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Abstract — Microwave UWB(Ultra Wideband) radar is promis-
ing as a non-invasive medical imaging, such as breast cancer or
brain stroke detection due to its non-ionizing feature and deeper
penetration ability in low loss medium. While various imaging
algorithms has been developed, most of them are based on delay-
and-sum (DAS) approach, which could not accurately reconstruct
the boundary of dielectric object, even if a complete propaga-
tion model is given. This paper proposes a new scheme for ac-
curate boundary extraction based on the range points migration
(RPM) algorithm, where the candidate wavefront curve is accu-
rately extracted by the FDTD based data generation. The results
in numerical simulation assuming highly heterogeneous breast
medium case, demonstrate that our algorithm achieves accurate
boundary extraction for cancer shape estimation.

1 introduction

Microwave mammography technique is one of the
most promising alternative primary screening tools for
X-ray based mammography, because it offers the poten-
tial for a low-cost, not painful, non-contact, and non-
invasive modality in a non-ionizing range of the fre-
quency spectrum. According to this background, var-
ious researches for microwave ultra-wideband (UWB)
radar have been investigated, based on the physical ba-
sis on that there is distinguished contrast in the dielec-
tric properties between normal and malignant tissues
[1]. There are the literature, denoting that the structural
characteristics of tumor can aid in distinguishing malig-
nancies from benign lesions, and then accurate tumor-
shape reconstruction has a potential to upgrade the mi-
crowave mammography screening tools, particularly for
decreasing false-negative rate.

As a promising shape reconstruction scheme, there
are two major approaches, one is the conformal ap-
proach, such as beam-forming [2] or time-reversal al-
gorithms, and the other is based on the solution for
the Helmholtz integral equation with linear or non-
linear optimization scheme[3]. The conformal-based
algorithm mainly relies on back-projective focusing for
the recorded backscatters from the tumor, and requires
accurate propagation model for penetrating dielectric
medium, and suffers from insufficient spatial resolution
or accuracy for object shape reconstruction even if the
accurate propagation model is given. On the other hand,
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the inverse scattering algorithm based on the integral
equation requires non-linear optimization schemes and
suffers from an inaccuracy at the discontinuous gap with
high-contrast dielectric object, such as gap between the
normal and tumor tissues, and leads to the difficulty for
accurate shape reconstruction of the malignant tumor.

To address with the above issue, this paper newly
proposes the boundary extraction based imaging al-
gorithm for object embedded in highly heterogeneous
medium, e.g. breast media. This method is based on the
principle of the range points migration (RPM) method
[4, 5], where the accumulation degree of the intersec-
tion points between the multiple wavefronts is used
for the reflection point reconstruction. Note that, the
above wavefronts are extracted from the electric field
map at the temporal snapshot accurately calculated by
FDTD analysis, where the accurate propagation model
is given. The numerical simulation using MRI-derived
accurate breast phantom demonstrates that our proposed
method accurately extracts the boundary gap between
the tumor and adipose dominant tissue, even if highly
heterogeneous distribution.

2 Observation model

We assume the measurement scenario for breast tu-
mor imaging. The breast tissues are constituted of
skin, adipose, fibroglandular and tumor, each of which
has a lossy, dispersive and isotropic dielectric prop-
erty. A set of transmitting and receiving antennas, lo-
cated at (X,Y) is scanned along the circumference of
breast media. sp, (X,Y,t) and {0, (X, Y, ) is de-
fined as the electric fields from background media (tu-
mor is not included) and actual media (tumor is in-
cluded), recorded at (X,Y) and time ¢t. s(X,Y,R) is
defined as the output of matched filter applied to the
signal s{,.0.(X,Y,t) — s, (X,Y,t), where R = ct/2
holds with the speed of light in air as c¢. The range point
defined as ¢ = (X,Y, R) is extracted from each lo-
cal maxima of s(X,Y, R). The conversion from each
range point to its corresponding scattering center on tu-
mor boundary is regarded as imaging in this context.
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Figure 1: Conversion of electric field from E(x,y, ;)
to E(p, 0, ;) at the temporal snapshot ¢ = 7;.

3 Proposed Boundary Extraction Method

3.1 Principle of RPM Imaging

The RPM imaging method is based on the conversion
from the obtained range point to corresponding to the
scattering center on object boundary. For this conver-
sion, this method assesses the accumulation degrees of
the intersection points of candidate curve, which is re-
garded as the wavefront reaching the object boundary.
For the specific range point as ¢; = (X;,Y;, R;), the
scattering center is calculated as;

p(g;) = argmax Y g(q;;q;,q)

pi"t(qi%qj) k (1)
||pint(Qi§ Qj) - pim(%; Qk)||2
X exp{ —
202
where o, is empirically determined constant, and
saiapa) = staen{- b0
9D
D(q:.q1)*
+s(qk>exp{—% @)
9D

where D(g;,q;) = /(X —X;)? + (Y- Y))?
holds and op denotes the empirically determined con-
stant Note that p™(q;; q;) denotes the intersection
point of the wavefronts. However, these wavefronts are
hardly obtained in the case that the background medium
propagation model is not given.

3.2 FDTD-based wavefront

The specific methodology is described as follows. In
the monostatic case, the above wavefront can be calcu-
lated by the spatial distribution of electric field snapshot
at the time 7, = R;/c at i-th range point (X;,Y;, R;),
because the forward and backward propagation path
should be same in this observation. Then, if the
complete information of background medium dielectric
property is given, such wavefront can be accurately cal-
culated by FDTD method. To obtain the FDTD based
wavefront, we convert the electric field E(z,y,7;) to
E(p,0,7;), where p = /(z — X;)? + (t — ¥;)? and

1 y—r;
0 = tan X,
of the conversion of electric field. After the conversion,
we extract the maximum peaks of F(p, 6, 7;) as to each
0, and their corresponding p is defined as p;(6). Then,
the wavefront curve F;(X,i,Y;) for each range point
(X;,Y;, R;) is denoted as

. Figure 1 shows the example

F;(0) = (X;,Y;) + pi(cosB,sinf), (0 < 6 < 27),
3)
After this step, the intersection points between the
curves F;(#) and F;(f) can be determined as
pi“t(qi;qj). By using this process, the RPM based
boundary extraction is achieved in this situation.

4 Numerical Simulation Examples

4.1 Breast phantom model

We test the two types of realistic breast phantoms de-
rived from MRIs of healthy women [?] are investigated;
Class 3 as “heterogeneously dense” phantom (ID num-
ber 062204). which are available from online University
of Wisconsin repository [6]). The frequency-dependent
complex permittivities for skin and breast tissues in the
phantoms modeled by single-pole Debye models over
the frequency range of 0.1-5 GHz are referred from.
Figure 2 illustrates the actual dielectric property maps
of “Class 3”, including large-scale tumor as the static
conductivity and Ae, which denotes the difference of
relative permittivities from infinite frequency to zero
frequency. Circular shaped high-contrast object model-
ing malignant tumor is embedded in this heterogeneous
breast medium. The mono-static radar is scanned along
the circumference surrounding the breast with 36 sam-
ple points. The transmitting signal forms the Gaussian
modulated pulse, whose center frequency is 2.45 GHz
with 1.9 GHz frequency bandwidth. The received data
are generated through FDTD, where the spatial grid size
is 0.5 mm. The FDTD generates the single-pole De-
bye dispersive data, where the relaxation time 15 psec
is used for all tissues, for simplicity.
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Figure 2: The dielectric map of breast media and large-
shape tumor. (a): Conductivity and (b): Ae, where red
hollow circles denote the observation points in mono-
static observation.

4.2 Results

At first, for the method comparison, the DAS based
method is investigated. Note that, in this case, the the
FDTD based calculated electric field at the appropriate
snapshot is synthesized, namely, the complete propaga-
tion model is given to DAS process. Figure 3 shows the
result of DAS image, and it shows that while the im-
age focuses on the area around the tumor, its boundary
is considerably blurred because it assumes point-wise
shape focusing scheme. This result shows that even if
we obtain infinite SCR and complete propagation path,
the DAS based method could not reconstruct the distin-
guished boundary, which denotes the upper limitation
of DAS performance.

Next, we show the performance of RPM based pro-
posed method as follows. Figure 4 shows the two exam-
ples of the snapshot of electric field E(p, 0, 7;) at dif-
ferent sensor locations, and their extracted wavefronts.
As shown in this figure, the FDTD based calculated
wavefront could reach the actual tumor boundary. Fi-
nally, we show the RPM image in Fig. ??. This figure
clearly shows that the RPM based method accurately
determines each boundary point converted from the ob-
served time delay (range point), which enables us to as-
sess the shape of tumor, appropriately. The calculation
time for reconstruction is within 10 min using Intel Core
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Figure 3: DAS image, when the complete propagation
path is given.

i5 CPU 3.3 GHz, with 8 GB RAM. The main part of the
computational cost is that of FDTD, but this level of
computational cost is not serious in the actual medical
imaging scene.

5 Conclusion

This paper proposed accurate boundary reconstruc-
tion method based on the RPM algorithm and FDTD
based wavefront extraction. The numerical exam-
ple, assuming realistic MRI-derived breast phantom,
demonstrates that the proposed method achieves re-
markably accurate boundary reconstruction, which is
overwhelmed by the limitation of DAS based imaging
scheme. Note that, the proposed method is based on
the assumption that the response from background me-
dia is completely removed, and the dielectric property
of background media is completely given. We consider
that such information is in actual screening test, if the
time differential observation for subject is available, and
time evolution of tumor could be monitored by this al-
gorithm.
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Figure 4: Two examples of the snapshot of electric
fields E(p, 0, 7;) at different sensor locations (X;,Y;).
(a) and (c) denote E(p,0,7;) and (b) and (d) denote
E(x,y, ;) and extracted wavefronts (red solid circles)
for each observation point.
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Figure 5: Reconstructed boundary points obtained by
the proposed method.
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