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ABSTRACT

Microwave imaging is recognized as an efficient diagnostic modality for no invasively visualizing
dielectric contrasts in non metallic bodies. The usefulness of this modality results from the existing
correlation between dielectric properties and quantities of practical relevance for industrial or
biomedical applications. At the beginning of the 80’'s, Supélec developed a 2.45 GHz planar
microwave camera, in the 90's the group developed algorithms for quantitative microwave imaging.
The purpose of this study is to investigate the capability of these existing materials, or an extended
version of it, in terms of quantitative imaging of high contrast inhomogeneous object for application of
breast cancer detection.
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1 INTRODUCTION

During the last decade, many research efforts have been devoted to achieve a microwave modality for
the early detection of breast cancer [1-6]. Indeed, a high dielectric contrast is expected between
tumoral and healthy tissues. Various experimental setups have been considered [2,4-8], as well as
different image formation algorithms [1,3,6,7,9]. Roughly speaking, microwave images can be derived
from linear (Born approximation, confocal imaging, UWB techniques, etc) or non-linear (inverse
scattering) data processing techniques. In the first case, the objective is only to detect the presence of
the tumor, while the second approach aims to quantitatively estimate the dielectric contrast of the
tumor.

During the earlier steps of microwave imaging developments, at the beginning of the 80’s, Supélec
developed a 2.45 GHz planar microwave camera for non-invasive thermometry during hyperthermia
treatments. This camera, designed for operation at 2.45 GHz, can record the field scattered by a water
immersed target over a 22 square centimeters area by means of an array of 32x32 sensors. This
camera is using MST (Modulated Scattering Technique) technology [10], which allows a drastic
simplification of the microwave circuitry to be used. After successive improvements, this camera was
able to provide qualitative images from spectral processing at the rate of 25 images per second [7].
This technology can be easily extended in view of full 3D polarimetric analysis of the scattered field.
Until now, both linear spectral algorithm and iterative non-linear algorithm have been used to process
single polarization scattered field data [11-12]. The purpose of this study is to investigate the capability
of this existing equipment, or an extended version of this equipment, in terms of breast cancer
detection.

This paper is organized as follows. Firstly, the numerical techniques used for solving both the direct
and the inverse scattering are rapidly described. The solver of the direct problem is based on an
electric field integral equation formulation, while the inverse problem is solved by means of Newton -
Kantorovich Technique (NKT) [13]. The second part is concerned with the description of the
experimental setup. Then, a complete section is devoted to the specific calibration of the microwave
camera which is a critical issue for quantitative imaging purposes. The last part presents simulated
results to illustrate the reconstructed image’s dependence of the experimental arrangement, when a
realistic Signal to Noise Ratio (SNR) is considered. A phantom consisting of an elliptical breast model
is systematically used.
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2 ITERATIVE NON-LINEAR IMAGING ALGORITHM

The method used herein was developed at the end of the 70’s in [14] and was applied to microwave
imaging in [9] and [15] at the beginning of the 90’s. It will be presented here briefly in the manner in
which it has been used for solving the inverse scattering problem. The reader who is not a specialist of
non-linear inversion of scattering problems could refer to [1] [9] [11] [13]. The reconstruction formalism
is based on a Newton - Kantorovich technique which, starting from an initial distribution of the contrast
Co, iteratively minimizes the difference between the measured data and the scattered field calculated
from a numerical model in the direct problem. The direct problem is based on a 2D electric field
integral equation formulation given by equation (1).

E(x):E'(x)+HOK(X,X’)C(X’)E(X’)dx’, 1)

where K(x,X") = -j/4 Hy (1) (k|x-x']) , is the two-dimensional Green's function with the zero order Hankel
function. C is the dielectric contrast of the object and O accounts for the object domain. By using the
method of moments (MoM) with pulse basis function and point matching, the total field inside the
object and at R measurement locations can be derived as follows:

Eo :Eé) +Ko,oCEo (2)
E.g = KR,OCEO )]
Equation (3) provides, for a given contrast (which corresponds to the microwave image of the object

under test) the simulated data to the NKT process. By differentiation to the first order of those above
equations, one can obtain the sensibility matrix S, which relates the variations of the contrast 6C to the

corresponding perturbation of the scattered field 9ESy: 6C = s1 OESg. The expression of S is given by
equation (4).

5= KR,O [I - CKo,o ]_1 E, (4)

Then, the iterative process of reconstruction proceeds as shown in Figure 1, until the convergence
criteria on the relative mean square error of the scattered field is reached.
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Figure 1: Flow-chart of the Newton Kantorovich algorithm

Note that modifications have been done in the matrix formalisation of NKT process, in order to support
any mono-frequency experimental configuration. Furthermore, when symmetries of the system exist,
they are used in order to decrease the K, ,-matrix size, and thus save computation effort. In addition
the previous formalism has been extended for taking into account possible interactions between the
target and the measurement system [16].
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3 EXPERIMENTAL SETUP

3.1 Description of the Planar camera

The planar microwave camera operating at 2.45 GHz (Figure 2), used for providing the experimental
data, has been developed at SUPELEC/DRE in the 80's and is already extensively described in
previous papers [7][10][17]. It consists of two large horn antennas, whose dielectric lenses and
exponential profiles are consistent with incident plane wave model assumptions. Between the two horn
antennas stands a rectangular water tank that contains the phantom under test. Water immersion
presents a triple advantage: it gives an improvement by a factor of 10 of the spatial resolution, the
wave impedance becomes closer to that of biological tissues resulting in an improved penetration and
it reduces effect of parasitic contribution due to high water losses.

The measured scattered field is provided by the retina of the camera, which is placed in front of the
collector aperture as shown in Figure 2. It consists of a 32x32 dipole array, with a step size of 7.2 mm
(half the wavelength in water) between each element, loaded by modulated PIN diodes modulated at
200 kHz. The array scanning is rapidly performed in a sequential way using the Modulated Scattering
Technique [10]. The retina enables image reconstruction of the dielectric characteristics in any cross
sections of the illuminated body.

Figure 2: The 2.45 GHz microwave camera (left), the retina (right).

3.2 Real-time imaging capabilities

From the research in the 90’s, it appeared a need for imaging systems able to provide images in real
time of dynamic phenomena or at least with fast acquisitions. Benefiting from the spectacular rise of
the microcomputer’s power and after some transformations of the acquisition and control system, the
camera was able by using a spectral method, to perform in real-time, reconstruction of the equivalent
currents in cross sections [7]. In this real time mode the rate of qualitative acquisitions/reconstructions
reaches 25 images/s.

3.3 Matching to the quantitative reconstruction

Quantitative reconstruction of low-contrast, cylindrical homogenous objects using the camera has
already been achieved using a NKT method [11]. However, the intensive use of the algorithm by
different groups [1][13][15-16][18-22], the characterization of its sensitivity to model errors and SNR
[13], the use of information from qualitative real-time images, gives an opportunity to consider an
improved system for the reconstruction of high contrast inhomogeneous phantoms. Moreover, the
technology can be extended in view of 3D polarimetric analysis of the scattered field and some efforts
have already been made for the generalization of the algorithm to 3D quantitative imaging. In this
context the following modifications have been performed. Averaging is used in order to obtain higher
SNR of the measured data. For example, the incident field, E;.c, in absence of object is systematically
measured several times before any acquisition of the total field, E\=Ei+Esca; radiated by the
phantom. Furthermore, the general set-up has been improved in order to minimize the model’s errors.
The water temperature was regulated at 37°C (human body temperature). This induces a triple effect:
1) it reduces drastically the effects of the incident field drifts, 2) it improves the SNR by reducing the
losses in water and 3) it decreases the model’s error due to variation on the complex permittivity.
Finally, a particular care was taken into the stabilization of the axis of the phantoms’ rotation during the
multi-views experiments. Note that for 2D reconstruction purpose, only one line (or the average of
several lines) of the retina is used, thus in the case of using 64 views (which corresponds to different
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orientations of the plane waves using the rotator) the data file contains 32 x 64 = 2048 complex values
of the scattered field.

3.4 System Specifications

Transmitted power 1w Water complex permittivity  73.4—j7.2

Frequency 2.45 GHz Water conductivity 1S/m

Dimensions of the retina  22x22 cm Plane wave attenuation 2 dB/cm (no object)

Number of probes 1024 (32 x 32) Carrier reception level -15dBm

Array step 7.2 mm (A2 in water) 200 kHz modulation level -85dBm

Polarization Vertical Receiver noise figure 3dB

Number of views 36 Noise level (BW=20 kHz) - 115 dBm

Angular step 10° ADC dynamic range +/-10 V 12 bits for
two (I/Q) channels

Water tank dimensions 20 cm width, Signal/Noise ratio 55 dB after

(60x50x20 cm) averaging (30 dB

otherwise)

Water temperature 37°C regulated

4 CALIBRATION

As is mentioned in section 2, in solving non-linear inverse scattering problems, the solution is found
iteratively by minimizing the error between the measured scattered field and the scattered field
estimated from a numerical model. Consequently, the convergence of such an iterative process
requires, at least, the numerical model to reproduce as accurately as possible the experimental setup
and thus the equipment has to be carefully calibrated. The calibration procedure breaks up into three
principal parts.

-First, the adjustment of the balance of the two 1/Q channels in the homodyne receiver in order
to verify the orthogonal behaviour of the phase quadrature between the two channels.

-The second step, concerns fitting of parameters such as the complex permittivity of the
surrounding water g, the distance rotation axis-retina R, Those parameters are obtained by minimizing
the error between the field radiated by a source point and the one produced by a spherical wave
model. The acquisition is done on a line of the retina, by moving a short vertical monopole, which is
supposed to radiate a spherical wave, perpendicularly to the retina.

-Finally, a global complex calibration coefficient is obtained by using the data from a cylindrical
reference object to fit with a known analytical solution. Here, a PVC circular cylinder whose diameter is
35 mm has been used. Figure 3 provides an example of calibrated results. While phase results show a
very good agreement, further studies are currently conducted to reduce amplitude’s errors.
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Figure 3: Comparison between calculated and measured scattered field of a 35 mm PVC cylinder with a complex
correction of the measured field.
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5 SIMULATIONS

In the following, an elliptical breast model, whose dimensions are 100 x 76 mm, is used. It contains a
15 mm diameter tumor and is surrounded by water (Figure 4). It is discretizised into 27 x 21 cells. The
size of a cell is 2A/7. Reconstructions are performed from a set of 64x32 or 64x33 and thus are
obtained after a few minutes on a Sun working station. The values of the complex permittivity used are
those given in Table 1. Note that they come from a good compromise between measured values on
existing phantoms materials and those found in the literature.

100 mm |

|
=1l
Materials & g
Breast tissue 35 5 .
Tumor 65 14 E
Skin 37 8 )
Water 77.3 | 8.66

Table 1: Complex permittivity used in the model [1,2,4,6].

| 94 mm |

Figure 4: The elliptical breast model.

5.1 Comparison between the planar camera and two circular scanners

In order investigate the planar geometry compared to the circular geometry with respect to topographic
ability, a comparison with two other circular multi-view systems is presented (Figure 5). They differ
from the repartition of the receiving antennas and from the nature, frequency and position of the
incident wave.

Each system uses 64 views, one view consists of a set of M complex values of the scattered field at
R (m=1,2 ....M) receivers positions. Each view changes with the transmitter’s position or plane wave
incidence, and is obtained by rotating the view axis represented by the dotted line in Figure 5. In the
planar camera configuration (Figure 5a), a 2.45 GHz incident plane wave is considered. 32 receivers
are located on a 22 cm straight measurement line, whose center is distant of 19.8 cm from the
transmitter. In the two circular configurations, a 2.33 GHz cylindrical incident wave is used. 64
antennas on a circular array, whose diameter is 25 cm, can be operated in transmitting or receiving
mode. When a given antenna T is transmitting, the others R one are used as receiving antennas. As
shown in Figure 5, the R positions (33) are located on a half circle in the opposite side of the
transmitter T (Figure 5b) [8], while 32 measurement positions located on the complete circle, are used
in the configuration (Figure 5c¢) (approximately [2]).

R
R R R

R

(a)

Figure 5: The 3 different multi-view configurations (a) Planar camera (b) Barcelona camera (c) Complete circular
system.

Figure 6 shows the results obtained at iteration 3 for the three different multi-view systems when a
signal to noise ratio of 40 dB is considered. It appears that similar successful quantitative results are
obtained for the planar camera (Figure 6a) and for the Barcelona system (Figure 6b). Figure 7 shows
the convergence of the algorithm, e.g. the relative mean square error on the scattered field and the
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one on the solution during the iterative process. As one can see, even if the complete circular system
gives a slightly better result than the two other cases, satisfactory results are provided after a few
iterations. Notice that the best result is obtained for every system at the same iteration (number 3) and
for the lower error on the scattered field.
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Figure 6: complex permittivity distribution (up real part, down imaginary part),
solution at iteration n°3 with different multi-view systems for a S/IN =40 dB: (a) 2.45GHz planar camera (b) 2.33GHz
Barcelona camera (c) 2.33 GHz complete circular system (d) initial guess (e) exact solution.
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Figure 7: Convergence scheme of the three different systems using simulated data with SNR 40 dB.

5.2 From multi-view to multi-incidence systems

Rotations are not suitable for breast tumor detection applications, and thus multi-incidence could be a
better alternative than multi-view system. The question is to know if such a system is able to provide
enough independent data. In this context two multi-incidence (instead multi-view) configurations have
been considered. The use of the retina has been voluntary conserved and, only the emission part has
been changed. The emitters are placed on a linear array (Figure 8a), for the first configuration and
along an elliptical array (Figure 8b) for the second one. In each case 64 emitters are used, in order to
get the same number of data as in the multi-view case.
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(a) (b)

Figure 8: Geometry of the two multi-incidences configurations (a) linear array (b) elliptical array.

Figure 9 shows the reconstructed images after 4 iterations for both alternative setups. Results for the
planar camera have been added for comparison. As one can see, the tumor is detected even when a
linear array is used for emission. The elliptical setup gives the opportunity to improve the image and
seems to be a good alternative in the case of the object/antenna rotation is impossible.
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Figure 9: complex permittivity distribution (up real part, down imaginary part), solution at iteration n°4 with different
2.45 GHz systems for a S/IN =40dB : (a) multi-incidence linear array (b) multi-incidence elliptical array
(c) multi-view planar camera.

6. CONCLUSION

Compared to other existing systems, the major advantage of the microwave camera consists of its
high data acquisition rate and its potential to perform rapid 3D full polarimetric data acquisition and
related processing. It has been shown that its geometry allows obtaining 2D reconstructed images
similar to those provided by more popular circular scanners already considered for breast cancer
detection. Furthermore, an extension from multi-view to multi-incidence system seems to be a strong
alternative when a rotation is impossible in the acquisition. Present efforts are focused on the
construction of a high contrast phantom for breast tumor detection. Further work will be focused on
phantom experiments with the planar camera to obtain quantitative images of experimental data using
the presented calibration technique.
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