
776 IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 18, NO. 4, APRIL 2019

Boundary Extraction Enhanced Distorted Born
Iterative Method for Microwave Mammography

Kazuki Noritake and Shouhei Kidera , Member, IEEE

Abstract—This letter focuses on improving the accuracy of the
distorted Born iterative method (DBIM)-based inverse scattering
algorithm, using accurate boundary extraction in microwave
mammography. It is well known that the accuracy of inverse
scattering algorithms depends on the initial estimate of the region
of interest (ROI). The Envelope algorithm is one of the promis-
ing algorithms for accurate ROI estimation. However, in the
near-field breast imaging scenario, the coupling effect between
an antenna and the breast surface incurs a nonnegligible er-
ror for Envelope-based boundary extraction, which is mainly
caused by the mismatching between the reference and measured
waveforms. To address this problem, this letter introduces the
finite-difference time-domain-based waveform reconstruction for
improving the accuracy of DBIM-based microwave imaging. The
two-dimensional numerical simulations, using realistic breast
phantoms derived from magnetic resonance images, demonstrate
that our proposed algorithm remarkably enhances the accuracy
of the DBIM, even in highly heterogeneous cases.

Index Terms—Distorted born iterative method (DBIM),
envelope-based boundary extraction, finite-difference time-
domain (FDTD)-based waveform correction, microwave mammog-
raphy.

I. INTRODUCTION

ACCORDING to the World Cancer Research Fund, breast
cancer is the most widely diagnosed cancer in women. Al-

though X-ray mammography is the commonly used screening
technique for the detection of malignant tumors, this method
can harm cells and requires the breast to be highly compressed.
These drawbacks result in low rates of successful examina-
tion, particularly in young women. Magnetic resonance imaging
(MRI) is one of the promising options offering safe and high-
spatial-resolution imaging. Nevertheless, it requires some rather
large-scale equipment for both electric and magnetic shielding.
Microwave mammography is one of the most promising alter-
native tools, which has some advantages over the X-ray-based
modality. The equipment is portable and inexpensive, and the
measurement is not harmful.

The physical basis of microwave mammography is the sig-
nificant contrast between the dielectric properties of normal
tissues (adipose dominant) and malignant tumors, which has
been demonstrated extensively in the literature [1]. Microwave
imaging methods have been divided into the following two
categories. One is a confocal algorithm, e.g., beamforming or
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modified delay-and-sum [2], and the other is an inverse scatter-
ing algorithm, e.g., the extended Born approximation [3] or the
distorted Born iterative method (DBIM) [4]. This letter focuses
on the DBIM algorithm, which is applicable to highly hetero-
geneous and highly contrasted media. However, many reports
have revealed that the DBIM-based algorithm faces the prob-
lem of severe sensitivity to an initial estimate of the dielectric
property map and a region of interest (ROI), namely, the outer
breast boundary [5]. While laser-based surface measurements
have been developed [6], there are difficulties for adjusting the
microwave and laser sensors, and a simultaneous measurement
for surface shape and tumor is indispensable for accurate image
reconstruction. There are a number of surface shape estimation
algorithms in medical imaging issue, such as the exploitation of
the resonant frequency shift between an antenna and a skin [7].
As a representative ROI estimation algorithm for breast media,
the Envelope method is one of the most promising options [8].
The similar algorithm specifying the breast surface, referred to
as breast boundary identification, has also been also introduced
in the literature [9], [10]. The key point of accurate boundary
extraction by the Envelope-based method is the accuracy for
time-delay estimations from the antennas to the breast surface.
However, due to the coupling effect between the antenna and
the skin surface, a skin reflection waveform often mismatches
the reference waveform, which leads to a nonnegligible error
for range estimation based on waveform matching-based filter,
e.g., a matched filter.

To address the above-mentioned issue, this letter proposes
an accuracy-enhanced Envelope method that uses the finite-
difference time-domain (FDTD) recovered signal, which we
have recently proposed [11]. The range error is directly com-
pensated by assessing the time shift between the observed
and FDTD recovered signal, where a frequency dependence
of surface reflection can be included, which was not accu-
rately modeled in [10]. The proposed method incorporates the
FDTD-enhanced Envelope method to provide the initial ROI
into the DBIM process. The results of the two-dimensional
(2-D) FDTD-based numerical simulations of numerical phan-
toms derived from MRI demonstrate that the proposed al-
gorithm greatly enhances the convergence speed and recon-
struction accuracy of DBIM for highly heterogeneous breast
media.

II. OBSERVATION MODEL

Fig. 1 shows the observation model. An array of multiple
transmitters and receivers is located along the circumference
curve, which surrounds an object area. The breast medium is
composed of skin, adipose, and fibro-glandular tissues, each of
which are lossy, dispersive, and have isotropic dielectric proper-
ties. Escat(rt , rr ; t) denotes the observed scattered electric field
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Fig. 1. Observation model.

at time t, where rt and rr are the locations of the transmitter
and receiver, respectively.

III. RECONSTRUCTION METHOD

A. Distorted Born Iterative Method

The complex permittivity map in breast media can be recon-
structed by solving the Helmholtz-type integral equation. Fo-
cusing on the scattered field Escat(r), observed at the location
r, the following integral equation holds:

Escat(r) ≡ Etotal(r) − Ein(r)

= ω2μ

∫
V

G0(r, r′)Etotal(r′)o(r′)dr′ (1)

where V is the ROI area, Escat(r) and Etotal(r) are the scat-
tered and total electric fields, respectively, Ein(r) is the incident
field in the presence of the background complex relative permit-
tivity denoted as ε0(r), G0(r, r′) is Green’s function assuming
the background medium, and o(r) = ε(r) − ε0(r) denotes the
object function, where ε(r) is an actual complex relative permit-
tivity. The inverse scattering algorithm solves the object function
o(r) using the recorded scattered field Escat(r). Here, assum-
ing that Δo(r) is sufficiently small, the difference between the
true and assumed (or estimated) background media of the total
field as ΔEtotal is approximated as

ΔEtotal(r) ≡ Etotal(r) − Etotal
b (r)

� ω2μ

∫
V

Gb(r, r′)Etotal
b (r)Δo(r′)dr′ (2)

where Gb(r, r′) is the Green’s function of the background
medium, and Δo(r) = o(r) − ob(r), where ob(r) is the ob-
ject function of background. DBIM sequentially updates ob(r),
Gb(r, r′), and Etotal

b (r) to minimize |ΔEtotal(r)|2 . For dis-
persive media, (e.g., breast material), each parameter in the
assumed dispersive model (e.g. the Debye model) is updated
using multiple frequency data [4]. While DBIM has been shown
to accurately reconstruct the dielectric map even in highly het-
erogeneous cases, the iterative procedure requires an accurate
initial estimate of the ROI boundary and its dielectric property.

B. FDTD-Enhanced Envelope Method for ROI Boundary
Extraction in DBIM

To address the above-mentioned shortcoming of the DBIM
method, we introduce an Envelope-based ROI boundary extrac-
tion [8] based on the following simple principle: An object’s
outer boundary can be expressed as an envelope of circles (or

Fig. 2. Envelope-based boundary reconstruction.

ellipses in a bistatic case), in which the center is the antenna
location and the radius is the measured range between the an-
tenna and the breast surface. Fig. 2 shows the principle of this
Envelope-based method for a monostatic case (i.e., rt = rr).
Here, the distance to the skin surface (R̂(rt , rr)) is measured
by the local maximum of the filter (e.g., matched filter) output
using a specific reference signal Eref (t), which is usually mea-
sured at the far-field case. The Envelope method does not require
any optimization process for surface reconstruction, however,
its accuracy depends on the accuracy of the measured range
as R̂(rt , rr). The accuracy of range extraction depends on the
similarity in waveforms between the observed and assumed ref-
erence signals. However, in most cases, the antennas and the
breast surface are closely located within the central wavelength
of the transmitted pulse. Thus, for near-field observations, the
observed waveform is deformed with respect to the assumed
reference waveform as a result of the coupling effect.

To enhance the accuracy of breast surface estimation, this
letter introduces direct range compensation using the FDTD-
recovered waveform. In this method, the reference signal is
updated by the FDTD-based forward solver based on a prior es-
timation of the skin surface derived from the Envelope method.
Since the FDTD-recovered signal (denoted as Ẽscat(rt , rr ; t)),
includes the coupling effect between the skin and the anten-
nas, it is expected to enhance the accuracy of range estimation
by compensating for the above-mentioned waveform mismatch.
The proposed method updates the range as

R̃(rt , rr) = R̂(rt , rr) + cΔτ(rt , rr)/2 (3)

where c is the speed of light in air, and Δτ(rt , rr) is calculated
as

Δτ(rt , rr) = arg max
τ

[Escat(rt , rr ; t) � Ẽscat(rt , rr ; t)](τ)

(4)
where � denotes the cross-correlation operator. Note that the
optimization problem in (4) is simplified as peak-search pro-
cessing. Since the updated reference waveform Ẽscat(rt , rr ; t)
includes the coupling and near-field effects, the similarity be-
tween the observed and reference waveforms is improved, which
enhances the accuracy for the range compensation. Furthermore,
it is expected that the boundary estimation performance of the
Envelope method will also be upgraded by using the compen-
sated ranges denoted as R̃(rt , rr). Fig. 3 shows the flowchart of
the proposed method. Note that the ROI updating process and
the DBIM iteration sequences are completely separated in the
proposed algorithm.
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Fig. 3. Flowchart of the proposed method.

Fig. 4. Maps of the Debye parameters in Class-3 phantom (a): ε∞(r),
(c) Δε(r), and (e) σs (r) and Class-4 phantom (b): ε∞(r), (d) Δε(r) and
(f) σs (r).

IV. NUMERICAL TESTS

This section describes numerical tests of simulated array
measurements of realistic breast phantoms derived from MRI
scans of healthy women [12]. The tests included Class-3
(heterogeneously dense) and Class-4 (very dense) phantoms.
The frequency-dependent complex permittivities of the breast
phantoms were modeled using the single-pole Debye model,
formulated as ε = ε∞ + Δε

1+jωτ + σ
jωε0

, the accuracy of which
has been demonstrated on a number of real breast spec-
imens [1]. Fig. 4 illustrates the maps of the Debye pa-
rameters ε∞, Δε, and σs for Class-3 and -4 phantoms.

Fig. 5. Comparison of waveforms of the observed signal (red solid), initial
reference signal (black broken), and FDTD-recovered signal (blue dotted).

TABLE I
ERRORS IN ESTIMATION (ErrV), USING THE ENVELOPE METHOD

Fig. 6. DBIM reconstruction results for Class-3 phantom (red line shows
boundary estimated by Envelope method). (a), (c), and (e) ROI is determined by
the Envelope without range compensation. (b), (d), and (f) ROI is determined
by the Envelope with range compensation (NOI is 2).

Both maps include 6 mm× 8 mm size tumors, whose De-
bye parameters are set as ε∞ = 20, Δε = 38, and σs = 0.8
S/m. Note that the average values of the Debye param-
eters for the proximity area around the tumors (predomi-
nantly fibro-glandular tissue) are estimated as (ε∞,Δε, σs) =
(15.0, 23.4, 0.537 S/m) in the case of Class 3, and
(ε∞,Δε, σs) = (16.4, 26.7, 0.617 S/m) in the case of Class 4.
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Fig. 7. DBIM reconstruction results for Class-4 phantom (red line shows
boundary estimated by Envelope method). (a), (c), and (e) ROI is determined by
the Envelope without range compensation. (b), (d), and (f) ROI is determined
by the Envelope with range compensation (NOI is 2).

The transmitting signal formed a raised-cosine modulated pulse
with a central frequency of 2.45 GHz and a bandwidth of
2.7 GHz. The number of antennas is 15, and all combination data
from the transmitting and receiving antennas are processed in
the DBIM. The scattered electric field is calculated by the FDTD
method with the single-pole Debye model (in-house code pro-
vided by the cross-disciplinary electromagnetics laboratory, the
University of Wisconsin–Madison). Transverse magnetic mode
wave is assumed in the 2-D problem. The cell size of the FDTD
is 2 mm. The conjugate gradient for least-squares method under
l2 norm regularization is used to update the DBIM with 20 be-
ing the maximum number of iterations with convergence check,
which has been empirically determined by investigating several
cases.

Fig. 5 compares the waveforms of the observed signal, the
initial reference signal, and the FDTD-recovered signal at the
specific observation point, assuming a Class-2 phantom. Fig. 5
demonstrates that the similarity between Escat(t) and Ẽscat(t)
is improved compared to that between Escat(t) and Eref (t).
Table I summarizes the error in the boundary estimation of
breast media in each number of iteration (NOI), defined as

ErrV =
∣∣∣∣
∫

V t r u e

dr −
∫

V̂

dr

∣∣∣∣
/∣∣∣∣

∫
V t r u e

dr

∣∣∣∣ (5)

TABLE II
NRMSES USING FDTD BASED WAVEFORM COMPENSATIONS FOR EACH

DEBYE PARAMETERS AT CLASS-3 AND CLASS-4

where Vtrue and V̂ are the actual area of the object and the
area estimated using the Envelope method, respectively. The
errors in Table I verify that the proposed method considerably
enhanced the accuracy of the surface shape estimation for Class-
3 and -4 phantoms. It has been confirmed that the three or more
iterations for waveform compensations would not improve the
results significantly, which indicates that the coupling effect and
shape dependence of the reflection signal is largely compensated
by the first FDTD updating.

Figs. 6 and 7 show the DBIM reconstruction results obtained
using the initial object boundary estimated by the Envelope
method for each NOI of range compensations for Class-3 and
Class-4 phantoms, respectively. The reconstruction accuracy of
DBIM largely depends on the accuracy of the boundary estima-
tion. Figs. 6 and 7 demonstrate that the proposed method suc-
cessfully enhanced the accuracy of the boundary estimation and
thereby enhanced the accuracy of the DBIM reconstruction. In
this letter, for quantitative analysis, the normalized root-mean-
square error (NRMSE) in the reconstruction for each Debye
parameter is investigated as follows. Table II summarizes the
NRMSEs for each parameter in the Class-3 and Class-4 phan-
toms. These results demonstrate that the enhanced-accuracy
boundary extraction significantly accelerated the convergence
speed.

V. CONCLUSION

This letter has introduced an enhanced-accuracy bound-
ary extraction method that increases the convergence effi-
ciency of the DBIM algorithm. In this method, the accuracy
of Envelope-based boundary extraction is enhanced using the
FDTD-recovered reference signal. Numerical tests with real-
istic breast phantoms of highly heterogeneous media demon-
strated that the proposed method significantly enhances the ac-
curacy and convergence speed of DBIM-based dielectric map
reconstruction. In the numerical results, the DBIM-based opti-
mization might reach a false solution, given the high contrast
between the cancer and background media. The second-order
approximation [13] or the quadratic distorted approach [14]
should be considered to resolve the above-mentioned problem.
Furthermore, a multistatic or bistatic model has the potential
to enhance the accuracy of the Envelope-based breast surface
reconstruction, as demonstrated [15], where its computational
complexity is almost on the same level as that of the monos-
tatic approach. Thus, in the case of a sparser array arrangement,
which should be assumed in the 3-D model, the above exten-
sion should be considered because it provides more information
about the breast surface, especially for an interpolation effect,
than that provided by the monostatic model.
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