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Abstract— Microwave mammography has several advantages
e.g. portability, non-contact and cell-friendly measurement, and
low cost for the equipment. Therefore, this technology has been
regarded as a more frequent screening technique, than the X-
ray based modality. This paper focuses on the dependence of
the imaging accuracy, which is obtained using inverse scattering
algorithms, on the estimation of the breast boundary. The
Envelope method has been proposed as a method of using
microwaves to estimate the location of the breast boundary. The
accuracy of the boundary estimation via the Envelope method
depends on that of the time-delay estimation, which is mostly
processed by a filter based on waveform matching between the
observed and reference signals. However, the coupling effect
between the antenna and breast surface deforms the observed
waveforms relative to the reference waveform. To mitigate
this problem, this paper introduces the finite-difference time-
domain (FDTD)-based waveform correction assuming the three-
dimensional (3-D) distorted Born iterative method (DBIM) anal-
ysis. The 3-D numerical simulations based on realistic breast
phantoms demonstrate that the proposed method enhances the
accuracy for the 3-D reconstruction of the dielectric profile in
highly heterogeneous cases.

Index Terms—Microwave mammography, Distorted born
iterative method (DBIM), Envelope-based boundary extraction,
FDTD-based waveform correction.

I. INTRODUCTION

According to the World Cancer Research Fund
(WCRBF)[1], breast cancer is the most widely diagnosed
type of cancer in women. X-ray mammography is the
most popular screening technique for the detection of
breast-cancer tumors. However, X-ray mammography
presents a risk of harming the cells and demands that the
patient’s breasts be subjected to high compression. The
unpleasantness of the technique leads to low voluntary
examination rates, particularly among young women.
Although it is still in the research stage, microwave
mammography has attracted considerable attention, being a
cell-friendly and compact screening technique that is much
less physically pain for the patient.

According to an examination of excised breast samples,
there is a significant contrast between the dielectric prop-
erties of normal tissues (adipose dominant) and malignant
tumors[2]. Many imaging algorithms have been developed
for tumor detection or characterization; these can be di-
vided into the following two categories as confocal (e.g.

beamforming[3]) and inverse scattering algorithms (e.g. Born
approximation or distorted Born iterative method (DBIM)[4],
contrast source inversion (CSI)[5]). This paper focuses on the
DBIM, the effectiveness of which has been demonstrated in
number of studies, even if the object has a highly hetero-
geneous and dispersive. However, the performance of the
DBIM is extremely sensitive to the initial estimate of the
dielectric property map and the region of interest (ROI), i.e.,
the breast boundary[6][7]. Several ROI estimation algorithms
are used in medical imaging, such as that based on the
resonant frequency shift between the antenna and skin [8]. As
a representative ROI estimation algorithm for breast media,
the Envelope method has been introduced in the number of
studies[9]. Additionally, a similar algorithm specifying the
breast boundary, referred to as breast surface identification
(BSID), has also been introduced in the literature [10], [11].
However, it should be noted that the successful reconstruc-
tion of ROI by the Envelope method relies on the accuracy of
the estimations of the range between the antenna and breast
surface. In the case of microwave mammography, the range
between the antenna and skin surface is within the central
wavelength, so the observed waveform is distorted compared
to the reference waveform because of the near-field effect
or the coupling effect. This waveform mismatch leads to a
non-negligible error for range estimation based on waveform
matching based filter, e.g. a matched filter.

To address the aforementioned issue, a previous study[12]
proposed a direct compensation scheme for breast bound-
ary estimation using the recovered FDTD recovered signal.
Compensation for the range error can be applied directly by
assessing the time-shift between the observed and recovered
FDTD signals, for which the near-field effect should be
considered. This paper extends this method to the three-
dimensional (3-D) model, where the multi-static Envelope
method is introduced to compensate the reconstruction error
of ROI due to sparse array model. The results of FDTD-based
numerical simulation using MRI-derived realistic numerical
phantoms demonstrate that the proposed algorithm enhances
the reconstruction accuracy of the DBIM outputs for highly
heterogeneous breast media.

II. OBSERVATION MODEL

Figure 1 shows the observation model, assumed in the
proposed method. Multiple transmitters and receivers array
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Fig. 1: Observation model.

have a lossy, dispersive, and isotropic dielectric propertie.
Escat(py 1.5 t) denotes the observed scattered electric field at
the time ¢, where r; and 7, denote the locations of transmitter
and receiver, respectively.

III. DISTORTED BORN ITERATIVE METHOD (DBIM)

An electric field for each sensor location from dielec-
tric media or object is formulated by the Helmholtz type
integral equation[13]. Here, focusing on the scattered field
Es(py, 7., w), which is observed at the receiver located at
7, from the transmitter located at 7, the following integral
equation holds:

Escat(Tt,Tr,w) = Etotal(7nt7 7‘“"-’) — Ein(rt’ T'r,w) (1)

:U.}QM/Go(T/,Tr,w)EtOtal(’Pt,7‘/7(.0)0(’]"/)(17“/,
)

where ) denote the region of interest (ROI) including an
object, E5(r 7., w) and EY%(r  r. w) are the scat-
tered and total electric fields, respectively, and Ei“(rt, T, W)
is the incident field in the presence of the background
media with complex permittivity as eo(7), Go(7', 7, w) is
the Green’s function assuming the background media, and
o(r) = €(r) — eo(r) denotes the object function, where €(r)
is the complex relative permittivity of target. Here, A Etotal
is defined as:

AEtOtal(’l”t, Ty, w) = Eltotal(,’°t7 Ty, w) _ Eﬁotal(rt, Ty, w)
= wzu/ Gp(r', v, w) B (r 1’ w)Ao(r)dr
Q
2

where Gy (7', 7y, w) is the Green’s function of the back-
ground medium, Ao(r) = o(r) — op(r) and oy(r) is the
object function of background. Here, assuming that Ao(r)
is sufficiently small, E*%l(r, v w) ~ Bfotal(p ' w)
holds, and Eq. (2) is approximated as:

AE™@ (p p, w) ~

wzu/Gb(r’,rr,w)Ef)Otal(rt,r’,w)Ao(r')dr’. 3)
Q

The DBIM sequentially updates op(r), Gp(r',ry,w) and
Efetal(pe r. w) in order to minimize |[AEY©Y%! (ry, 1, w)|2.
To deal with dispersive media, its frequency dependency,
denoted as Debye parameter, can be determined by exploiting
the multiple frequency results[4][14].
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(b) Multi-static model

Fig. 2: Relationship between breast surface and outer en-
velope of ellipses. (a): Mono-static model. (b): Multi-static
model. Red line shows the estimated boundary by each
Envelope method.

Some studies revealed that while the DBIM accurately
reconstruct the complex permittivity map having higher
contrast, its accuracy has been highly dependent on that of
the ROI estimation. Assuming the actual scenario, the breast
boundary, namely the ROI boundary, should be preliminarily
estimated by an appropriate imaging process.

IV. BOUNDARY EXTRACTION ENHANCED DBIM
A. Multi-static extended Envelope method

As a one promising solution for a prior estimate of breast
boundary, we introduce the Envelope method, the effective-
ness of which has been demonstrated in some observation
models[9]. The principle of the Envelope method is very
simple that an convex-shaped breast surface can be expressed
as outer envelope of ellipsoids with its focci (origins of
ellpisoids) as the transmitting and receiving antenna location
and major radius as the distance between the antenna and
skin surface.

In some literature as in [15], the multi-static extended
Envelope method can enhance the accuracy boundary ex-
traction with same computational complexity required in the
mono-static based Envelope method. In particular, in the 3-
D observation model, we need to consider the sparse array
arrangement Thus, to maintain the reconstruction accuracy
of the breast surface, we introduce the multi-static extended
Envelope method as follows. Figure 2 shows the principle
of Envelope-based surface extraction, assuming the mono-
and multi-static observation models. As shown in this figure,
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the multi-static model could offer the interpolation effect
compared with that obtained by the mono-static approach.
Here, the range measured at the antenna location (7, ;)
is defined as R(r(,r,). R(r,r,) can be extracted from the
local maximum of the output of the filter (e.g. matched filter)
using a specific reference signal E™f(t). It is obvious that
the shape estimation by the Envelope method relies on accu-
rate range extraction as R(ry,r,). The range measurement
accuracy relies on the similarity of waveforms between the
observed and assumed reference signals. Since the antennae
and the breast surface are not separated more than a central
wavelength of the transmitted pulse, the observed waveform
includes a near-field component, incurring waveform defor-
mation from the reference waveform.

B. FDTD-based waveform matching

To overcome the inaccuracy due to near-field observation
model, this paper introduces the FDTD-based waveform
reconstruction. The FDTD is one of most accurate forward
solver by solving the differential form of Maxwell’s equation.
To compensate the error of range estimation due to using
the initial reference signal assuming the far-field measure-
ment, the reference signal is updated by the FDTD method,
where the breast boundary is given by the initial estimate
of the Envelope method. Naturally, the FDTD-recovered
signal E"bs(rt,rr;t), includes the near-field component, it
is expected that the updated reference signal can enhance the
accuracy in range estimation. This method directly updates
the range as;

R(Ttv rr) = R(T‘m Tr) + CA%(rta rr)/2, (4)

where c is the speed of light in the air, and A7(ry, ;) is
calculated as;

AT (ry,ry) = arg max[EObs(rt, T t) * EObs(rt7 r; )] (1),

4)
where x denotes the operator of cross-correlation. ROI is
also updated by the Envelope method using the group of
R(r¢,7,). It is expected that the boundary estimation per-
formance of the Envelope method will also be upgraded by

using the compensated ranges denoted as R(r¢, 7;).

C. Incorporation DBIM and Envelope based Boundary Ex-
traction

The actual procedure of the proposed method is presented
as follows.

Step 1) Observation data as E°PS(r, r,;t) are recorded at
each combination of r; and 7., which is retrieved
by the difference of total electric field between the
case with and the case without object.

Step 2) The boundary of ROI is estimated by the Envelope
method using the group of R(r¢,r,).

Step 3) Reference signal is updated using the FDTD
method assuming a prior estimate of dielectric
profile and ROI in Step 2).

Step 4) Measured range for each antenna combination is
updated in Eqgs. (4) and (5).
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Fig. 3: 3-D numerical breast phantom (Class 3), where the
color denotes the value of ¢,,. Red line : cancer location.

Step 5) The boundary of ROI is estimated by the Envelope
method using the group of R(rq, ;).

Step 6) Steps from 2 ) to 5) are recursively done by the
fixed iteration number.

Step 7) Each Debye parameter is reconstructed by DBIM,
where ROI is determined by the Step 6).

V. RESULT IN NUMERICAL TEST

The performance evaluation of the proposed method is
assessed through the 3-D FDTD-based numerical simulation
using realistic breast phantoms derived from MRI scans
of healthy women [16]: Class 3 (Heterogeneously Dense)
phantom. The frequency-dependent complex permittivities
for the breast phantoms were modeled using the single-pole
Debye model[2]. The scattered electric field is calculated
by the FDTD method with single-pole Debye model (in-
house code provided by the cross-disciplinary electromag-
netics laboratory at the University of Wisconsin, Madison).
Figure 3 illustrates the maps of the Debye parameters,
€x In Class 3 [16] which includes the 10mm size tu-
mor with (ex,A€,04) = (20,38,0.85/m). Commercial
software Remcom XFDTD Ver 7.6(Bio-Pro) was used for
3-D dispersive FDTD calculation. The transmitting signal
formed a gaussian modulated pulse with a central frequency
is 1.9 GHz, and a bandwidth is 2.8 GHz. The z-directed
dipole antenna with 18 mm length is arranged cylindrically,
surrounding the breast. The five array rings are set along z
axis, where each array ring has 8 elements. All combination
data as to transmitting and receiving antennae are processed
in the DBIM. Each cell size in FDTD is 2mm. The conjugate
gradient for least-squares (CGLS) method is used in the
update of the dielectric profile in the DBIM, where the
maximum iteration number is set to 100. Figure 4 shows
the initial estimate map in the DBIM. Here, the initial The
initial estimate of the dielectric property map is consist of
skin, adipose and fibro-glandular tissues. Considering the
typical spatial distribution of breast medium, it assumes that
the skin layer with 2mm thickness is arranged along outer
breast surface, and the adipose area is defined as the 20 mm
inner area from the skin layer, and the remaining parts of
breast is composed by the fibroglandular.

Figure 5 compares the waveforms for the observed, the
initial reference, and the FDTD-recovered signals at the
specific observation point. Figure 5 demonstrates that a simi-
larity between E°P%(t) and E°P(t) is considerably improved
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Fig. 4: Initial estimate map in the DBIM. (a)-(c):ROI is given by
the Envelope without range compensation, (d)-(f):ROI is given by
the Envelope with range compensation.
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Fig. 5: Waveform comparison among observed signal
E"‘DS(rt~ ,Ty; t), initial reference signal and FDTD-recovered
signal E°P(ry, 7y t).

compared with that between E°"*(¢) and E™°f(t). Figure 6
(a)-(c) shows a comparison of estimeted outer boundary in
the case using with or without the FDTD-based waveform
compensation. Figure 6 shows that the proposed waveform
compensation enhances the accuracy of 3-D breast boundary
reconstruction. As a quantitative error analysis for the ROI
estimation, the following criteria is introduced as;

/ dr — / dr|/ dr, (6)
Q a

true Qtrue

where Q4 and Q) are the true ROI area and estimated
ROI area. Then, Errq = 7.07 % for the case without the
FDTD-based waveform compensation. Errq = 2.64 % for
the case with the FDTD-based waveform compensation. This
evaluation verifies that the proposed method considerably
enhances the accuracy of the ROI estimation.

Figure 6 (d)-(i) shows the DBIM reconstruction results
obtained using the ROI using the range with or without the
FDTD-based waveform compensation. Here, for the quanti-
tative analysis, the correlation coefficient (p) is introduced
as;

Errg =

(pg;uepest)

= (7
Hptrue”2 HpestHQ

p

TABLE I: p and NRMSE:s for each ROL

p NRMSE
ROI €0 ‘ Ae ‘ Os
Estimated w/o comp. ||| 0.5230 || 1.26 | 1.72 | 1.89
Estimated w/ comp. 0.6039 || 1.29 | 1.77 | 1.90
Given 0.7527 || 0.88 | 1.22 | 1.25

where p = {eg Ael o-ST}, Pirues Pest is true and estimated
vector of Debye parameter. And also the normalized root
mean square (NMRSE) is also introduced as;

1|1 ¢
NRMSEg = —— [ = > 1X(7%) = Xirue(re) 2, (8)

where X (ry) and Xiyue(7) are the original and estimated
values of the Debye parameter at each location 7y, Xirue
denotes the mean of Xuo(r), K is the total number of
unknowns in ROI. Table I summarizes p and NRMSEs of
DBIM’s reconstruction results for each ROIL. p verify that
the proposed method considerably enhanced the accuracy of
the DBIM estimation. The reason why the NRMSE is not
upgraded is that the number of unknowns are considerably
increased and the ill-posedness of the problem is more severe
in th 3-D case.

VI. CONCLUSION

This paper have introduced accuracy enhanced DBIM
based inverse scattering method by a prior estimate of the
ROI based on the FDTD waveform compensation. The ROI
estimation accuracy by the Envelope method was upgraded
by the range error compensation by the updated reference
signal using FDTD. Based on the 3-D FDTD numerical anal-
ysis, assuming the realistic breast phantom including cancer
cell, demonstrated that our proposed method enhanced the
accuracy of the 3-D DBIM inverse scattering analysis. Since
the key point for enhancing the accuracy is the reduction
of unknowns, we will introduce the basis function based
reconstruction or the simplified but appropriate mathematical
model to decrease the number of unknowns in our future
work.
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