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Abstract—Microwave radar and microwave-induced thermoacoustic
technique exploit the contrast in the permittivity and conductivity
between malignant and healthy tissue. They have emerged as
promising techniques for detecting breast cancers. This paper
compares the imaging capability of these techniques in the presence
of homogeneous and heterogeneous breast tissue. Relying on the data
from the finite-difference time-domain simulations, the study shows
that both techniques are capable of imaging homogeneous objects.
In the presence of electromagnetic dispersion and heterogeneity,
radar signals suffer from strong dispersion and multiple scattering,
which decorrelate the signals with the scatterers. The microwave-
induced thermoacoustic technique takes the advantage of breast being
acoustically homogeneous and is capable of generating high-quality
images.

1. INTRODUCTION

Research has shown that the breast malignancy is uniquely correlated
with the changes in water content and ionic molecules. This leads
to localized changes in permittivity and conductivity at microwave
frequencies, which signify higher reflection and absorption of
microwave energy [1]. Microwave radar (MR) and microwave-induced
thermoacoustics (MITA) have emerged as promising techniques for
detecting the breast malignancy. The MR technique exploits the
scattered energy due to the change in permittivity and produces images
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of the scattered energy as a function of two-dimensional space. The
MITA technique exploits the absorbed energy primarily due to the
change in conductivity, and produces images of heat absorption as a
function of two-dimensional space.

Breast tissue is generally considered electromagnetically dispersive
and spatially heterogeneous, and acoustically dispersive and spatially
homogeneous. Previous studies of the MR and MITA techniques have
focused on cases with significant contrast in the permittivity and
conductivity between malignant and healthy tissue and mild tissue
heterogeneity. Although the exactly dielectric characteristics of breast
tissue in the microwave range have been a subject of debate [2–4], the
performance of the MR and MITA technique in the presence of possible
tissue heterogeneity deserves more careful analysis.

We used the finite-difference time-domain (FDTD) method to
solve Maxwell’s equations and the acoustic wave equations, which gives
the radar and thermoacoustic signals in the presence of homogeneous
and heterogeneous breast models. We used the delay-and-sum (DAS)
algorithm to process both signals and generate breast images.

We found that both the MR and MITA techniques are capable of
imaging dielectric inclusions in a homogeneous medium. In particular,
the study of including a single inclusion revealed that both techniques
are affected by the inclusion size and dielectric contrast. Images
from the MR technique have a higher cross-image signal-to-clutter
ratio (SCR) than the MITA technique, which suggests that the MR
technique is more sensitive to the abrupt change in the dielectric
properties. The study involving two inclusions revealed that a reduced
dielectric contrast between malignant and healthy tissue can increased
the electrical length of the malignant tissue, potentially increasing the
spatial resolution achievable by the MR technique. The resolution of
MITA images is primarily dependent on the acoustic wavelength and is
not related to the variation in the dielectric properties. When we used
a heterogeneous breast model built from a magnetic resonance image,
the MITA technique was able to reveal the spatial details correlated
with the heterogeneity of tissue. Due to the electromagnetic dispersion
and tissue heterogeneity, the MR technique could not provide an energy
image that correlates with the structure of the tissue.

This paper is structured as follows. Section 2 describes the physics
associated with the microwave and thermoacoustic phenomenon.
Section 3 summarizes the dielectric, thermal, and acoustic properties
of malignant and healthy tissue pertinent to this study. Section 4
describes the DAS algorithm applicable to both imaging techniques.
Section 5 discusses the imaging results. Section 6 concludes this work.
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2. MICROWAVE RADAR AND MICROWAVE-INDUCED
THERMOACOUSTICS

The theory associated with the MR technique applied in breast imaging
has been summarized in the review paper [5]. Briefly speaking, a pulse
with a temporal width on the order of 0.1 ns is generated to probe
the breast. The wideband nature of this pulse permits it to resolve
small scatterers in space, such as millimeter breast tumors embedded
in healthy tissue. The propagation of this pulsed field is governed by
Maxwell’s equations, which are

∂ ~H

∂t
= − 1

µ
∇× ~E, (1a)

∂ ~E

∂t
=

1
ε

(
∇× ~H − ~J

)
, (1b)

where ~E [V/m] and ~H [A/m] denote the electric and magnetic field
vectors. ε [F/m] and µ [H/m] denote the electric permittivity and
magnetic permeability ~J [A/m2] denotes the current density, and t [s]
denotes time. Equation (1) can be collapsed into the wave equation in
a homogeneous medium, which is

∇2 ~E − µε
∂2

∂t2
~E = µ

∂

∂t
~J. (2)

The theory associated with the MITA technique has also been
summarized in a number of places (see, for example, [6, 7] and [8]).
In brief, to excite the thermoacoustic process in the breast, a pulse-
modulated continuous microwave is radiated towards the chest wall.
The envelope of the modulating signal is about 1-µs wide. The carrier
microwave is responsible for depositing energy deep into the tissue. The
modulating envelope determines the bandwidth of the thermoacoustic
signal.

The amount of the microwave energy deposited in the tissue is
quantified by the specific absorption rate (SAR) S [W/m3], which is
defined as

S =
σe

2ρ
| ~E|2, (3)

where ρ [kg/m3] is the mass density and σe [S/m] is the effective
conductivity. Under the condition of thermal confinement, the SAR
can be expressed as the product of a space-dependent term S̃(~r) and
a unit-less time-dependent term I(t), which represents the envelope
of the modulated continuous wave, i.e., S = S̃(~r)I(t). When I(t) is
positive, energy is transferred from the environment to the system.
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When I(t) is negative, energy is transferred from the system to the
environment. In the thermoacoustic process, I(t) stays as a positive
quantity, corresponding to the tissue absorption of microwave energy
from the environment.

Substituting the time varying SAR to the linear acoustic wave
equation [9, pp. 119] leads to

∇2p− ρ

K

∂2p

∂t2
= −ρα

cp

∂

∂t
S̃I, (4)

where p [Pa] denotes the pressure, K [Pa] denotes the bulk modulus.
α [1/K] is the volume expansion coefficient, and cp [J/(kg·K)] is the
heat capacity.

Comparing (2) and (4) reveals that the radiated and scattered
radar signals are solutions to the inhomogeneous electromagnetic wave
equation and the excitation is the current density. The thermoacoustic
signals are solutions to the inhomogeneous wave equation. The
temperature variation due to the SAR converts every point in space to
a pulsating sphere, which becomes the excitation.

The duality of (2) and (4) leads to an almost identical formulation
of the FDTD method to model the electromagnetic and acoustic wave
propagation and the absorption at the boundaries. The key difference
is that the electromagnetic wave is transversal, while the acoustic
wave is longitudinal. This fact is reflected in the need of inserting
a permutation matrix in the FDTD update equations for the acoustic
wave.

3. ENDOGENOUS PROPERTIES OF THE HUMAN
BREAST

The human breast is an intricate composition of gland, adipose tissue,
blood vessels, and skin. The electromagnetic dispersiveness of tissue is
commonly described by the Cole-Cole model, which is

ε∞ +
∆ε

1 + (jωτ)1−α
+

σs

jωεo
,

where ε∞ is the relative permittivity for infinite value of frequency, and
∆ε is the difference between the infinite and static relative permittivity.
τ [s] is the relaxation time constant and σs [S/m] is the static
conductivity. The value of the parameter α is empirically determined
as a correction factor. The Cole-Cole parameters of six typical breast
tissue are extracted from [10] for this study, which is based on the data
in [2, 3]. They are listed in Table 1 in the order of decreasing adipose
content.
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Table 1. Cole-Cole parameters of the six types of tissue in the order
of decreasing adipose content valid from 0.5GHz to 20 GHz.

Tissue Type ε∞
σs

S/m
∆ε

τ

ps
α

I 2.908 0.020 1.200 16.88 0.069
II 3.140 0.036 1.708 14.65 0.061
III 4.031 0.083 3.654 14.12 0.055
IV 9.941 0.462 26.60 10.90 0.003
V 7.821 0.713 41.48 10.66 0.047
VI 6.151 0.809 48.26 10.26 0.049

Tumor 9.058 0.899 51.31 10.84 0.022
skin 4.0 0.0002 32 7.23 0

- - 1100 32480 0.2

Table 2. Acoustic and thermal properties of the breast tissue, tumor,
and skin (f is in MHz.).

Speed

ca

m/s

Density

ρ

kg/m3

Atten.

β

dB/cm

Heat Capacity

cp

J/(kg·K)

Expansion Coeff.

α

K−1

Tissue 1478–1613 990–1060 0.75f1.5 2220–3500 3× 10−4

tumor 1550 1182 0.57f 3500 3× 10−4

skin 1615 1093–1190 0.35 3680 3× 10−4

The absorption of the microwave energy and conversion to heat in
breast tissue are characterized by the volume expansion coefficient α
and the heat capacity cp. The tissue density ρ, acoustic speed ca, and
acoustic attenuation β, also affect the thermoacoustic signals as they
propagate through the tissue. The acoustic and thermal properties
of the breast tissue and skin are compiled from [11–17] and listed in
Table 2.

The acoustic wave experiences dispersion in the frequency range
above 20 kHz, which has been empirically characterized as a function of
frequency in several discrete frequency ranges [11]. The linear acoustic
attenuation is applicable to the thermoacoustic signals [18]. To capture
the dispersion, the quantity “acoustic conductivity” σa is introduced to
form a dual with the electric conductivity and is related to the acoustic
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attenuation through

β = 20 log10

∣∣∣ejω
√

ρ/K
√

1+σaK/jω
∣∣∣ . (5)

To determine the frequency at which we evaluate (5) for the acoustic
conductivity, we assume a point source with the envelope I is excited
at some location ~r0. The Green’s function to (4) in the infinite space
is ∫ t

0

∫

Ω

ρα

4πcp
S̃

(
~r ′

) d

dt′
I(t′)g

(
~r, t|~r ′, t′) d~r ′dt′, (6)

where g(~r, t|~r ′, t′) denotes the Green’s function, and Ω denotes the
spatial domain of integration. The pressure due to a point source at
~ro is ∫ t

0

∫

Ω

ρα

4πcp
δ
(
~r ′ − ~r0

) d

dt′
I(t′)g

(
~r, t|~r ′, t′) d~r ′dt′, (7)

where δ denotes the Dirac delta function. Given the Green’s function
of the two-dimensional wave equation

g
(
~r, t|~r ′, t′) =

2ca√
c2
a(t− t′)2 − |~r − ~r ′|2 , (8)

Equation (7) becomes
ρα

4πcp

d

dt
I ⊗ 2

t
, (9)

where ⊗ denotes the temporal convolution. The Fourier transform
of (9) gives the spectral content of the signal generated by the point
source. We take its peak frequency and use Table 2 to calculate
the attenuation, which is then substituted to (5) for the acoustic
conductivity via the secant method.

4. DELAY-AND-SUM ALGORITHM

The wave equation remains invariant under the transform t → −t in a
lossless medium. This is due to the second-order derivative with respect
to time in the equation, which contrasts to the first-order derivative in
the diffusion equation. The propagating field at one time instance can
be translated to an earlier time to identify its source. This is the basic
idea of the DAS algorithm [19, pp. 112]. When the DAS algorithm is
applied to the radar signals [20], the pixel intensity of the image is
the total energy of the sum of the time-shifted, compensated signals
received at the antennas.

The DAS algorithm is equally applicable to thermoacoustic signals
with two modifications in contrast to as being applied to the radar
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signals. First, only one-way time shift and compensation are needed as
the scan point is considered an isotropic acoustic excitation. Second,
MITA images represent the heat absorption. As the absorption is
linearly related to the amplitude of the thermoacoustic signals, the
pixel intensity in a MITA image is the maximum amplitude of the
summed signal. MITA images are amplitude images, which contrast
to the MR energy images.

5. IMAGING RESULTS

In this section, we discuss the quality of images generated with the
DAS algorithm from the simulated radar and thermoacoustic signals.

A circular object mimicking a two-dimensional cross-section of a
human breast with a radius of 45mm and a skin thickness of 1.6mm
is placed in oil-like lossless matching medium characterized by the
relative permittivity of 4.5. The scenario is shown in Figure 1(a). In the
electromagnetic simulation, there are 36 equally-spaced current sources
placed around the object 20mm away from the surface. Each emits a
microwave pulse sequentially. This gives 36mono-static measurements
of the scattered field. The minimum wavelength, determined by the
largest permittivity in the configuration at 6.85 GHz, is 5.64 mm.
We set the spatial increment to 0.4 mm, less than one tenth of the
wavelength. The maximum wavelength, determined by the lowest
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Figure 1. (a) A mono-static microwave radar system. There
are 36 current sources (marked as “×”) placed 20 mm away from
the circular object radiating sequentially. (b) A microwave-induced
thermoacoustic system. The object is uniformly excited. There are
80 transducers (marked as “¥”) placed 20 mm away from the object
simultaneously recording the thermoacoustic signals. The first include
is marked in the solid line, while the second inclusion is marked in the
dashed line.
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permittivity at 3.1 GHz, is 50.3 mm. The simulation domain is
truncated by 12 uniaxial perfectly-matched layers placed at half of this
wavelength away from the source [21]. The parameters of the perfectly-
matched layers are selected by sweeping the possible values of the
parameters and monitoring the error of reflection. The computation
domain contains 475 × 455 FDTD cells. In the thermoacoustic
simulation, we assume the breast is uniformly excited at 550 MHz.
There are 80 acoustic transducers placed around the breast as shown
in Figure 1(b). At 0.714MHz, the acoustic wavelength is 2.1 mm. We
set the spatial increment to 0.1mm. The computation domain for the
acoustic simulations has 1500× 1420 FDTD cells.

5.1. Homogeneous Medium with One Inclusion

We place one inclusion at (10 mm, 16 mm), and vary its radius and the
dielectric properties of the tissue as listed in Table 1. The Debye
model that approximates the Cole-Cole model of the tissue in the
frequency range from 3.1GHz to 10.6 GHz is implemented in the
numerical simulation. We assume to have the knowledge of the average
propagation speed of the electromagnetic wave and acoustic wave inside
the tissue. For the electromagnetic wave, it is the speed evaluated at
the central frequency and for the acoustic wave, it is 1510 m/s.

The cross-image SCR is defined as the mean energy within the area
of 3 dB below the main lobe in the images containing the inclusion
and the mean energy within the same area in the images free of
the inclusion. Figures 2(a) and 2(b) show the cross-image SCR as
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Figure 2. Cross-image SCR of (a) radar images and (b)
thermoacoustic images. In the extreme cases, the peak of the image
deviates from the location of the inclusion. They are subsequently
omitted in the plot.
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a function of the tissue types and the inclusion diameter. Both the
MR and MITA images demonstrate a diminishing SCR as the adipose
content decreases or the inclusion size decreases. The decrease of the
SCR is not monotonic in the MR images. For instance, when the
inclusion is 12 mm in diameter, its electrical size varies from 0.5 to
1.8 with respect to the wavelength at evaluated 6.85GHz. In this
range of the electrical size, the Mie scattering occurs, i.e., scattering
occurs strongly or weakly depending on the electrical size. When the
inclusion is 2mm in diameter, its electrical size varies from 0.09 to 0.3
with respect to the wavelength at evaluated 6.85 GHz. The Rayleigh
scattering occurs, i.e., the amount of scattered energy is monotonically
related to the size of the inclusion. The decrease of the SCR in MITA
images is monotonic. This can be explained by the fact that the pixel
intensity is linearly related to the contrast in conductivity as evidenced
in (6). The slight deviation at the tissue of Type VI is due to the
unideal removal of the artifact produced by the background. The MR
images have give a higher SCR than the MITA images. This suggests
that the MR technique is more sensitive to the abrupt change in the
dielectric properties.

5.2. Homogeneous Medium with Two Inclusions

Two inclusions are placed at (5 mm, 8 mm) and (10mm, 16 mm) with
diameters of 6 mm and 8 mm respectively. We vary the dielectric
properties of the tissue similarly as in the previous analysis. Figure 3(a)
shows the MR image when the tissue is of Type III. The two inclusions
cannot be resolved. This is because, even though there is a dielectric
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Figure 3. MR images generated with the DAS algorithm attempting
to resolve two closely spaced inclusions in a homogeneous medium with
(a) tissue being of Type III and (b) tissue being of Type IV as defined
in Table 1.
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contrast between the inclusions and tissue, multiple reflections occur
between the inclusions. These reflections contaminate the dominant
reflection from the inclusion, affecting the image quality. Figure 3(b)
shows the MR image when the tissue is of Type IV. In this case, the
two inclusions are spatially resolved despite a smaller dielectric contrast
between the inclusions and tissue. This is because the increase in the
dielectric properties of the tissue effectively increases the electrical size
of the inclusions and the image resolution. This example illustrates
that the image quality is related to both contrast and resolution.
Even though the dielectric contrast is low, good spatial resolution still
contributes to the overall quality of an image.
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Figure 4. MITA images generated with the DAS algorithm
attempting to resolve two closely spaced inclusions in a homogeneous
medium with (a) tissue being of Type III and (b) tissue being of Type
IV as defined in Table 1.

Figure 4 shows the MITA images. As the tissue is almost
acoustically homogeneous, variation of the dielectric properties does
not affect the acoustic properties. Therefore, the spatial resolution
of MITA images is maintained at the level promised by the acoustic
wavelength.

5.3. A Heterogeneous Breast Model

To compare the imaging capability of the MR and MITA techniques,
we test them with a heterogeneous breast model derived from a
T1-weighted magnetic resonance image, shown in Figure 5. In the
electromagnetic simulation, the pixel intensities are mapped to the
Debye parameters by the rule specified in [10]. In the thermoacoustic
simulation, the pixel intensities are mapped to the dielectric properties
at 550 MHz by the rule specified in [10]. The acoustic heterogeneity is
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also modeled by linearly mapping the pixel intensities to the acoustic
speed and heat capacity: the largest pixel intensity denoting adipose-
dominant tissue is mapped to the smallest acoustic speed and heat
capacity.

Figure 6 shows the MITA image generated with the DAS
algorithm. The image does not directly resemble the space-
dependent parameter shown in Figure 5 due to the introduced acoustic
heterogeneity. However, it suggests that the glandular tissue is
concentrated to the right half of the model and the several spots
correspond to thermoacoustic sources. Figure 7 shows the MR images
generated with the DAS algorithm. It is not capable of generating a
image that correlates with the tissue properties. The dispersion and
heterogeneity of the numerical model pose a challenging task to the
MR techniques.
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Figure 5. A circularly cropped T1-weighted magnetic resonance
image.
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6. CONCLUSIONS

We used the DAS algorithm to generate images from the radar and
thermoacoustics signals and compared the qualities of the images
promised by the MR and MITA techniques. We found that both MR
and MITA techniques are capable of imaging dielectric inclusions in
a homogeneous medium. Reduced dielectric contrast contributes to
the resolution of the images generated by the MR techniques. When
applied to a heterogeneous breast model, the MR techniques suffered
from the tissue heterogeneity and microwave dispersion. The image
from the MITA techniques was able to reveal some spatial detail
correlated with the heterogeneity of the tissue.

For future work, we note that the main practical challenge with
the MITA technique is to achieve uniform field distribution. This
uniformity is desired in order to justify the assumption that the SAR
and the conductivity in the tissue are directly correlated as shown
in (3). On one hand, the fields in objects with homogeneous structures
could be predicted. On the other hand, the heterogeneity of the breast
tissue itself and the consequent microwave scattering would challenge
the design of the microwave systems to achieve predictable fields.
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