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Abstract—A computational investigation of microwave scat-
tering in mechanically (or acoustically) excited breast tissue is
conducted to explore the feasibility of combining dielectric and
elastic properties contrasts to enhance breast cancer detection.
The mechanical excitation induces tissue-dependent displace-
ments in the heterogeneous breast interior, which modulate the
scattered microwave signals. Sheet boundary conditions are
implemented using the finite-difference time-domain (FDTD)
method to efficiently compute the Doppler component of the scat-
tered microwave signals. Simulation results for a 2D numerical
phantom testbed demonstrate increased microwave scattering
contrast between malignant and normal fibroglandular inclusions
when elastic properties are exploited.

Index Terms—Biomechanics, breast cancer detection, dielec-
tric properties, elastic properties, finite-difference time-domain
(FDTD), finite element method (FEM), microwave imaging, scat-
tering.

I. INTRODUCTION

T HE potential use of microwaves for detecting breast tu-
mors has received significant attention in recent years.

The physical basis for the three emerging classes of active mi-
crowave techniques is tissue-dependent microwave scattering
and selective absorption in the breast. In microwave radar [1],
[2] and microwave tomography [3], [4] systems, low-power mi-
crowave signals are transmitted into the breast using an array
of antennas which in turn measure the scattered microwave sig-
nals. In microwave-induced thermoacoustic approaches [5], [6],
microwave signals are transmitted into the breast to slightly
heat higher-conductivity tissue and ultrasound transducers mea-
sure the pressure waves generated by the consequent tissue ex-
pansion. All of these techniques attempt to exploit differences
in the microwave-frequency dielectric properties of malignant
and normal breast tissues—the subject of a recently published
large-scale dielectric spectroscopy study [7], [8].

Different types of tissue in the breast also exhibit contrasts
in their elastic properties [9]. Namely, cancerous tissue is much
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stiffer than both adipose tissue and normal fibroglandular tissue.
This contrast serves as the physical basis for breast imaging via
elastography [10]–[12].

In this letter, we propose a hybrid sensing approach for breast
cancer detection that uses microwave and acoustic or mechan-
ical excitations to exploit contrasts in both the dielectric and
elastic properties of malignant and normal breast tissue. The ob-
jective of this hybrid method is to enhance the electromagnetic
scattering contrast for use in microwave tumor detection or di-
agnosis. While acousto-optics techniques that couple acoustic
modulation with laser light scattering have been previously ex-
plored [13]–[16], the scattering mechanisms and the electro-
magnetic properties of interest are quite different at microwave
frequencies. Section II describes the concept using a simple 1D
illustration. Section III describes the 2D simulation approach
we use to investigate microwave scattering from malignant and
normal breast tissue targets undergoing mechanical deforma-
tion. Section IV presents the 2D numerical phantom testbed
used to obtain the results given in Section V.

II. HYBRID MODALITY CONCEPT

The proposed hybrid approach applies low-frequency
acoustic or mechanical excitation to induce tissue-dependent
displacements within the heterogeneous breast while low power
microwave signals are transmitted into breast and the scattered
microwave signals are measured using an antenna array. The
induced tissue deformations modulate the scattered microwave
signals detected by the receiver. The effect of tissue displace-
ment on microwave backscatter can be easily illustrated with a
simple 1D example. We assume that the surface of a lossless
dielectric half-space is displaced sinusoidally at frequency
and with peak displacement . The half-space is illuminated
by an electromagnetic plane wave of amplitude and fre-
quency . The phase of the scattered field is modulated
by the moving boundary, resulting in a scattered field that can
be expressed as follows in terms of discrete Doppler spectra
[17]:

(1)

Here is the reflection coefficient at the interface in the absence
of motion, is the order Bessel function, and is the
wavelength of the plane wave in the incident medium, which is
also assumed to be lossless in this illustrative example. Note that
the signal depends on both dielectric properties contrast through

and elastic properties contrast through .
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This simple 1D example offers a conceptual illustration of
the potential role of the hybrid approach for enhancing the
sensitivity of microwave breast cancer detection. The recent
dielectric characterization study by Lazebnik et al. [7], [8] in-
dicates that a large dielectric contrast exists between malignant
tissue and normal adipose-dominated tissue, while the contrast
between malignant and normal fibroglanduar tissue is much
smaller. The introduction of a Doppler component that depends
on elastic properties enhances the information content of the
microwave scattered signal and may lead to better discrimi-
nation between cancerous tumors and normal fibroglandular
masses.

III. NUMERICAL SIMULATION METHODS

This type of multiphysics problem involves two distinct time
scales: the shorter electromagnetic time scale associated with
steady-state conditions at microwave frequencies ( GHz) and
the longer mechanical time scale associated with low-frequency
acoustic or mechanical excitations (kHz or less). A common
approach to analyzing or simulating such problems involves
the use of the quasi-stationary (QS) approximation [18], [19]
wherein the scattered field is calculated as if the scattering ob-
ject were stationary at any instance in time. Our approach for
modeling this multi-physics problem with the QS approxima-
tion involves two types of numerical simulations. First, a me-
chanical simulation, based on a finite element method (FEM)
solution of a plain-strain partial differential equation, is con-
ducted to compute tissue deformation under mechanical exci-
tation. Next, electromagnetic simulations, based on a finite-dif-
ference time-domain (FDTD) solution of Maxwell’s equations,
model the microwave interactions with stationary snapshots of
the tissue.

Clinically feasible mechanical displacements of breast tissue
(on the order of mm or less) are much smaller than the mi-
crowave wavelength in the medium (normal fatty or normal
glandular tissue) that surrounds the scattering object (normal
glandular or malignant glandular tissue). The challenges of spa-
tially resolving the small tissue displacements in the FDTD grid
and accurately calculating the small Doppler component of the
scattered field can be overcome by modeling the vibrating object
as a stationary object with time-varying sheet boundary condi-
tions (SBCs) [19], [20]. The total scattered field is decomposed
into the unperturbed field scattered by the stationary object and a

Doppler field perturbation, , associated with the vibration of
the object. First, an FDTD simulation is conducted to compute
the scattered fields from the unperturbed object illuminated by
the incident electromagnetic wave. Next, the equivalent surface
currents for the SBC are calculated using the unperturbed field
solutions and peak boundary displacements computed from the
mechanical simulation. Detailed expressions for the currents are
given in [20] and are valid for small displacements relative to the
microwave wavelength—a regime that is indeed consistent with
our proposed application. Finally, a second FDTD simulation is

conducted to compute using equivalent surface currents on
the stationary object as the only sources.

Fig. 1. Comparison of the amplitudes of the normalized Doppler component
computed via FDTD-SBC (dashed line) and the normalized difference between
stationary scattered field solutions computed via FDTD-REP (solid line). The
2D scattering object is a deforming 4-mm-diameter circular cylinder undergoing
a peak radial displacement of 0.45 mm.

We validate our implementation of the FDTD-SBC method
for the 2D case by comparing its results with those gener-
ated by a brute-force method in which the boundary of the scat-
tering object is repositioned. This benchmark approach, which
we denote as FDTD-REP, requires two FDTD simulations in
which the scattered fields are computed for the same microwave
illumination but different stationary scattering objects: an un-
perturbed object and the same object under peak applied strain.

The FDTD-REP solution, , is calculated as the difference
between the two sets of scattered fields. It can be shown analyt-
ically for the simple 1D problem described in the previous sec-

tion that the amplitude of is an excellent approximation to

the amplitude of the Doppler component, , of the actual scat-
tered field induced by the vibrations, provided that .
Thus the use of the amplitude of the FDTD-REP solution as a
benchmark is appropriate for the small deformations considered
here.

The scattering object in our 2D validation study is a
4-mm-diameter cylinder ( , ) in a homo-
geneous background material ( , ). The
radius of the inclusion is assumed to vary sinusoidally in time
and uniformly across azimuthal angle, with a peak radial defor-
mation of 0.45 mm. The incident wave is launched by an electric
current line source 7.5 cm away from the inclusion center. We
select electric field observation points 4 cm away from the inclu-

sion center. Fig. 1 shows the normalized amplitude of and

computed at 5 GHz using FDTD-SBC and FDTD-REP,
respectively. The excellent agreement between these two set of
results demonstrates the accuracy of our FDTD-SBC implemen-
tation.

IV. NUMERICAL TESTBED

Our 2D numerical phantom testbed is designed to simulate
a scenario that is challenging for microwave detection schemes
that are based solely on dielectric contrast. That is, we investi-
gate microwave scattering from a cylindrical inclusion of malig-
nant tissue ( , at 5 GHz) surrounded by
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Fig. 2. Phantom configuration for the hybrid simulations, with axis of cylin-
drical inclusion into the page.

normal tissue that has significant fibroglandular content (
, ). For reference, we also consider scat-

tering from a fibroglandular mass ( , )
surrounded by the same normal tissue environment. In both
cases, the scattering object (tumor or fibroglandular inclusion)
is a 4-mm-diameter circular cylinder. The dielectric properties
values assigned to the different tissues are derived from the
data reported in [7], [8]. While the tumor detection scenario de-
scribed above involves a relatively small dielectric contrast be-
tween the scattering object and the surrounding medium, there
is a large elastic properties contrast. Using the measured data
with 2% applied strains reported in [9], we assign the tumor
a Young’s modulus of , while the surrounding
normal tissue is modeled with the Young’s modulus reported
for fibroglandular tissue . For the reference sce-
nario, we assume throughout the entire phantom
(both the fibroglandular inclusion as well as the surrounding
normal tissue). We also assume a linear stress-strain relation-
ship in the simulated breast tissues under small applied strain
levels of 1–10%. All tissue types are modeled using the same
Poisson’s ratio .

In the mechanical simulation, the inclusion is embedded 5 cm
below the upper surface of the 12 cm 10 cm domain, as shown
in Fig. 2. A mechanical compression plate is placed on the upper
surface to apply an excitation with a peak strain of . In sim-
ulation, we have applied peak strains from 1 mm to 10 mm
(i.e., ). We use the Comsol v3.3 structural
mechanics module to conduct this FEM-based simulation and
obtain tissue-dependent deformations. In addition, in order to
isolate the elasticity-dependent inclusion deformations only, we
subtract the vertical body movement of the inclusion center
from the total simulated displacements. This calibrated defor-
mation data from the mechanical simulation is imported into the
FDTD-SBC electromagnetic simulation. The FDTD grid sam-
pling density is , where is the wavelength
at 5 GHz in the surrounding normal tissue. The incident wave
is launched by an electric current line source 7.5 cm away from
the scatterer center. In this feasibility study, complicating ef-
fects due to scattering from the breast surface are avoided by
filling the entire electromagnetic computational domain (aside

Fig. 3. Deformed inclusion boundaries, under a 10% peak applied strain. Peak
deformation of boundary point (0, 2) is 0.24 mm for the normal fibroglandular
inclusion and 0.07 mm for the malignant tumor inclusion.

Fig. 4. Computed Doppler components in the backward �� � ��� � and for-
ward �� � � � scattered fields under different peak applied strains, for malig-
nant and normal fibroglandular scatterers.

from the inclusion region) with the normal breast tissue back-
ground medium. We select electric field observation points 4 cm
away from the scatterer center.

V. RESULTS

The mechanical simulation results, reported in Fig. 3, show
the deformation of inclusion boundaries for the malignant tumor
or normal fibroglandular inclusion, when we apply a 10% peak
strain. The normal fibroglandular tissue inclusion experiences
more than three times the boundary deformation of the malig-
nant mass. The peak deformation of the top boundary of the
inclusion (coordinates , ) is 0.24 mm for the
normal fibroglandular inclusion and 0.07 mm for the malignant
tumor.

The subsequent electromagnetic simulation results, summa-
rized in Fig. 4, show the Doppler component in the backward

and forward scattered fields for the
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deforming scatterers as a function of the peak applied strain.
We observe stronger Doppler scattering from the deforming
normal fibroglandular inclusion than from the deforming ma-
lignant tumor. The harmonic backscattered signal from the
normal fibroglandular inclusion is 8 dB higher than that from
the malignant tumor. In comparison, the backscattered signal
from the unperturbed normal fibroglandular mass (in which
case only the dielectric properties play a role) is 3.5 dB lower
than that from the unperturbed malignant tumor. Hence, these
results show the promise of using this hybrid modality to en-
hance the overall microwave scattering contrast for the purpose
of distinguishing cancerous tumors from normal fibroglandular
tissue in the breast.

VI. CONCLUSION

Our 2D computational study of a hybrid modality that ex-
ploits both dielectric and elastic tissue property-contrasts re-
veals the potential for enhancing overall microwave scattering
contrast between normal and malignant fibroglandular tissues.
This is an important finding in light of the recent insights gained
from the large-scale dielectric spectroscopy study reported by
Lazebnik et al. [7], [8]. We will extend this study to 3D and
work with a more realistic breast model in the future.
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