolution is much smaller than
a half-wavelength, the Rayleigh limit, and is much better than
previously published results. Some of the deficiencies in using
the separation resolution as a way of measuring a systems’
expected resolution performance are discussed and exemplified
by examining images of more complicated targets. In the light
of such examples, the scattering mechanisms responsible for
the nonapplicability of the concept are reviewed, but it is con-
cluded that, lacking other well-defined indicators of resolution
performance applicable to MWT, using separation resolution
provides a good initial metric of system performance.

A. Separation Resolution

In any imaging technology, resolution is an ambiguous con-
cept. Classically, it refers to the ability of the imaging system to
resolve two “point” targets that produce a scattered field of equal
intensity. The resolution limit can be defined using Rayleigh’s
criterion [5], where two targets are considered resolved if the
maximum value of the scattered spatial waveform pattern due
to one target is at, or farther away than, the first minimum in
the scattered waveform pattern of the other target [6]. Resolu-
tion beyond this limit is referred to as super-resolution [5], [7].
In inverse scattering problems, the Rayleigh (or base) resolution
criterion may be generated via a linearization (i.e., Born approx-
imation) of the inverse scattering problem for idealized point
targets. After the linearization of the inverse scattering problem,
and using the Rayleigh criterion, the theoretically best possible
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Fig. 1. The MWT system with two nylon cylinders.

resolution is A/2 in the far field and A/4 in the near field [1],
where )\ is the wavelength. In these linearization techniques,
resolution beyond A/2 is made possible by the collection and
use of evanescent waves when the transmitters/receivers are lo-
cated in the near field [1].

The use of nonlinear inverse scattering algorithms, which take
into account multiple scattering events and penetration into a
target, can improve resolution beyond these limits and can be
even further improved through the placement of the transmit/re-
ceive elements in the near field. However, with a nonlinear inver-
sion algorithm, a “point” target is no longer readily defined and
imaged theoretically, thus some other target must be utilized.
Some authors [7], [8] have resorted to the use of canonical cir-
cular targets, with maximum resolution defined as the minimum
detectable separation between the two targets. We refer to this
type of resolution with canonical targets as separation resolu-
tion. It is the nature of the nonlinear inverse scattering problem
that no absolute (target-independent) resolution limit is defin-
able; the resolution limit achieved is only applicable to those
particular targets used. However, it does provide some indica-
tion of the resolving capabilities of the system, and provides a
quantitative metric to measure system improvements or make
comparisons between systems.

Under this definition, and using a ground-penetrating-radar-
type data collection scheme, a resolution of 1/10 of a wavelength
with synthetic data [9] and a resolution of A\ /6 with experimental
data have been reported [7]. For biomedical applications, using
a circular data collection configuration in a lossy background
environment, a separation resolution of A\/4 has been reported
[8]. Resolution well beyond this level is achievable, as we show
herein.

II. METHODS

The details of our air-filled MWT imaging system have been
previously reported in [4]. The system, pictured in Fig. 1, uses
24 Vivaldi antennas attached to network analyzer via a 24-port
switch. Frequency-domain data is collected using a novel fre-
quency selection process that minimizes the mutual coupling in
the antenna array. Details of this process and the calibration pro-
cedure are described in [4]. As compared to what was reported
in [4], the antennas have now been protected by a dielectric
coating that is typically used for commercial circuit-board ap-
plications, and this has slightly changed the operating frequen-
cies for the system. In this work, all imaging results are shown
for data collected at a single frequency of 5 GHz, chosen using
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Fig. 2. Plot of the resolution ratio Upmin/Usmax for various separations of the
two nylon cylinders.

the same process outlined in [4]. Similar to the work outlined in
[7] and [8], we select two canonical targets each consisting of a
nylon-66 cylinder 3.81 cm (1.5 inches) in diameter and 44 cm
in height. At 5 GHz, the nylon has a complex relative permit-
tivity of €, =~ 3.03 — j0.03 (assuming a time dependency of
e“t). Thus, the corresponding contrast is Y = (€ — €3) /ey =
2.03 — 70.03. Data were collected for 24 transmitters with 23
receivers operating for each transmitter (a total of 24 x 23 data
points). The complete data-set was inverted using a multiplica-
tively regularized Gauss—Newton inversion technique described
in [10], where the only prior information used was that of main-
taining the reconstructed permittivity within physical bounds at
each iteration (i.e., Re(e,) > 1 and I'm(e,.) < 0).

The target, consisting of the two cylinders, was centered
within the imaging system, and the separation of the two cylin-
ders was varied from O (i.e., touching) to 10 mm in 1-mm steps.
To determine the separation resolution limit, a 1-D cross section
of the real part of the reconstructed 2-D image is taken on a line
running through the center of the two cylinders. Defining U i,
as the minimum pixel value on the 1-D cross-sectional image
between the two targets, and Uy, as the first maximum closest
to this minimum value, the ratio of the minimum pixel value to
the maximum pixel value Upin/Umax is generated. Applying
the Rayleigh criterion, if the ratio Upmin/Umax i less than 0.81,
then the cylinders are deemed to be resolved.

To emphasize that the obtained separation resolution limit has
a high dependence on the target being imaged, the experiment
was repeated with: 1) the same two nylon cylinders embedded in
apolyvinyl chloride (PVC) cylinder; and 2) a significantly more
complex phantom, the “e-phantom,” with multiple concave fea-
tures. The e-phantom shape is shown in Fig. 5(a). For the first
case, the two nylon cylinders (separated by 5 mm) were centered
within a PVC cylinder with a wall thickness of ~ 0.6 cm and an
inside radius of ~ 6.5 cm. Published values for the permittivity
of PVC at 5 GHz are ¢, = 2.5 — j0.01 [11]. The e-phantom is
constructed of ultrahigh-molecular-weight (UHMW) polyeth-
ylene, and its dimensions are based on a similar phantom from
[8]. The dielectric constant of UHMW polyethylene has been
reported as €, = 2.3, with negligible loss [12].

III. RESULTS

For the two nylon cylinders, the resolution ratio U,,in /Unax
is plotted in Fig. 2. Representative samples of the reconstructed
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Fig. 3. Reconstruction of the two nylon-66 cylinders for separations of
0-10 mm in 2-mm steps. (a) 0 mm. (b) 2 mm. (¢) 4 mm. (d) 6 mm. (¢) 8 mm.
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Fig. 4. Reconstruction of two nylon-66 cylinders embedded in a larger PVC
cylinder. For this reconstruction, the two cylinders were separated by 5 mm.

images of the real part of the contrast for 0-10 mm in 2-mm
steps are shown in Fig. 3. As the imaginary part of the contrast
is very small in the cylinders, the reconstructions of the imagi-
nary part of the contrast are not shown. By considering the di-
rectly collected data points, the two cylinders are resolved for
all separations of 2 mm. We estimate a confidence interval of
£0.4 mm due to errors in our positioning system.

The reconstruction of the contrast when the two cylinders
are embedded in the PVC cylinder is shown in Fig. 4. In this
case, the resolution ratio increases to 0.52 from a ratio of 0.47
when the cylinders were not embedded. Under the definition
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Fig. 5. Reconstruction of E-phantom. (a) The exact contrast of the phantom.
The size of the gaps (in cm) is shown in white text above and below the gaps.
(b) Reconstruction of the contrast.

of separation resolution limit used herein, the two cylinders
are considered resolved; however, the inclusion of the PVC
cylinder has clearly degraded the overall reconstruction of the
nylon cylinders.

The reconstructed contrast for the e-phantom is shown in
Fig. 5(b). Features with a minimum size of 1 cm and above
are resolved, while the two concave features of 0.8 cm are not
resolved.

IV. DISCUSSION

According to the results obtained with this experimental
setup, a separation resolution of 2 mm has been achieved,
which corresponds to a resolution of A\/30 at 5 GHz. This is a
significant improvement over published experimental results
using simple targets [7], [8] and highlights the potential for the
technology. This high resolution is achieved through the collec-
tion and use of near-field data as well as the use of a nonlinear
inversion algorithm that accounts for multiple scattering.

While we have resolved the targets at a separation of 2 mm,
an inspection of Fig. 2 shows that the resolution limit should
be at an even lower separation. A lower bound on the limiting
separation resolution can be estimated to be 1.3 mm or & \/45.
This simple estimate assumes a linear variation in the resolution
ratio between 1 and 2 mm and no errors in the positioning of the
cylinders.
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The use of the Rayleigh resolution criteria is qualitatively
supported by observing the 0- and 2-mm separation reconstruc-
tions shown in Fig. 3. In the 0-mm reconstruction, the two cylin-
ders are connected with a shaded region of a pixel value of
~ 1.9, while for the separated 2 mm reconstruction, the color
switches to a lighter shade with a pixel value of ~ 1.5. We argue
that, qualitatively, one would guess that the two cylinders are
separated given the 2-mm reconstruction.

As expected, the resolution ratio shown in Fig. 2 reduces
monotonically as the separation increases. However, it does not
start from a value of 1.0 when the two cylinders are touching.
This is due to variations in the reconstructed contrast throughout
the cylinders, which raises the maximum pixel value in some re-
gions within the cylinders (see, e.g., the slight rise in the right
cylinder of the 0-mm reconstruction).

The reconstruction that includes the PVC cylinder (Fig. 4)
shows one of the limitations in determining the separation
resolution using the simplistic target environments considered
herein. As expected when a PVC cylinder surrounds the target,
the ratio of Upin/Umax increases, in this case by 11% from
0.47 to 0.52, which implies a reduction in separation reso-
Iution. The inclusion of the PVC cylinder also degrades the
reconstruction of the nylon cylinders, to the point that they no
longer appear as solid targets. The degradation is due to both:
1) a loss in the amount of useful energy interrogating the target
(the PVC provides a significant barrier to the wave, which now
must pass through the PVC wall twice before being detected
by the antennas); and 2) an increase in the amount of multiple
scattering present because of the presence of the surrounding
cylinder.

The reconstruction of the e-phantom also shows the expected
reduction in resolution abilities when imaging complicated tar-
gets. In this case, the concave features of the target create a par-
ticularly complex scattering environment, and the reduction of
useful interrogating energy is not a factor. The two smallest fea-
tures, of 0.8 cm (= A/8) are not resolved. Features with a min-
imum width of 1.0 cm (= \/6) and larger are resolved.

The use of a lossy matching fluid will also affect the achiev-
able resolution because of the loss in the amount of interrogation
energy available to the system. The use of a low-loss matching
fluid will result in an increase in the multiple scattering pro-
duced at the boundaries of the MWT chamber. Thus, it is ex-
pected that the use of any matching fluid will deteriorate the
achievable separation resolution.

While not the main focus of this letter, it is interesting to
note that the diameters of the two cylinders are also recon-
structed quite accurately (at least in the simple case with no PVC
cylinder surrounding the target). For example, in the 10-mm
separation reconstruction [Fig. 3(f)] the average reconstructed
diameter of the nylon cylinders is 3.55 cm (calculated using the
full-width at half-maximum criteria), an error of ~ 7%, from
the true diameter.
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V. CONCLUSION

Using an air-filled, near-field experimental MWT system,
combined with a multiplicative-regularized Gauss—Newton
inversion algorithm, we have achieved a separation resolution
of A/30 for the case of two nylon cylinders imaged at 5 GHz.
We have identified the drawbacks of using the separation reso-
lution limit as an indicator of the expected resolution limit that
might be achieved for biological targets and have exemplified
two instances for which these drawbacks come into play. More
complicated scatterers will no doubt reduce the achievable
resolution, but we argue that the separation resolution is an
effective means of quantitatively comparing various aspects of
different MWT systems as well as quantifying improvements
to any particular system.
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