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Active microwave imaging for biomedical has been proposed,
studied, and implemented to varying degrees by a plethora
of worldwide institutions for the last 30 years. Much of the
interest has been based on the fact that tissue dielectric prop-
erties embody important information about physiological
state and function. Early efforts concentrated on techniques
involving classic techniques such as diffraction imaging and
the Born and Rytov approximations which ultimately proved
too limited for the high degree of field scattering involved
with electromagnetic fields. At a time of rapidly increasing
computational power and speed, the electromagnetics field
quickly adopted these capabilities for developing improved
forward and inverse modeling tools. This was especially
convenient in that hardware implementations could be
rapidly simulated and validated without the considerable
time and expense of fabrication and testing. The evolution
of numerical capabilities has been considerable to the point
where fully 3D software packages, both customized and
commercial, can represent complex geometries in reasonable
time frames with exquisite resolution.

Microwave imaging will always be a hybrid between
numerical modeling and hardware. The two principle ap-
proaches today involve some form of tomography or 3D
inversion and radar-based techniques. The former primarily
utilizes transmission data, in combination with an inverse
algorithm, produces maps of the interrogated dielectric
properties. The algorithms fall under the category of classical
parameter estimation problems and stem from a basic math-
ematical statement to minimize the differences between the
measured and computed fields. A wide range of optimization
problems have been implemented including, but not limited
to, Gauss-Newton iterative schemes, genetic algorithms and
backprojection techniques. These have often been 2D and
3D implementations and involved single and multifre-
quency modes. While this discipline has been dominated by

simulation experiments, several efforts have expanded to at
least the level of phantom validation investigations and even
more advanced clinical implementations for breast cancer
imaging. As with any technology, these realizations have
involved important design trade-offs with respect to signal
attenuation and detection strength, operating frequency,
resolution, antenna selection, mechanical versus electrical
array scanning, and many others. Early results have been
encouraging and in an important development it is clear that
the technique can recover accurate property maps that, as
earlier hypothesized, can discern objects at levels well below
the λ/2, Rayleigh criteria.

Radar approaches have also progressed substantially over
the last decade or two. While much of the earlier work
remained in the simulation realm, more recent efforts have
included credible translation to experimental and even clini-
cal implementations. The different approaches have involved
either forward or backscattered measurement data and have
explored air-coupled, liquid-coupled and contacting antenna
techniques. This concept has been applied initially for the
detection of high-contrast targets such as breast cancer with
more recent efforts exploring approaches to more broadly
characterize abnormalities. The classical challenges in this
case involve designing broadband antennas, beam coverage
of the entire target and generating sufficient measurement
signal strength. More specific issues relating to breast cancer
imaging involve the high degree of scattering at the skin.
Early clinical efforts have produced refined and interesting
breast images, especially for lower density breasts.

The application of microwave imaging to the breast
cancer detection problem has singularly motivated the wide-
ranging worldwide efforts in this technology. Breast cancer is
an important worldwide health problem afflicting primarily
woman. Treatment outcomes have been shown to be pro-
gressively more positive when the cancers are detected earlier.
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While conventional technologies such as X-ray mammogra-
phy and MR do a good job of detecting and characterizing
tumors, their effectiveness is particularly limited for more
dense breasts. This has spurred the drive for investigating
alternative approaches. As alluded to before, tissue dielectric
properties can span a wide range of permittivity and
conductivity values from very low values for fattier tissue
to much higher values for high-water content tissues and a
range of intermediate values depending on the composition.
Initially the excitement for microwave breast imaging was
based on the assumption that there was a very high property
contrast between tumors and normal breast tissue and
that these property differences would enable detection on
a sub-centimeter scale. More recent studies have shown
that the contrast is not necessarily as high and that the
property variations are much more complex depending on
the internal fibroglandular structure. However, this more
nuanced understanding of the tissue properties provides real
opportunities in the breast imaging area as the technology
expands to roles in both breast cancer diagnosis and therapy
monitoring. In fact, this opens up the opportunity for
relating this recent data back to earlier, extensive studies by
Ken Foster into the relationships between free and bound
water with respect to tissue properties. These complex
mechanisms have been hypothesized as prognostic indicators
for cancer and may pave the way for dielectric properties
becoming important biological markers.

As mentioned earlier, the earliest efforts in this arena
were dominated by numerical modeling efforts. However,
there is a realization within the community that for this tech-
nology to continue to be relevant, there needs to be concerted
efforts to translate the various concepts into the clinic. This
special issue is a step in that direction and demonstrates
a maturing of the field. While there are some simulation
studies within this collection, a good number of them deal
directly with implementation challenges. Several in the radar
area deal directly with acquiring in vivo measurements of
a human breast. Another from the tomography techniques
assesses the impact of surface waves to multipath contribu-
tions which can be an especially daunting problem in any
radar, imaging, or communication system. These are healthy
signs that the group understands that for it to continue to be
relevant, it needs to steadily push these ideas into the clinic
for real world validation. Simulations will always play an
important role in this area, but the synergism with hardware
implementations must be more heavily emphasized.

Beyond these classical motivations, this issue also high-
lights important points for the field as it moves forward.
For instance, there is always room to explore new imaging
techniques such as holographic approaches which may be
particularly well suiting for the breast imaging situation.
There are also clearly ways to improve on the overall
approaches, especially when these methods can be combined
with existing technologies such as proposed by the paper
dealing with utilizing mammography in conjunction with
radar approaches. Finally, while breast cancer imaging has
dominated the landscape of microwave imaging for over
a decade, we should not be blinded by other important
health and commercial opportunities. The studies on bone

dielectric property variations with respect to mineral density
set the stage for applying microwave imaging in the area of
osteoporosis detection and bone health monitoring which is
becoming a major health issue with our rapidly aging popu-
lation. This is only one of a range of important health issues
where microwave imaging could make a substantial impact.

Paul M. Meaney
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Microwave imaging for breast cancer detection has been of significant interest for the last two decades. Recent studies focus on
solving the imaging problem using an inverse scattering approach. Efforts have mainly been focused on the development of the
inverse scattering algorithms, experimental setup, antenna design and clinical trials. However, the success of microwave breast
imaging also heavily relies on the quality of the forward data such that the tumor inside the breast volume is well illuminated. In
this work, a numerical study of the forward scattering data is conducted. The scattering behavior of simple breast models under
different polarization states and aspect angles of illumination are considered. Numerical results have demonstrated that better data
contrast could be obtained when the breast volume is illuminated using cross-polarized components in linear polarization basis
or the copolarized components in the circular polarization basis.

1. Introduction

In the last two decades, extensive studies have been con-
tributed to breast cancer detection using microwave-based
technologies [1–25]. Compared to X-ray mammography
that is widely used in hospital nowadays, microwave is a
nonionizing radiation which is safer to subjects. Early studies
[3–5] reported that there is a significant contrast between
malignant tumor and healthy breast tissue which forms a
strong foundation for the use of microwave-based techniques
for breast cancer detection, although recent studies [26, 27]
found that the contrast is much lower. This raises an issue of
whether malignant tumor can be detected, especially when
the relative permittivity of the tumor is close to that of the
surrounding tissue.

In general, studies of microwave breast cancer detection
can be divided mainly into two main groups, namely,
the radar-based imaging approach (e.g., [1–12]) and the
inverse scattering approach [13–20]. Radar-based imaging
approach, first proposed by Hagness et al. [3–5], aims to
identify the presence and location of strong scatterers due to
the significant contrast between the tumor and the healthy
breast tissue. This involves focusing on reflections from

the breast, that is, a coherent-sum process adapted from
synthetic aperture radar techniques [4]. Throughout the
years, numerous studies have been conducted from different
research groups [6–12] and variations of the original radar-
based technique, such as microwave imaging via space-time
(MIST) beamforming [6, 7], tissue sensing adaptive radar
(TSAR) [8, 9] have been proposed.

Here, we mainly focus on the inverse scattering approach
[13–20]. The objective of inverse scattering is to reconstruct
the unknown dielectric profiles of the breast volume. First,
multistatic measurement from the breast volume is taken
as reference. Based on numerical solutions of the Maxwell’s
equations (e.g., finite element method [13, 14], method of
moment [15], finite-difference time-domain (FDTD) [16–
18]), the entire volume can be spatially discretized into a
number of variables with unknown dielectric properties. The
corresponding forward problems with the same transmit-
ter/receiver configuration are included and the computation
can be done with an initial guess of the dielectric profiles of
the breast volume. Given the reference data from the “actual”
breast volume and the simulated data from the “assumed”
breast volume, a cost function based on the differences
between these two datasets is defined. The cost function
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is then minimized in an iterative manner by changing
the dielectric properties in the modeling domain using a
gradient-based optimization algorithm. Assuming that the
global minima is reached at the end of the optimization
process, that is, the simulated data is almost the same or even
identical to the reference data, the resulting dielectric profiles
in the simulation domain is thus the resultant image provide
that the global minima is reached.

The image reconstruction process is an ill-posed mul-
tidimensional optimization problem that the number of
unknown variables (εr(x, y, z), σ(x, y, z)) is determined in
the image reconstruction stage. The number of unknown
variables depends mainly on the physical size, the dielectric
properties and geometry of the object, the required spatial
resolution, and the frequency of interest (which is also a
factor that determines the spatial discretization in the com-
putation domain). Optimization of such a high-dimensional
problem with thousands unknown variables is not trivial and
chances for trapping into local minima could be high.

Furthermore, the uniqueness of the solution is also
important. Given a set of measured-referenced data, there
could be more than one distribution of dielectric profiles
that can result in the same or similar measured data. As an
example, if we consider some earlier studies in the literature
[21] that compares the monostatic ultra wideband (UWB)
response from the breast volumes with and without tumor,
it is found that the differences between the copolarized
components of the two cases is lower than that of the cross-
polarized components. In other words, it is difficult to tell if
there is any tumor by looking at the copolarized response,
but the contrast is more apparent if the cross-polarized
response is considered.

Polarization diversity has been widely used for radar
imaging. The transmitters and receivers are located in the
far-field region such that higher-order interactions between
the object and the transmitters, as well as that of the
object and the receivers, can be ignored. Coupling between
transmitting and receiving antennas can be also ignored and
thus the measured responses are purely object dependent.
In microwave breast imaging scenario, the breast volume is
surrounded by an antenna array in the near-field region.
Mutual coupling between antenna elements as well as
higher-order interactions between the breast volume and the
antennas is significant. To reduce the reflection from the
skin-air interface, the breast volume is usually immersed into
some matching liquid. A possible exemption could be the
case if the operation frequency is high enough such that the
antenna is electromagnetically far from the breast and the
conductivity of the matching liquid is relatively high such
that higher-order interactions are attenuated. In microwave
tomography, monopole antenna elements are used and thus
only linear copolarized responses of the breast volume are
considered in the image reconstruction process [15, 16].

In this paper, the forward scattering data of the two
cases, that is, breast volume with and without tumor, under
different polarization basis throughout the entire frequency
bandwidth is investigated. The objective here is to investigate
if better contrast of the forward data can be obtained
such that the two cases are more distinguishable. With two

distinguishable sets of forward data, chances for the two
inverse problems heading to the same solution in the opti-
mization process could be reduced. To simplify the analysis,
homogenous breast volume together with scattered far-field
under different polarization basis is considered. We are aware
that early efforts have been contributed to issues such as
array configurations, development of image reconstructions
and efficient forward solvers [25]. A summary of microwave
inverse scattering can be found in [28]. We are also well aware
that recent efforts have been contributed to experimental
setups and clinical studies of microwave breast imaging,
for instance the special session that was conducted in the
IEEE Antenna and Propagation Society Conference in 2010
in Toronto [22]. This is also one of the major research
topics in the research group in Chalmers. A dedicated, high-
performance UWB time domain microwave breast imaging
system is under development [23, 24]. The reasons behind
such simplified models and setup considered in this work are
given as follows.

First, we would like to see if the scattering problem itself
under a different polarization basis resulted in forward data
with better contrast that can be used for solving the inverse
problem. Here, contrast means the differences of the forward
data between the two cases: breast volume (i) with and
(ii) without tumor. Chances for the two problems heading
towards the same local minima could probably be reduced if
the contrast is high. In electromagnetic scattering, any object
can be treated as a polarization transformer that depolarizes
the incoming electromagnetic wave. Boerner et al. [29]
pointed out the importance of having full polarimetric data
when the electromagnetic inverse problem is formulated.
Ignoring the polarimetric properties of the scattering prob-
lem could lead to inconsistence formulation. Hence, it is
important to study the forward scattering behavior of the
breast volume numerically. Under this setup with solely
breast volumes without any antenna array surrounding it, the
scattered field is purely dependent to the breast volume. This
allows us to get further understanding about the scattering
data in microwave breast imaging problem under different
polarization basis at different frequencies. Once we have a
good idea about the scattering problem, specific antenna
elements and array configurations can be designed. Second,
polarization is well treated in the far-field region in frequency
domain. Although the corresponding near-field components
in the Cartesian coordinates can be computed, the concept
of polarization in the near-field region is not well defined.
As a result, plane wave incident and scattered far field are
considered in this study.

The paper is outlined as follows. An overview of the
research problem is given in Sections 2 and 3, followed
by some numerical examples in Section 4. Discussions and
conclusions will be reached towards the end of the paper.

2. Reviews of Microwave Breast Imaging

The microwave inverse scattering problem is illustrated in
Figure 1. The object with unknown dielectric properties is
surrounded by an array of antenna. Similar to X-ray
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Figure 1: The microwave inverse scattering problem. The object with unknown dielectric properties is surrounded by an array of antenna.
The objective is to determine the unknown dielectric properties based on the measured return signals from the antennas [18].

computed tomography (CT), projection of the environment
can be obtained by sending electromagnetic waves from
one antenna element and receiving the scattered signals
from all other antenna elements. By changing the roles
of antennas from transmitter to receivers, or rotating the
antenna array, multiple views of the unknown object from
different angles can be obtained. The objective of microwave
inverse scattering problem is to determine for the unknown
dielectric profile of the object based on these measured
projections.

In this work, we would like to mimic the microwave
breast imaging setup as described in [16–18]. The breast
volume is placed inside a circular array with 17 monopole
antenna elements. The breast volume is illuminated with 1
antenna acting as transmitter and the other antennas acting
as receivers such that a projection of the breast volume is
obtained. Each antenna element of the array takes turn and
the projections of the breast volume from different angles are
obtained. In [16–18], the measurement is performed using
vector network analyzer (VNA) in frequency domain up to
8 GHz. Depending on the size of the object [16], only a
portion of the bandwidth is chosen in frequency domain
and the frequency samples are then transformed to the time
domain using an inverse Fourier transform followed by a
windowing to synthesis a Gaussian amplitude-modulated
pulse with sinusoidal carrier. A cost function of the measured
electric field Emeasured

m,n (t) and the simulated scattering electric
field Esimulated

m,n (t, εr(i, j, k), σ(i, j, k)) is defined and given by

F
(
εr
(
i, j, k

)
, σ
(
i, j, k

))

=
∫ T

0

M∑
m=1

N∑
n=1

(∣∣∣Emeasured
m,n (t)

−Esimulated
m,n

(
t · εr

(
i, j, k

)
, σ
(
i, j, k

))∣∣∣2
)
dt.

(1)

Here, εr(i, j, k) are σ(i, j, k) the dielectric properties of the
assumed breast volume in the simulation environment using
FDTD and (i, j, k) is the index of the Yee cell in the FDTD
simulation. M and N are the number of transmitting and
receiving antennas, respectively, and the small letters m
and n label the antenna elements. The cost function (1) is
minimized using a gradient-based optimization algorithm.

3. Forward Scattering of the Breast Volume
under Different Polarization States

In this study, the breast volume shown in Figure 2(a) is
considered. It is a hemisphere with radius of 6 cm. The entire
breast volume is illuminated from 23 MHz to 3 GHz with
128 samples in frequency domain. The relative permittivity
and conductivity of the tissue is given by the widely used
Debye model [3, 4] shown in Figure 3. For the case with a
tumor inside the breast model, a dielectric sphere centres
at the position of (x = 15 mm, y = 15 mm, z = 30 mm,
equivalently r = 36.7 mm, θ = 54.7◦, ϕ = 45◦) is added.
Different sizes of tumor (spheres) with radius of 5 mm,
10 mm, and 15 mm are considered and the dielectric profiles
of the tumor can be found in Figure 3. To simulate the breast,
imaging scenario without using actual antenna elements, the
elevation angle of θt = θr = 105◦ is considered (θ = 0◦

corresponds to the positive z axis). The subscript t and r
correspond to transmitting and receiving, respectively. The
coordinate system and the cross-section view of the breast
volume, tumor location, and excitation angle are shown
graphically in Figures 2(b) to 2(d). The incident plane wave
together with the corresponding scattered far-field at 18
different azimuth directions ϕ are equally spaced within the
circle (i.e., Δϕ = 20◦ separation). Both the forward and back
scattering directions are considered. For instance, for the
plane wave excitation coming from θt = 105◦, ϕt = 40◦ (ϕ =
0◦ corresponds to the positive x axis), the scattered far field at
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Figure 2: (a)The breast volume under plane wave illumination in FEKO environment. (b) The Spherical coordinate system (r, θ,ϕ) and
the corresponding Cartesian coordinate system (x, y, z) that are used in the FEKO environment. (c) Cross-sectional views (x-y plane) of
the breast volume under plane wave illumination. (d) Cross-sectional view (ϕ = 45◦, θ = 90◦) of the breast volume under plane wave
illuminations from θt = 105◦, ϕt = 45◦, and ϕt = 225◦, respectively.

all directions (i.e., θr = 105◦, ϕr = 0◦, 20◦, 40◦, 60◦,. . ., 320◦,
and 340◦) is determined. The computation is done using
the commercial hybrid finite element and moment method
solver FEKO in the frequency domain [30]. The incident
plane wave and scattered far fields under the rectangular and
circular polarization basis are considered. For each pair of
incidence and scattered directions, the Sinclair polarization
matrix of the breast volume is a function of frequency and
aspects. This can be given by [31]

[
S
(
f ,ϕt,ϕr

)] =
⎡
⎣SAA

(
f ,ϕt,ϕr

)
SAB

(
f ,ϕt,ϕr

)
SBA

(
f ,ϕt,ϕr

)
SBB

(
f ,ϕt,ϕr

)
⎤
⎦
θt=θr=105◦

,

(2)

where

SAB
(
f ,ϕt,ϕr

) = Er,B
(
f ,ϕt,ϕr

)
Et,A

(
f,ϕt,ϕr

) . (3)

The first subscript (A or B) in each term in the matrix
corresponds to the transmitting polarization state and the
second subscript corresponds to the receiving polarization

state. Each element SAB( f ,ϕt,ϕr) is essentially the ratio
of the scattered (received) electric field and the incident
(transmitted) electric field. Vertical (V) and horizontal (H)
are utilized for linear while left-handed (L) and right-handed
(R) are used for circular polarization basis.

4. Numerical Results

4.1. Monostatic Responses for the Cases with Three Different
Tumor Sizes. As an example, the monostatic amplitude
responses of the breast volume at ϕt = ϕr = 240◦ in
frequency domain under different polarization states are
shown in Figure 4. Both linear and circular polarization
states are considered. Three cases with different radius of
the tumors, 5 mm, 10 mm, and 15 mm, are considered and
the corresponding amplitude responses are plotted in red,
cyan, and black, respectively, in Figure 4. Under monostatic
configurations (i.e., ϕt = ϕr), SVH = SHV and SLR = SRL.

At frequencies below 1 GHz, it is observed in Figure 4
that the amplitude responses for the four breast volumes are
similar for the two linear copolarized and the four circular
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Figure 3: Dielectric Profiles of the breast volume with healthy tissue
and tumor using the Debye model. The Debye model is given by
ε( f ) = ε∞ − jσ/(2π f ε0) + (εs− ε∞)/(1 + j f / fp), where ε0 = 8.854×
10−12 F/m, fp = 25 GHz, and σ = 0.15 S/m. For healthy tissue, εs =
10 and ε∞ = 7. For the tumor, εs = 50 and ε∞ = 35 [3].

polarized states. It is apparent that, for the case with 15 mm
tumor (black) and 10 mm tumor (cyan), the amplitude
response is different to the other two cases when the
frequencies are above 1.5 GHz. The results for the case with a
5 mm tumor (red) are almost the same to the reference data
(blue) for almost all polarization basis which are difficult
to distinguish by visual inspection (except the case VH =
HV). It could potentially give a more distinguishable forward
dataset for small tumor if VH or HV data is considered. The
results indicate that the amplitude responses could be more
distinguishable in some polarimetric states than the other,
especially in the higher end of the frequency response. Next,
the corresponding phase responses as a function of frequency
under different polarization states are shown in Figure 5.
Similar to the amplitude responses, the phase response for
all cases are very similar comparing the reference data (blue)
and the 5 mm tumor (red) (except the case VH = HV). The
phase responses for the cases with 10 mm (cyan) and 15 mm
(black) tumor have more significant differences at above
1 GHz in all cases.

4.2. Quantitative Measures as a Function of Transmitting and
Receiving Directions. Consider the entire setup that involves
a large amount of data (Ntx = Nrx = 18 and 8 polarization
states, 18×18×8 = 2592 sets), visual inspection is not feasible
in practice. In view of this, we quantify the differences of
the amplitude response between the two cases, that is, breast
volume without tumor (reference) and breast volume with

a tumor. The relative difference between each frequency
sample can be given by

SAB,diff,amplitude
(
f ,ϕt,ϕr

)

=
∣∣∣∣SAB,ref

(
f ,ϕt,ϕr

)∣∣− ∣∣SAB,tumor
(
f ,ϕt,ϕr

)∣∣∣∣∣∣SAB,ref
(
f ,ϕt,ϕr

)∣∣
× 100%.

(4)

A relative measure is chosen here as the scattered electric
field varies as the intensity of the incident electric field
changes. To quantify the difference of the data at different
transmitter/receiver configurations, the “mean differences”
of the data at each transmitter and receiver directions, MDAB,
which takes the average from all frequency samples can be
given by

MDAB,amplitude
(
ϕt ,ϕr

)

=
[∑NΔ f

f=Δ f SAB,diff,amplitude
(
f ,ϕt,ϕr

)]
N

.

(5)

As an example, comparisons between the cases with a 5 mm
tumor and the reference data are chosen. This is the case
with the smallest differences of the monostatic responses
based on the visual inspection when comparing with the
reference data. If we could get some insights from this case, it
would be more apparent for the other two cases with larger
tumors. The results are shown in Figures 6(a) to 6(h). It is
observed that MDAB,amplitude varies as the transmitter/receiver
configurations change. The MDAB,amplitudes for VV, HH, and
the circular polarization basis are less than 4%. More than
1000% of MDAB,amplitudes are observed for the VH, and HV.
Such high values for VH and HV are due to the fact that
the cross-polarized component for the case without tumor
is almost zero due to the geometrical symmetry. In reality,
due to the inhomogeneous nature of human tissue, such high
values cannot be achieved. The results under the circular
polarization basis are also included. It is shown that the
largest MDAB,amplitude values for LL and RR (∼10%) are
higher than those of VV and HH (∼5%). According to the
heterogeneities shown in Figures 6(e) and 6(f), it seems to
show that on average the differences of the forward data
under LL and RR polarization are higher than those of the
VV and HH. In particular, it is interesting to observe that
high values of MDAB,amplitude occur at the diagonal axis,
which corresponds to the back-scattered direction. For the
cross-polarized components (VH, HV, LR, and RL), it is
worth noting that the two second diagonals that correspond
to the two-dimensional direct path (180◦ differences in ϕ)
also have relative high data contrast. Similarly, comparing
Figures 6(g) and 6(h) with Figures 6(a) and 6(b), it seems
to show that on average the LR and RL have less differences.
To evaluate this properly, another measure will shortly be
introduced and we will come back to this later in the next
subsection.

Without the loss of generality, similar measures are also
made for the phase, given by
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Figure 4: Amplitude response from breast volumes in frequency domain at θ = 105◦, ϕt = ϕr = 240◦. (a) SVV, (b) SHH, (c) SHV = SVH, (d)
SLL, (e) SRR, and (f) SRL = SLR.

SAB,diff,phase
(
f ,ϕt,ϕr

)
= ∣∣∠SAB,ref

(
f ,ϕt,ϕr

)−∠SAB,tumor
(
f ,ϕt,ϕr

)∣∣,

MDAB,phase
(
ϕt ,ϕr

)

=
[∑NΔ f

f=Δ f SAB,diff,phase
(
f ,ϕt,ϕr

)]
N

.

(6)

Here, the absolute phase difference is given in terms of
degree. For instance, if the two phase angles are 3◦ and
357◦, respectively, SAB,diff,phase( f ,ϕt,ϕr) would be equal to 6◦

instead of 354◦. As a result, the maximum and minimum
value would be 180◦ and 0◦, respectively. The objective here
is to quantify the changes of the phase angle when the tumor
is included. The direction of clockwise or anticlockwise is
not of interest. The results are shown in Figures 7(a) to
7(h). Similar conclusions can be drawn from the visual
inspections of the figures: (i) larger maximum values of
MDAB,phase(ϕi,ϕr) for LL and RR than VV and HH, (ii)

visually the figures look more heterogeneous for LL and RR
than VV and HH which probably shows that on average the
data contrast of LL and RR is higher (we will come back
to it later), (iii) most differences occur along the diagonals
which shows that it is important for the back-scattered data,
(iv) relatively large contrast also occur at the two second
diagonals that correspond to the two-dimensional direct
transmission path, (v) significant contrast under VH and HV
data. In addition, it is also worth noting that such high values
shown in Figures 6 and 7 occur at ϕt = ϕr ≈ 220◦–260◦

but not ϕt = ϕr = 40◦–60◦, which is where the tumor is
located (ϕt = ϕr = 45◦). To understand this, the breast
volume under the two excitations with vertically polarized
electric field and the corresponding current distributions at
2 GHz are shown in Figures 8(a) to 8(c). The problem is
first shown in Figure 2(d). For the case without a tumor, the
breast volume is symmetric and thus the current distribution
under the excitation of ϕ = 45◦ is a mirror image of that
under the excitation of ϕ = 225◦. The current distributions
for the cases of (i) without the tumor under the excitation of
θ = 105◦, ϕ = 45◦, with the 5 mm tumor under the excitation
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Figure 5: Phase amplitude response from breast volumes in frequency domain at θ = 105◦, ϕt = ϕr = 240◦. (a) SVV, (b) SHH, (c) SHV = SVH

(d) SLL, (e) SRR, and (f) SRL = SLR.

of (ii) θ = 105◦, ϕ = 45◦, and of (iii) θ = 105◦, ϕ = 225◦

are shown in Figures 8(a) to 8(c), respectively. For a fair
visual comparison, the figures are set to the same intensity
scale from 0 mA/m to 13.50 mA/m. When the breast volume
is illuminated from θ = 105◦, ϕ = 45◦, it is observed that
the maximum amplitude of the induced current is increased
when the tumor is introduced. In particular, the maximum
current amplitude is located at the tumor with ∼7.5 mA/m.
When the excitation changes to θ = 105◦, ϕ = 225◦,
the maximum current is again located at the tumor and
is now increased to ∼13.50 mA/m. Comparing the current
distribution of the tumor under the two different excitation,
on average the current distribution is higher in the latter case
which shows that the tumor is better illuminated. The above
observation can be explained by the fact that the complexity
of the scattering phenomena inside the breast volume. First,
the breast surface is curative and the reflection coefficient
(air-breast volume) varies as a function of incident angles,
frequency and polarization. Due to the curative nature of the
breast surface, the breast volume is not evenly illuminated
even under plane wave illumination. Second, the higher-
order electromagnetic interactions between the tumor and

the breast volume (tumor-breast interface) and the air-breast
interface could help focusing the energy toward the tumor.
In general, such higher-order interactions are complicated
and cannot be easily analyzed. To sum up, using full-
wave electromagnetic simulation, it is found that the larger
amplitude of the induced current on the tumor and the better
data contrast of the copolarized response are resulted under
the illumination of θ = 105◦, ϕ = 225◦.

4.3. Cases with Tumors with Lower Contrast. A large-scale
study about experimental measurements of dielectric prop-
erties of tumors has been conducted and reported in [26, 27].
The results have shown that the dielectric properties are far
much lower than the earlier findings with 300% or even
500% of contrast. With this in mind, we would like to
investigate how the contrast could affect the forward data.
Here, tumors with relative permittivity of εr = 40 down to
εr = 15, with the conductivity of σ = 0.1 S/m, together with
the previous cases, will be considered.

In order to get an overall picture about the differences
of the amplitude and phase response for each polarization
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Figure 6: MDAB,amplitude for different transmitter/receiver combinations. The comparison is made between the reference data (no tumor)
with the case with 5 mm tumor with the dielectric properties given in Figure 3. (a) VV, (b) HH, (c) HV, (d)VH, (e) LL, (f) RR, (g) RL, and
(h) LR. The vertical axis corresponds to the aspects of the incidence (ϕt = 0◦ to 340◦) and the horizontal axis corresponds to the aspects of
the scattered far field (ϕr = 0◦ to 340◦).

states, the mean values of MDxy , denoted as MMDxy , can be
given by

MMDAB,amplitude =
[∑340◦

φr=0◦
∑340◦

φi=0◦ MDAB,amplitude
(
ϕt ,ϕr

)]
[Ntx ×Nrx]

,

MMDAB,phase =
[∑340◦

φr=0◦
∑340◦

φi=0◦ MDAB,phase
(
ϕt ,ϕr

)]
[Ntx ×Nrx]

.

(7)

The corresponding results are shown in Figures 9(a) and
9(f). Figure 9(a) shows the MMDAB,amplitude for the cases

with 5 mm tumor (r = 5) but with different dielectric
properties of (i) Debye, (ii) εr = 40, σ = 0.1 S/m, (iii)
εr = 30, σ = 0.1 S/m, (iv) εr = 20, σ = 0.1 S/m,
and (v) εr = 15, σ = 0.1 S/m. As the contrast increases,
higher values of MMDAB,amplitudes result which indicates that
contrast does play a role here. It is interesting to see that
the increase of the dielectric contrast gives a proportional
change of the data contrast for the same tumor size. For
instance, as the relative permittivity changes from 30 to
40, the MMDxy,amplitude values for the 5 mm tumor (Figure
9(a)) and 10 mm tumor (Figure 9(b)) increase from 1.5%
to 2% and 10% to 15% (about one third) for LL and RR
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Figure 7: MDAB,phase for different transmitter/receiver combinations. The comparison is made between the reference data (no tumor) with
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polarization states. However, the maximum data contrast
that can be obtained for the 5 mm tumor is less than 2.5%
with the maximum dielectric contrast of approximately 5.
Next, we consider the results for the 10 mm tumor (r =
10) and the 15 mm tumor (r = 15) shown in Figures
9(b) and 9(c), respectively. As the tumor size increases,
MMDxy,amplitude values increase from <2.5% to ∼15% and
∼30%, respectively. This again shows that the contrast is
more significant with larger tumor. The results here indicate
that the tumor size plays a relatively more important role
in terms of the “contrast of the forward data” than the
dielectric contrast of the tumor with the background. If we
consider the case of a 5 mm tumor (Figure 9(a)), increasing
the contrast from 1.5 times (εr,tumor/εr,tissue ≈ 15/10 = 1.5)

to 5 (εr,tumor/εr,tissue ≈ 50/10 = 5) times could perhaps
raise increasing the data contrast from 0.5% to 2%, but
increasing the tumor size (from 5 mm to 15 mm radius)
can significantly increase the contrast to up to 10%. Similar
conclusions can also be drawn for the phase responses shown
in Figures 9(d) to 9(f).

Compare to our previous visual observations, for the
same tumor size, the results from the LL and RR polarization
states have larger MMDAB,amplitude and MMDAB,phase values
than the other polarization states which indicates higher level
of contrast in the forward data. For the 5 mm tumor, VV has
got a larger MMDAB,amplitude and MMDAB,phase than those of
HH, VH, HV, RL, and LR. Such findings further confirm the
observations we had made earlier.
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Figure 8: (a) Current distribution of the breast volume under the plane wave excitation with vertical polarized electric field from the aspect
of θt = 105◦, ϕt = 45◦. (b) Current distribution of the breast volume with the 5 mm tumor under the plane wave excitation with vertical
polarized electric field from the aspect of θt = 105◦, ϕt = 45◦. (c) Current distribution of the breast volume with the 5 mm tumor under the
plane wave excitation with vertical polarized electric field from the aspect of θt = 105◦, ϕt = 225◦.

The results for VH and HV are plotted separately in
Figure 10 as the values of MMDAB,amplitude are much higher
than the other polarization states, ranging from 100% up to
2000%. Such high values of MMDAB,amplitude are due to the
fact that VH and HV responses are theoretically zero due to
the geometrical symmetric feature of the breast volume when
there is no tumor. Figure 10(a) shows the MMDAB,amplitude

values under HV polarization state. The horizontal axis
corresponds to the tumor size and the three lines correspond
to tumor with different dielectric properties. Similar to
the previous findings, the MMDAB,amplitude values increase
with the tumor size. Increasing the dielectric contrast could
increase the contrast of the forward data, but for small
tumor (5 mm), increasing the dielectric contrast does not

give much changes to the dataset with relatively small
variations of MMDAB,amplitude and MMDAB,phase shown in
Figures 10(a) and 10(b). The same conclusions are drawn for
HV polarization states, as shown in Figures 10(c) and 10(d).

4.4. Feasibility Measures in Terms of Signal Level. The above
findings show that the higher contrast of the forward data
can be obtained under the copolarized case for circular
polarization basis and cross-polarized cases for linear polar-
ization basis. The next question we have to answer is if it
is possible to measure the signal, especially for the VH and
HV cases as the signal level could be very low (the high
MMDAB,amplitude values are due to the null response when
there is no tumor). In view of this, the mean and minimum
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Figure 9: MMDAB for different polarization states with tumor of different sizes. In each figure, three different dielectric properties of the
tumor are considered (i) Debye (Figure 3), (ii) εr = 40, σ = 0.1 S/m, (iii) εr = 30, σ = 0.1 S/m, (iv) εr = 20, σ = 0.1 S/m, and (v) εr = 15,
σ = 0.1 S/m. MMDAB,amplitude for tumor with radius of (a) 5 mm, (b) 10 mm, and (c) 15 mm. MMDAB,phase for tumor with radius of (d)
5 mm, (e) 10 mm, and (f) 15 mm.

values of the scattering parameters as a function of frequency
are introduced and given by

SAB,mean
(
f
) =

[∑340◦
φr=0◦

∑340◦
φi=0◦ 20log10

∣∣SAB( f ,φt,φr
)∣∣]

[Ntx ×Nrx]

=

[∑340◦
φr=0◦

∑340◦
φi=0◦ 20log10

∣∣∣∣∣Er,B
(
f ,φt,φr

)
Et,A

(
f ,φt,φr

)
∣∣∣∣∣
]

[Ntx ×Nrx]
,

SAB,min
(
f
) = min

{
20log10

∣∣SAB( f ,φi,φr
)∣∣}

= min

{
20log10

∣∣∣∣∣Er,B
(
f ,φi,φr

)
Et,A

(
f ,φi,φr

)
∣∣∣∣∣
}
.

(8)

The results shown in Figures 11(a) to 11(d) are the case of
the breast volume with the 5 mm tumor with the properties
of εr = 15, σ = 0.1 S/m, that is, the case with the small-

est tumor and lowest dielectric contrast. For both linear
and circular polarization states, the mean values of the
scattering parameters are within 60 dB dynamic range when
the frequency is above 500 MHz. The minimum values
of the scattering parameters are shown in Figures 11(c)
and 11(d). The results show that the minimum values
of the scattering parameters are within −80 dB below the
transmitting signal for circular polarization states, as well as
VV and HH (above 500 MHz). For VH and HV, however, it
goes far below −100 dB which could be difficult to measure.
With the current state-of-the-art of VNA, we are able to
measure signals down to −130 dB accurately. In practice,
however, together with practical considerations such as
antenna mismatch and cable loss, the signals level would be
at least another 10 dB to 15 dB lower. As a result, accurate
measurement of VH and HV signals for breast volumes with
small tumors is not easy to achieve using VNA. Proper design
of the receiving modules with matching antenna and front-
end electronics becomes significantly crucial. On the other
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Figure 10: MMDAB,amplitude and MMiAB,phase for the scattering problems with tumor of different sizes. In each figure, three different dielectric
properties of the tumor are considered (i) Debye (Figure 3), (ii) εr = 40, σ = 0.1 S/m, (iii) εr = 30, σ = 0.1 S/m, (iv) εr = 20, σ = 0.1 S/m,
and (v) εr = 15, σ = 0.1 S/m. (a) MMDAB,amplitude for HV polarization state, (b) MMDAB,amplitude for VH polarization state, (c) MMDAB,phase

for HV polarization state, (d) MMDAB,phase for VH polarization state.

hand, it would be feasible to measure the circular polarized
signals using VNA (>500 MHz, minimum values between
−60 dB to −80 dB + another 20 dB losses for mismatches).

5. Discussions and Conclusions

UWB forward scattering data from breast volumes with
different tumor sizes and different dielectric properties are
studied. Based on the configurations of the forward scatter-
ing study in this paper, several points can be summarized. To
achieve good contrast of the amplitude and phase responses
of the forward data between the cases with and without
tumor, the excitation frequency should be at least 1 GHz as

the lower-frequency components correspond mainly to the
scattering from the entire breast volume. At the same time,
the return signal level is relative low when the frequency is
below 500 MHz. This shows that the breast volume is not
well excited. Secondly, it is also found that there are higher
contrast of the scattering data in the back-scattered direction
for all cases and the direct path for cross polarized cases. This
implies the importance of having the back scattered field and
the direct path response in the microwave imaging setup.
Thirdly, comparing the forward scattering data under differ-
ent polarization states and basis, VH and HV components
have the highest contrast due to the geometrical symmetry
when there is no tumor inside the breast volume. Regarding
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Figure 11: SAB,mean( f ) and SAB,min( f ) for the scattering problem of the breast volume with a 5 mm tumor with the dielectric properties of
εr = 15, σ = 0.1 S/m. (a) SAB,mean( f ) for linear polarization states, (b) SAB,mean( f ) for circular polarization states, (c) SAB,min( f ) for linear
polarization states and (d) SAB,min( f ) for circular polarization states.

other polarization states, the LL and RR polarization states
give better data contrast than the others. Potentially, LL and
RR can be used for microwave imaging using existing VNA
that can give reasonable accuracies with more than 100 dB
of dynamic range. If one would like to use VH and HV,
proper design of front-end microwave circuits and antenna
are needed such that the mismatch can be minimized.

This work opens the door for further investigations
of better datasets for the microwave breast imaging by
considering different polarization states and basis. Although
the setup is relatively simple with homogenous breast
volume, surprisingly it is found that the existence of small
tumor (r = 5 mm) is not highly revealed in the forward data
even if the dielectric contrast is about 5 times. Potentially,
better data contrast could be obtained for small tumor with

higher excitation frequency, but at the same time attenuation
increases. Our previous study on a similar problem has found
that the conductivity of human tissue can significantly atten-
uate the higher-order interactions of metallic objects inside
human tissue when the excitation frequency goes beyond
4 GHz [32–35]. As a result, higher excitation frequencies
were not considered in this work. Future work needs to focus
on practical issues such as the choice of polarization states,
antenna elements, array configurations, matching liquid, and
more realistic tissue model in the simulation [26, 27]. At the
same time, the results here for VH and HV only apply for
homogenous breast models. To investigate the feasibilities
of using linear cross-polarized signals, we also need to use
anatomically and electromagnetically realistic breast model
in future simulations.
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Microwave imaging of the breast is of interest for monitoring breast health, and approaches to active microwave imaging include
tomography and radar-based methods. While the literature contains a growing body of work related to microwave breast imaging,
there are only a few prototype systems that have been used to collect data from humans. In this paper, a prototype system for
monostatic radar-based imaging that has been used in an initial study measuring reflections from volunteers is discussed. The
performance of the system is explored by examining the mechanical positioning of sensor, as well as microwave measurement
sensitivity. To gain insight into the measurement of reflected signals, simulations and measurements of a simple phantom are
compared and discussed in relation to system sensitivity. Finally, a successful scan of a volunteer is described.

1. Introduction

Microwave imaging has been proposed as an alternative
breast imaging modality [1]. The basic premise is that dif-
ferent tissues in the breast have different electromagnetic
properties, and these differences may be exploited to create
images. General approaches to active microwave imaging
include microwave tomography [2] and radar-based meth-
ods [3–5]. Microwave tomography involves measuring
signals transmitted through the breast and reconstructing
images by matching measured data with signals obtained
from simulated models containing iteratively updated
property estimates. Microwave tomography has been tested
with simulations and experimental measurements of phan-
toms (e.g., [6]) and simulations of realistic breast models
[7]. Moreover, a research group at Dartmouth College has
performed extensive patient studies with prototype systems.
The resulting images have demonstrated average microwave
frequency properties that increase with breast density
[8], as well as agreement between features detected on
microwave images and known clinical histories [9]. Radar-
based microwave techniques create images by processing
reflections of wideband or ultrawideband (UWB) signals
from the breast. These images indicate the presence and

location of significantly scattering objects. Testing of radar-
based approaches has involved simulations with realistic
breast models [3, 10], testing with phantoms [5, 11, 12] and
early-stage clinical investigations [13]. To date, a group at
Bristol University has reported imaging of patients using a
multistatic radar system. Therefore, in spite of the growing
body of literature related to microwave breast imaging, there
are very few reports of work with patients or volunteers. This
likely reflects the significant technical challenges involved in
sensor design and implementation, measurement hardware,
and development of patient interfaces.

In this paper, we describe a prototype system that is based
on a monostatic radar approach and has been termed the
TSAR (tissue sensing adaptive radar) method. The TSAR
prototype system differs from previously reported prototype
systems for microwave imaging in that a single antenna
is scanned around the breast in order to collect data. A
multistatic system inherently collects more information than
its monostatic counterpart. On the other hand, a single-
sensor method can be designed to produce a focused beam
increasing the reflected power from small features. Given
the potential high attenuation in breast tissues, this is likely
beneficial for sensing smaller malignant regions. In addition,
a monostatic system allows more relaxed requirements for
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the UWB sensor. A larger sensor permits using lower
frequencies without limitations due to mutual coupling.
The ability to place the sensor at an infinite number of
locations around the breast is also very attractive in terms of
adaptability to patients, as well as for image reconstruction
performance. However these advantages are at the cost of a
more complex positioning system and longer repositioning
time compared to electronically switched antennas as in [13].
In order to assess the performance of our prototype system,
a study is performed of the mechanical sensor positioning,
as well as of the microwave measurement sensitivity and
perturbation. This provides insight into the capabilities and
limitations of the system. Next, we compare simulations and
measurements of a simple phantom. While both simulations
and experimental work have previously been carried out for
tomography and radar-based imaging, only a few papers
directly compare simulations and measurements of phan-
toms (e.g., [6, 14]). Our phantom represents the shape of the
breast in a simplified way and consists of one material with
an inclusion of a different material. Although the properties
of the model differ from those of breast tissues, the phantom
has stability in properties and shape that permit evaluation
of the repeatability of results. In addition, the reflections
from the phantom are interpreted relative to the system
sensitivity. After validation, the prototype system is used to
collect reflections from volunteers. To gain insight into these
measurements, comparison with simulations of volunteer-
specific breast models is attempted.

2. Prototype System and Procedure

2.1. System Description. The TSAR prototype system is
shown in Figure 1. The prototype consists of a padded bed
placed over a cylindrical tank filled with canola oil. The
woman to be scanned lies prone on the bed, and a hole in
the top of the bed permits one breast to extend into the tank.

The cylindrical tank is filled with canola oil to improve
the matching between the breast skin and the sensor attached
to a positioning arm. The canola oil exhibits a relative
permittivity of 2.5 with a conductivity below 0.04 S/m up
to 12 GHz. A laser is also mounted to the positioning arm
to record the breast outline. To scan the sensor around the
breast, the arm moves vertically and the entire tank rotates.
Dimensions of the tank and hole as well as antenna location
are provided in Figure 2. The scanning region in the vertical
(z) direction spans from 24 mm to 141 mm below the top
of the lid. The circular opening in the lid has a diameter
of 130 mm while the tip of the sensor is located 70 mm
away from the center of the opening to avoid contact with
the breast skin. To monitor the scan procedure, a camera is
mounted on the side of the tank and transmits images to the
operator.

Microwave measurements are collected with a custom
antenna. The antenna utilized in this work is a balanced
antipodal Vivaldi antenna with a director (BAVA-D) [15].
This antenna has a bandwidth (S11 better than −10 dB)
from 2.4 to 18 GHz. The director narrows the beam of the
antenna compared to a standard BAVA design, thus focusing
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Absorbers

Figure 1: TSAR system used to scan volunteers.
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Figure 2: Top and side views of the TSAR prototype system tank
with dimensions. Additional antenna locations are shown (shaded
antenna body) to illustrate the tank rotation and arm movement.
For better clarity, the laser is not shown for the additional antenna
positions.

more energy into the breast. Measurements are acquired
with a vector network analyzer (VNA) (8722ES, Agilent
Technologies, Palo Alto, CA, USA). The antenna is connected
to the VNA via a 3 m long cable, and a guiding system helps
to move the cable in a reproducible way. The cable guiding
system is indicated in Figure 1. The system is calibrated
at the end of the cable where the antenna is connected.
Measurements are taken at 1601 points over the frequency
range from 50 MHz to 15 GHz with a port power of−5 dBm.
As discussed in Section 3, an intermediate frequency (IF)
bandwidth of 1 kHz and averaging over 3 frequency sweeps
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are used to reduce the system noise floor. The resulting data
are transformed into the time domain after weighting with
the spectrum of the differentiated Gaussian pulse given by:

V(t) = V∗
0 (t − t0)∗e−(t−t0)/τ2

, (1)

where V0 is used to adjust the amplitude of the pulse, τ =
62.5 ps, and t0 = 4τ.

2.2. Volunteer Scan Procedures. We have scanned several
volunteers with the prototype system (Study No. 21859,
as approved by the University of Calgary Conjoint Health
Research Ethics Board). Our study involves a TSAR scan of
one breast, as well as a scan of both breasts with magnetic
resonance (MR) imaging. During a TSAR scan, the antenna
is physically moved to a number of locations encircling the
breast at various elevations (Figure 3). Data collected at the
same elevation are termed a row. For a complete scan, data
are collected at a number of rows. For the volunteer scan,
the number of rows, separation between rows, and number
of antenna locations in a row are initially estimated with the
MR images, then updated after observing digital images of
the breast in the TSAR scanner. Our experience indicates that
adjustments to TSAR scan patterns designed with MR images
are necessary to compensate for the changes in breast shape
and extent due to the flotation of the breast in oil. We note
that the rotation of the tank and the vertical movement of
the arm used to scan the antenna around the breast are both
automated and actuated by step motors, which are controlled
by a custom software code. The process of moving the sensors
and collecting measurements takes less than 30 minutes for 1
breast scanned at up to 200 antenna locations.

The reflections are calibrated by performing two sets of
measurements and then using responses from known objects
to orient reflections in time. First, a scan is collected with
the volunteer positioned in the scanner and another scan
is acquired with an empty tank. To initially calibrate the
data, the signals recorded with the empty tank are subtracted
from signals recorded with the volunteer present. Identical
antenna locations are used with both scans. Next, reflections
from metal plates placed at two known distances from the
antenna are collected. The differences in time of arrival of the
two reflections are used to confirm the dielectric constant of
the immersion medium. The known locations of the plates
are also used to identify the reflection from the antenna
aperture in the signals. The aperture reflection is then located
in time in order to identify distances of objects relative to the
end of the antenna.

Finally, the reflected signals are used to create images.
First, the dominant reflections between the immersion liquid
and object (e.g., oil/skin interface) are removed by approxi-
mating the reflections at a target antenna. For simple models
such as the hemisphere used later in this paper, it is sufficient
to use straightforward methods for this approximation. In
this case, the reflections recorded at antennas located in
the same row are time-shifted and scaled to match the
target signal [16]. More sophisticated algorithms are typically
required to deal with more complex scenarios. Next, 3D
images are formed by scanning the focal point through the

z
x

Figure 3: View of the scan pattern used for measurement. Each
sphere corresponds to an antenna location. Antennas located on a
common row are connected by lines.

imaging region and using a time-shift-and-sum beamformer
to identify components of the reflections at appropriate
antennas that originate from the same physical location [16].
An estimate of the surface of the phantom is incorporated
into this focusing procedure [17].

3. System Performance and Validation

As evident from the description in Section 2, the TSAR
measurement system is rather complex. Many aspects of the
system can alter the measurement quality, which in turn
will influence the quality of the reconstructed images. We
consider 3 different types of effects: (1) the positioning
performance, (2) the microwave measurement sensitivity,
and (3) perturbation. In this section, these different aspects
are assessed or validated in order to define the overall system
performance.

3.1. Positioning Performance. Correct positioning of the
sensor is critical in two aspects. First, good mechanical
precision is required for repeatability of measurements. As
described in Section 2, each scan is calibrated with reference
measurements collected during a scan with the exact same
pattern but without the volunteer or patient present (empty
tank). This operation removes the unwanted effects of the
environment (e.g., reflections from the tank) from the
measured signals. Therefore, good positioning repeatabil-
ity is needed to guarantee that the unwanted effects are
reproduced between the two scans. Second, good mechanical
accuracy is necessary for proper image reconstruction as the
signals are spatially focused based on the antenna positions.
Good agreement between the desired and actual antenna
positions in the scan is therefore required. The positioning
precision and accuracy are related to the mechanical play and
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Table 1: Measured mechanical play for the elevation axis. All values are in mm.

Test Iteration
Without software compensation With software compensation

Downward Upward Downward Upward

1 0.11 0.07 0.02 0.01

2 0.10 0.10 −0.01 −0.01

3 0.10 0.08 −0.03 −0.01

4 0.06 0.07 −0.02 −0.01
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Figure 4: Sensitivity calculated using two successive static measurements.

the ability to achieve the correct displacement; both of these
parameters will be evaluated.

Two independent axes are used to bring the sensor
into position, namely, the azimuth (◦) (tank rotation) and
the elevation (mm) (arm movement). Specifications of
±0.1◦ and ±0.1 mm for the displacement tolerance with a
mechanical play of maximum 0.1◦ and 0.1 mm have been
defined for each axis. These correspond to no more than
0.6 mm of error when identifying focal points in the worst-
case scenario.

In order to validate these requirements, specific move-
ment sequences are realized and expected positions are
compared with a measurement of the actual position. For the
elevation axis, the position is measured with a digital caliper
attached to the moving arm. The assessment of the azimuth
position is achieved by measuring the displacement on the
outer edge of the rotating tank. Given the very large external
diameter of the tank (520 mm), small angular displacements
translate into large displacements at its outer edge. Note
that the external diameter also includes a lip placed around
the tank to collect excess oil, which contributes to the large
difference when compared to the inside diameter given in
Figure 2. This technique allows us to determine whether
the azimuth movement passed or failed the specification,
however no numerical values are extracted.

For the elevation axis, the validation shows that the
displacement error is within tolerance with a maximum
of ±0.07 mm and an average of ±0.04 mm. On the other
hand, the mechanical play of the elevation axis is, in general,
very close to the maximum allowed value and exceeded the
limit in one of the test iterations. Therefore, an automated
compensation of the mechanical play is implemented in
the software used to control the TSAR prototype, showing
significant improvement. The measured mechanical play
results with and without software compensation are shown
in Table 1.

All the azimuth tests passed the specification require-
ments successfully. However, movement with resolution of

0.25◦ creates a consistent displacement error that accumu-
lates and creates larger positioning error. This behavior
naturally occurs due to the intrinsic angular resolution
of the step motor. This behavior is avoided by allowing
displacements with a minimum resolution of 0.5◦.

3.2. Microwave Measurement Sensitivity. Since the reflections
from internal breast tissues are expected to be very weak,
good measurement sensitivity is a key aspect of the sys-
tem. As described in Section 2, the calibrated data result
from a subtraction of two successive scans: one with the
volunteer present and one with an empty tank. Therefore,
the sensitivity can be defined as the smallest signal that
can be recovered after the subtraction operation. To assess
the sensitivity of the microwave measurement system, a
broadband load standard (Agilent 85052D) is connected
instead of the antenna and two measured reflected signals
are subtracted. Smaller differences correspond to better
sensitivity.

The sensitivity is directly influenced by the measure-
ment noise floor of the VNA receiver. Reduction of the
IF bandwidth and averaging a number of measurements
can significantly improve the noise level. The smallest IF
bandwidth with a large amount of averaging would be
ideal for sensitivity. However, these actions considerably
increase the measurement time to impractical values. The
maximum scan time for TSAR is set to 30 minutes for
200 measurements. Accounting for mechanical displacement
time, the microwave measurement for each location has
to be achieved in 8 seconds for a total of 26.6 minutes
dedicated to the RF measurement. An IF bandwidth of
1000 Hz with averaging of 3 signals shows the best sensitivity
among the combinations that fit the time criteria. Figure 4
shows the sensitivity that is achieved with these settings and
the broadband load attached. A sensitivity below −90 dB is
achieved over almost the entire frequency band. The phase
variation is below 0.2◦ with exception of the upper limit
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Figure 5: Sensitivity calculated based on a pair of 200 static measurements (no change of position) with a broadband load instead of the
antenna. Measurement pairs are separated in time by 30 minutes to reproduce the time frame of two consecutive full TSAR scans.
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Figure 6: Sensitivity calculated based on a pair of full TSAR scans (200 positions) with a broadband load instead of the antenna. The load is
physically moved with the prototype system to 200 locations.

of the frequency band. This result can be considered as
the best sensitivity that the system can achieve as the two
measurements considered are collected in an ideal scenario
in which no time elapsed and nothing moved between
measurements.

The stability of the reflection measurement with respect
to time will also influence the sensitivity. A 30-minute span
occurs between the signals measured during the volunteer
scan and the calibration scan. To evaluate the effect of this
time delay on the sensitivity, 200 successive measurements
of the broadband load are collected for two consecutive
iterations, replicating the same time frame as a volunteer
scan. As in the previous case, the system does not move.
Figure 5 shows the 200 corresponding sensitivity curves,
which sit mostly below −80 dB except for the extremes
of the frequency band. The corresponding phase variation
is below 0.5◦ with an increase towards the end of the
spectrum. The correlation between the phase variation and
the sensitivity is obvious from Figure 5. Overall we observe
that, due to the drift inherent in the VNA, a 30-minute
time span between measurements decreases the microwave
measurement sensitivity by roughly 10 dB.

3.3. Microwave Measurement Perturbation Immunity. A per-
turbation is defined as any phenomena (internal or external)
that will induce unpredictable interference in the measured
signals and thus affect the measurement sensitivity. A num-
ber of perturbation sources are identified and the solutions
to mitigate their effect are described.

The first perturbation arises from the change of the cable
response. As the antenna is moved to various locations, the
cable shape is changed which predominantly affects its phase
response. To reduce the negative effect on the sensitivity, a
guiding system shown in Figure 1 has been implemented.

This system helps to ensure that the cable position is
repeatable when the antenna is positioned and repositioned
at a certain location. Identical cable positions translate to
similar electrical responses that can be removed during the
calibration process. The performance of this technique is
illustrated in Figure 6, which shows the sensitivity calculated
when the system is moved through two full TSAR scans
(200 positions) with the broadband load attached instead
of the antenna. When comparing with the corresponding
static sensitivity (Figure 5), we observe only a slight increase
of the phase variation, which translates to a fairly limited
degradation of the sensitivity. An additional set of results
is generated without any cable compensation by taking the
difference between the 200 measurements and one selected
measurement from the second scan. In this way, the cable
position is different for each of the measurements in a given
pair. For this scenario, the sensitivity sits at around −70 dB,
so we estimate that the cable guiding system improves the
sensitivity by about 10 dB.

The other perturbations are related to the signals de-
tected by the antenna. The reflections from the breast are
of interest, while reflections from other objects or sources
can be subtracted during the calibration process as long as
they are stable between measurements. However, any unpre-
dictable signals that cannot be removed with the calibration
process are considered as perturbations and need to be
minimized. The unwanted signal sources have been classified
into three groups: (a) lab environment reflections (room,
equipment, people, etc.), (b) immersion liquid movement,
and (c) general electromagnetic smog. Different mechanisms
are implemented to alleviate these perturbations. First, the
lab environment reflection (a) is easily removed using the
time gating implemented in the VNA. The measured data
are gated between 0 and 3.6 ns in order to remove reflections
that originate from outside of the measurement tank. The



6 International Journal of Biomedical Imaging

Oil

Oil level
variationHR10 absorberPolycarbonate

Breast

Constant
oil level

Antenna

Figure 7: Profile view of the specially designed lid.

immersion liquid movement (b) is induced by the movement
of the tank itself but most predominantly by the fluctuation
of the tank volume due to the moving arm displacement.
As the volume changes, the liquid level changes and creates
reflections that cannot be replicated since these reflections
are also affected by the volume of the breast itself. To
minimize this effect, the tank lid is designed with additional
material added around the hole through which the breast
extends (Figure 7). This keeps the liquid level constant in the
vicinity of the antenna aperture, while allowing fluctuation
in liquid level behind the antenna where radiation is an
order of magnitude less. This additional region consists of a
polycarbonate shell filled with HR10 absorber (Emerson and
Cuming Microwave Products, Randolph, MA, USA).

Finally, the electromagnetic smog (c) is generated by
electrical apparatus around the lab and the outside world.
To increase the electromagnetic immunity, absorbers are
placed at strategic locations around the measurement tank
in conjunction with shielding material.

Figure 8 shows the typical sensitivity of the TSAR pro-
totype, when the previously mentioned techniques are in
place, the antenna is attached and the immersion liquid is
present. When compared to Figure 6, a significant decrease
in magnitude sensitivity is noted, resulting in sensitivity
between −50 and −60 dB, while phase variation increases
slightly. The very large peaks in the phase variation happen
at resonances where the phase changes drastically while
being difficult to resolve by the VNA due to the weakness
of the reflected signal. Overall, a sensitivity reduction of
30 dB is observed. As the reflection coefficients of the
broadband matched load and antenna are around −30 and
−10 dB, respectively, the phase variation intrinsically has
greater impact on the sensitivity with the antenna attached.
However, since the BAVA-D ringing is extremely small,
the increase in reflection is mostly located in the antenna
structure, as shown by the time domain representation in
Figure 9. The antenna structure ends at approximately 1.5 ns
in time and only the components of the signal beyond this
point are significant for imaging purposes. We use a Tukey
window, shown in Figure 9, to evaluate the sensitivity of the
signal occurring after the antenna structure. As shown in
Figure 9, the sensitivity sits overall between −70 to −80 dB.
The lower frequencies are ignored since the antenna does not

radiate well below 2 GHz. Based on these values, we assess
that 10 dB are lost in sensitivity when the antenna is attached
instead of the load (i.e., compared to Figure 6).

Overall, the TSAR prototype may be expected to have
reflection sensitivity between −70 to −80 dB. The VNA itself
demonstrates a sensitivity level of −90 dB and is therefore
more than capable of measuring signals greater than the
reflection sensitivity. Moreover, numerous technical chal-
lenges arise when consistent performance needs to be
maintained while scanning around a cylindrical volume.
The TSAR system has demonstrated excellent mechanical
accuracy and repeatability, and the modifications to the
prototype system aimed at ensuring measurement sensitivity
appear to enhance performance. This has resulted in a
prototype system that demonstrates acceptable performance
for our application.

4. Hemispherical Breast Model

The basic performance of the prototype system has been
examined, however it is also of interest to validate reflections
from test objects by comparing simulated and measured
results. First, the hemispherical breast model used for this
investigation is described. Reflection data are analyzed in
relation to the previously presented performance metrics.
Images created with simulated and measured data are also
discussed.

The model used for this work has a relatively simple
shape and composition and is described in detail in [18]. The
model consists of a cylindrical section (diameter of 10 cm)
attached to a hemispherical section with radius of 5 cm. A
series of rings is located on the hemisphere in attempt to
mimic the shape of the nipple. The model is made of a
low-loss dielectric material with relative permittivity of 15.
This phantom contains a cylindrical inclusion consisting of
a Teflon rod of 7.9 mm diameter and 19.4 mm length. The
inclusion is located in the hemispherical region at a radial
distance of 25 mm from the centre of the model. The model
is placed in the scanner, and the BAVA-D antenna is used
to obtain measurements. For a full scan of the model, the
antenna is scanned to 7 rows (vertical locations) separated
by 1 cm and to 20 locations per row. A second scan of
the empty tank is performed for calibration purposes. The
antenna locations are the same as those used in the scan of
the phantom. The reflections recorded with an empty tank
are subtracted from those recorded with the model present.
Reflections collected at the row of antennas located at the
center of the inclusion are shown in Figure 10. Dominant
reflections are expected from the oil/phantom interface and
are shown to be very similar for one row of measurements.
The response from the inclusion is also evident after 2 ns for
antennas located closer to this object.

Next, simulations are performed in order to gain further
insight into the measured data. The detailed simulation
model includes aspects of the system that are expected
to influence the reflected signals. Specifically, the model
includes a replica of the breast phantom, a BAVA-D antenna,
the top of the tank, and the immersion liquid (Figure 11).
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Figure 8: Sensitivity calculated based on a pair full TSAR scan (200 positions) with the antenna attached and immersion medium present
(as per a volunteer scan).
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Figure 9: Time domain representation and noise level of the later-time antenna response (under dashed window).
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Figure 10: Measured reflections from the breast phantom at 20
antenna locations encircling the model. Measurements are collected
with the antennas positioned at the same z-location as the inclusion.

Simulations are performed using SEMCAD (SPEAG, Zurich,
Switzerland), which uses a finite difference time domain
(FDTD) solver, and the antenna is excited with the UWB
pulse described in (1). Results obtained with the breast
phantom are shown in Figure 12 for one row of antennas
(also located at the level of the inclusion in the phantom).
Similar to Figure 10, dominant reflections are expected from
the oil/phantom interface and are shown to be very similar
for one row of simulations.

To investigate the similarity between the dominant
reflections with measured and simulated data, we apply
Tukey windows to isolate the first reflection (mean extent
of 0.83 ns and positioned relative to the maximum absolute
response in each signal). Correlations between these win-
dowed reflections for the data shown in Figures 10 and 12 are
on average 0.99. For the 140 antenna locations used to scan
the phantom, simulations and measurements show mean
correlation of 0.98 with standard deviation of 0.014.

InclusionAntenna
Breast
model

OilLid

10 mm

Figure 11: Cross-section through the voxelized simulation model
of phantom showing components of the prototype included to
more accurately model reflections.

Next, we examine and compare the later-time responses
from simulation and measurement models by again using
a Tukey window to isolate reflections occurring after the
dominant reflection. Figure 13 shows results for an antenna
located the closest to the inclusion, while Figure 14 shows
results for an antenna at the same location but without
any inclusion present in the breast model. We note that
the simulated and measured data are in good agreement
for the case containing the inclusion, as both time and
frequency domain results are similar. When the inclusion
is present, a reflection of about −40 dB is reached, which
is easily detected given the sensitivity of our measurement
system. Without an inclusion present (Figure 14), a lower
reflection is noted in the later-time response. On average, the
reflected signal without an inclusion present is 7 dB lower
for the measured data and 11 dB lower for the simulated
data. The signals magnitudes in Figure 14(b) are very similar
between simulations and measurements while still within
the sensitivity of the system. This suggests that part of these
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Figure 12: Simulated calibrated reflections from the breast phan-
tom at 20 antenna locations encircling the phantom. Reflections are
simulated with the antennas positioned at the same z-location as
the inclusion.

smaller responses are indeed components of the reflected
signals, likely originating from subtle sources such as the
late-time response from the interface between oil and the
model. Therefore, the TSAR prototype system demonstrates
the ability to accurately record these fine details caused by
larger reflected signals.

Finally, the simulated and measured data are used to
create images. Phantoms with and without the inclusion are
imaged and results obtained for measured data are shown
in Figure 15. Similar results are obtained for simulated data,
however images are not shown as the results appear very
similar to those in Figure 15. The inclusion is easily detected
and localized, and maximum response of the inclusion is
located 23 mm from the center of the model. The location
error likely results from challenges in orienting reflections
precisely in time, as well as the discrete nature of the
imaging procedure. The maximum response of the inclusion
is compared to the response at the same location in the
inclusion-free image. For measured data, the response with
the inclusion is 14.1 dB greater than the inclusion-free case,
demonstrating the enhancement of the inclusion response
achieved through both reduction of common reflections
and coherent summation via the focusing algorithm. For
simulated data, the ratio is 47.4 dB, demonstrating the higher
similarity between the simulated reflections, as well as the
inherent differences between measurements and simulations.

Overall, the investigation of the breast model indicates
good agreement between simulations and measurements,
which validates the accuracy of our measurements. The
response from the inclusion is easily measured given the
sensitivity of our system, and images clearly detect and
localize the inclusion.

5. Initial Measurements with a Volunteer

The work with the hemispherical model provides an assess-
ment of the similarities between simulated and measured
data for the TSAR prototype. These results suggest that
simulations of a realistic breast model may provide a means
to interpret measured reflections from human volunteers,

Table 2: TSAR scan parameters.

Parameter Value

Vertical scan extent (mm) −20 to −70

Number of rows 6

Separation between rows (mm) 10

Number of antennas per row 20

Separation of neighboring antennas (◦) 18

Rotational offset between rows (◦) 6

as the dominant reflections are expected to be similar for
measurements and simulations.

A detailed analysis of a volunteer study is performed,
using TSAR and MR scans. A volunteer is scanned with the
TSAR prototype using the scan pattern presented in Table 2
(note that the origin of the vertical axis is coincident with the
bottom of the lid) and measurement parameters discussed in
Section 2. MR images are collected with a 1.5 Tesla Siemens
Sonata MR Scanner and breast coil. The scanning sequence
is T1-weighted (Gradient Echo VIBE with variant SP/OSP).
With this sequence, fat is suppressed and glandular tissue has
higher pixel intensity in images. The pixel size is 0.4297 mm
× 0.4297 mm× 1.2 mm, and 112 images are collected for this
volunteer.

To permit us to compare simulated and measured data,
the MR images are translated into a model suitable for use
with SEMAD. Mapping pixel intensity in MR images to
electromagnetic property values involves several approxima-
tions, and the procedure used to create the breast model
follows that described in [10] with the breast interior
represented with 16 tissues. A cross-section of the realistic
model used in simulations is shown in Figure 16. The MR
and TSAR scans are both collected with the volunteer in the
prone position, however the extent and shape of the breast
differ when comparing the two systems. The key difference
is that breast also floats in the oil used as the immersion
liquid in the TSAR scanner. To compensate for this effect,
the voxel size in the z-direction (Figure 16) is reduced from
0.4297 to 0.36 mm. To approximate the locations at which
the measurements are collected, the nipple is used as a
landmark and we assume that, at the antenna row closest
to the top of the tank, the breast is centered in the scanner.
Specifically, the location of the row of antennas closest to the
nipple is determined from digital images collected during the
TSAR scan. This information is used to position the antennas
in simulation, and the scan pattern described in Table 2 is
replicated. Reflections from the breast model are simulated
using the pulse in (1).

The measured data from the volunteer are compared
with simulations of the volunteer-specific model. Figure 17
shows normalized reflections from a simulation of the
compressed breast and the corresponding experimental mea-
surement. Figure 17 shows that the signals are in reasonable
agreement with differences likely resulting from the fact that
the simulated skin is modeled as a 2.14 mm layer, while the
thickness of the skin approximated from the MR images
ranges between 1.5 mm and 3.0 mm. Similar results are
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Figure 13: (a) Calibrated reflection from the breast model recorded by the antenna situated the closest to the inclusion. Dotted line shows
the extent of the Tukey window that is used to isolate the later-time response. (b) The frequency response of the later-time component of the
signals.
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Figure 14: (a) Calibrated reflection from the breast model recorded at the same position as in Figure 13 but without any inclusion present.
Dotted line shows the extent of the Tukey window that is used to isolate the later-time response. (b) The frequency response of the later-time
component of the signals.

observed for the majority of antenna locations, as confirmed
by calculating the correlation between the measured and sim-
ulated signals. For 116 out of 120 signals, the correlation is
0.9 or better, demonstrating the similarity between measured
and simulated skin reflections recorded as the antenna is
scanned around the breast. The outliers likely originate from
areas of the model where skin thicknesses are significantly
different when compared to the actual skin thickness of
the volunteer. Therefore, the TSAR prototype is capable of
measuring reflections from volunteers and comparison of
measurements and simulations suggests that the measured
reflections are reasonable. However, detailed analysis of later-
time reflections is not considered, as numerous differences
between the model and volunteer are present (e.g., breast
shape differs from MR to TSAR and antenna locations are
approximated). This makes this comparison of small later-
time reflections extremely challenging.

6. Conclusions

In this paper, a prototype system for monostatic radar-
based imaging of the breast is described. This system scans
a single UWB antenna around the breast in order to col-
lect data, therefore differing from prototype systems for
multistatic radar-based imaging and tomography. The paper
first focuses on evaluating the performance of the system,
as this is key for gaining insight into the capabilities and
limitations of the prototype. For example, the motion

of the sensor impacts the system performance, so the
accuracy and repeatability of sensor positioning are assessed,
showing minimal errors. Microwave measurement sensi-
tivity is defined as the differences between two reflection
measurements and is used to examine the effects of time-
delay between measurements, system motion and cable
flex. Differences in measurements with a broadband load
attached show that time delay and motion do degrade
the sensitivity. By controlling cable positioning, improving
measurement environment repeatability and applying tech-
niques such as time-gating the reflections, the microwave
measurement sensitivity during the TSAR scan is assessed
to be between −70 and −80 dB. In addition, the metrics
examined appear to be informative and may be used to
evaluate performance of monostatic radar-based imaging
systems.

Once the system performance is evaluated, simulations
and measurements of a simple phantom are compared.
Although much work with both simulations and measure-
ments has been reported for microwave imaging systems,
there are only a few reports directly comparing these results.
Both early and late-time reflections recorded from a simple
phantom show very good agreement. Moreover, reflections
from homogeneous phantoms are compared with reflections
from phantoms containing inclusions, demonstrating that
the response of the inclusion is easily detected given the
sensitivity of the system. In addition, the measurement
of the weaker later-time reflections from the phantom
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Figure 15: Images of the hemispherical model created from measured data: (a) slice through the inclusion location perpendicular to the
axis of the cylinder and (b) slice through the inclusion location parallel to the axis of the cylinder. The images for the phantom without the
inclusion are shown in (c) and (d).
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Figure 16: Permittivity (a) and conductivity (b) distribution in cross-section of a simulated breast model after adjustment for floatation in
oil.



International Journal of Biomedical Imaging 11

1

0.8

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

−0.8

−1

N
or

m
al

iz
ed

 a
m

pl
it

u
de

0 0.5 1 1.5 2 2.5 3 3.5 4
×10−9

Time (s)

Simulations
Measurements

Figure 17: Reflections recorded in experiments and simulations.
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correlate with simulated results, bringing confidence to the
measurement accuracy. The resulting images indicate the
inclusion is easily detected and localized.

Finally, a scan of a volunteer is described and analysed. In
order to interpret the reflections, a volunteer-specific breast
model is created. The early-time reflections in simulations
and measurements are in excellent agreement, given the
known differences between the volunteer and model. This
provides confidence that the measured signals correspond to
reflections from the breast tissues.

Measurement perturbation due to breast movement
induced by volunteer movement or by potential turbulence
during sensor displacement were not considered in this
paper. Given the length of the scan time (30 minutes), patient
movement is expected. However, considering the resolution
of a biomedical microwave imaging system (subcentimeter
scale), small movements are not expected to significantly
affect image quality. For comparison, breast MRI can take
up to 40 minutes while achieving image resolution in the
millimeter scale. It is also important to observe that for both
modalities the patients lie in a prone position with the chest
wall resting on the breast coil or the measurement tank lid.
In this configuration, movement occurring during patient
breathing has only a limited impact on the breast position as
the breasts do not significantly move relative to the chest wall.
Based on the volunteers scanned so far (12), no significant
breast movements have been observed between the digital
images recorded at each antenna position. Breast movement
during antenna displacement or while the VNA is sweeping
could not be assessed visually. However, the good correlation
between the measured signals and simulated counterpart
using the patient specific model suggests that movement
during the VNA sweep is minimal.

Future work includes improving the agreement between
the simulated and measured reflections from volunteers and
patients, especially the later-time responses. For example,
the laser surface measurement of the breast may be used
to more accurately deform the MR-based breast model.
Combined with knowledge of microwave measurement
sensitivity, simulations of the realistic breast models may
be used to gain insight into the ability to detect a range of
tumors located at different locations in breasts containing a
variety of tissue distributions.
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A critical need exists for new imaging tools to more accurately characterize bone quality beyond the conventional modalities of
dual energy X-ray absorptiometry (DXA), ultrasound speed of sound, and broadband attenuation measurements. In this paper
we investigate the microwave dielectric properties of ex vivo trabecular bone with respect to bulk density measures. We exploit
a variation in our tomographic imaging system in conjunction with a new soft prior regularization scheme that allows us to
accurately recover the dielectric properties of small, regularly shaped and previously spatially defined volumes. We studied six
excised porcine bone samples from which we extracted cylindrically shaped trabecular specimens from the femoral heads and
carefully demarrowed each preparation. The samples were subsequently treated in an acid bath to incrementally remove volumes
of hydroxyapatite, and we tested them with both the microwave measurement system and a micro-CT scanner. The measurements
were performed at five density levels for each sample. The results show a strong correlation between both the permittivity and
conductivity and bone volume fraction and suggest that microwave imaging may be a good candidate for evaluating overall bone
health.

1. Introduction

Osteoporosis is a major health problem for roughly 55%
of the US population of 50 years of age or older. It is
characterized by low bone mass and structural deterioration
which leads to increased fragility and risk of fracture. Fifty
percent (50%) of women and 25% of men over age 50 will
have an osteoporosis-related bone fracture. The most typical
fractures occur in the hip, spine, wrist, and ribs, of which the
hip and vertebral fractures can require long-term care and
even cause death in as many as 24% of hip fracture cases [1].
This dynamic aspect of bone physiology may facilitate the use
of dielectric interrogation as a means of imaging bone health.

Assessing bone health may be a particularly good
opportunity to exploit dielectric properties for screening,
diagnosis, and in the overall management of bone treat-
ment. In parallel with previous broadband tissue dielectric

property studies [2–11], bone has received special attention.
For instance, clinicians have used electrical currents to
stimulate bone growth for several decades [12–15]. With
such treatment it is essential to both understand the reaction
of the bone to electrical stimulation as well as understand
the tissue dielectric properties for guiding the therapy. In
addition, the dielectric properties, themselves, may provide
clinically useful information with respect to assessing overall
bone health as in the case of osteoporosis and monitoring
osteogenic response to treatment. These properties have been
studied extensively up to 5 MHz [16–19]; however, tests
beyond this frequency have not proved useful to date [20]. At
lower frequencies, electrical impedance spectroscopy (EIS)
techniques, including parallel plate capacitance cells, have
been used to retrieve accurate dielectric properties [21, 22].
In fact, measurements have been made using conventional
open-ended coaxial dielectric probes at frequencies as high
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as 3 GHz, but remain unpublished. The primary reason
is that the dielectric probe technique is inherently ill-
suited to this type of measurement. While researchers have
performed experiments to determine the proximal limits of
heterogeneities when testing homogeneous materials and liq-
uids using these probes [23], first-hand experience suggests
that measurements with these probes on inhomogeneous
targets are dominated by the tissue in direct contact with
the probe. Given the heterogeneous nature of trabecular
bone samples and the potential for property and texture
variations between the less disturbed internal zones and
the bone surfaces because of the extensive manipulation
involved in preparing the samples, it is not surprising that
these probe measurements have been inconclusive. More
recent in vivo animal studies by Gabriel et al. [8] indicate
that dramatic dielectric property changes occur with age in
bone (not seen in other tissue types). This dynamic aspect
of bone physiology may facilitate exploitation of dielectric
interrogation as a means of bone health imaging.

The baseline studies by Gabriel et al. [5–7] and others
have proved useful in establishing nominal, frequency-
dependent property ranges for different tissue types and have
set the stage for further investigation of whether variations
in individual tissue dielectric properties can be predictive of
various maladies. Studies by Joines et al. [24] and Lazebnik et
al. [25, 26] have explored whether tumors exhibit dielectric
properties distinct from their normal organ. Additionally,
at frequencies below 2 GHz where the ionic flow dominates
the overall conductivity effect [27, 28], tissue conductivity
has been shown to vary linearly with temperature, and this
mechanism has been utilized in investigations of noninvasive
temperature monitoring in conjunction with thermal ther-
apy [29, 30]. Similar work has been performed in other fields
to look at tissue property variations based on physiological
phenomena other than cancer. For instance, in comparable
studies of ultrasound computed tomography, Sehgal et al.
[31, 32] showed that the speed of sound and broadband
attenuation varied considerably for liver samples depending
on overall fat and tumor content. Given that the only
substantive variations in the tissues tested in that study were
the fat and water content levels, dielectric mixture laws such
as the Maxwell-Fricke relationships would also naturally
predict similar variations [3].

In the area of ultrasound, researchers have performed
numerous studies of the effect of bone density on the speed of
sound and broadband attenuation, and several devices have
been developed and approved by the FDA for testing bone
health. For instance, the Lunar Achilles system produced by
GE Healthcare (Waukesha, WI, USA) and the Sahara Clinical
Bone Sonometer manufactured by Hologic (Bedford, MA,
USA) are both FDA approved and used routinely in clinical
situations. In the ultrasound experiments performed by
Wu et al. [33], trabecular bone samples were tested with
both dual X-ray absorptiometry (DXA) and ultrasound
transmission techniques to assess whether correlations exist
between bone mineral density (BMD) and the ultrasound
metrics—speed of sound and broadband attenuation. The
samples were tested at a baseline with both techniques and
at several subsequent times after demineralization through

submersion in acidic solvents. The ultrasound measurements
were performed with the bone specimens placed in water to
assess overall bulk property changes as the hydroxyapatite
was progressively removed and artificially replaced by the
water. (Note that hydroxyapatite is the main constituent of
the mineralized portion of the bone and is generally referred
to as bone mineral.)

We have followed a similar path for this dielectric
property study except the DXA X-ray tests have been
replaced with more exact X-ray micro-CT measurements
to determine the bone sample constituent proportions.
Furthermore, we have replaced the ultrasound transmission
measurements with microwave tomographic images. These
tissue samples do not readily lend themselves to standard
dielectric probe measurements because the trabecular bone
samples are fragile and their surfaces are uneven given
their intricate architecture. Instead, we have applied a newly
developed microwave tomographic approach utilizing a soft
prior regularization that is well suited for testing the bulk
properties of small samples of known geometries [34, 35].
The samples were placed in a test tube filled with saline
of known size in a predetermined location within the
illumination zone of our microwave tomographic system.
Prior knowledge of the sample shape, size, and location was
applied in the regularization scheme as part of the standard
image reconstruction process [34] to recover estimates of the
specimen dielectric properties. This measurement approach
is not unlike the ultrasound CT technique described by
Schreiman et al. [36] for isolated tissue samples where
the configuration geometry was also well known. While
replacement of the bone marrow with saline does not
perfectly mimic the process that normal bone undergoes
during aging and/or unnatural bone loss, it does validate
the overall notion that tissue bulk dielectric properties are
functions of the individual properties and volume fractions
of its constituents. In situ dielectric changes will likely occur
in more complicated patterns, but these measurements may
still provide important information on tissue pathology and
health.

In this paper we describe the process used in these
experiments including the tissue preparation, X-ray CT, and
microwave imaging approaches. We illustrate the technique
of applying the microwave tomographic method with soft
prior regularization to recover accurate values of the dielec-
tric properties of the bone tissue samples and the associated
tools used to assess the radiographic bone properties from
the micro-CT data. Finally, we present results demonstrating
the correlation between the bone dielectric properties and
the X-ray data metrics.

2. Methods

2.1. Bone Sample Preparation. We acquired several intact,
porcine femurs from the surgical labs at Dartmouth Hitch-
cock Medical Center from animals that had been euthanized
according to IACUC (Institutional Animal Care and Use
Committee) approved protocols. The bones were mechan-
ically stripped of all flesh using surgical blades and then
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Figure 1: Schematic diagram of a portion of a long bone showing
the articular cartilage, trabecular bone, cortical bone, medullary
cavity, and periosteum.

mounted in a bench vise under a ventilation hood. Two
2 cm diameter by roughly 3 cm long cylindrical specimens
were recovered from both femur ends using a hole saw to
extract only trabecular bone samples. The remaining cortical
shells at either end were cut off with a simple coping saw.
The bone samples were then soaked in formalin for 4 weeks.
Figure 1 shows a schematic diagram of one end of a long
bone illustrating the trabecular bone in relation to the other
components.

We applied a standard protocol used in the Anatomy
Department at Dartmouth Medical School for removing the
embedded marrow. This involved soaking each sample in
commercially available ammonia (3% solution) baths for
two weeks, followed by full-week immersions in 75%, 50%,
25% and 0% ammonia solutions (percentages with respect to
the original 3% solution). During each week, the solutions
were repeatedly refreshed to maximize the solvent effect.
The progressive decrease in ammonia concentrations was
designed to dissolve all of the marrow (high concentration
of fatty material) even within the deepest portions of the
trabecular bone specimens while also minimizing potential
damage to the intricate trabecular structure. The first set of
micro-CT images at the start of the experiments verified that
the marrow had been completely removed.

2.2. Bone Testing Procedure. The flow graph in Figure 2
illustrates the procedures used for testing and processing
the demarrowed bone samples. These steps are described in
more detail below.

(1) Removal of All Water from the Samples. This involved
placing the samples in a custom desicator attached to an
in-house vacuum source for a minimum of 4 days. We also

(1) Remove water 
from the samples

(2) Micro-CT scan

   (3) Immerse 
samples in saline

(4) Microwave scan 
     for dielectric 
        properties

(5) Acid treatment

Figure 2: Experimental procedure flow for investigating the in
vitro relationship between bone mineral and dielectric properties
of porcine trabecular bone specimens.

documented the weight, length, and diameter of each sample
at this step.

(2) Micro-CT of Each Bone Sample. We used a GE eXplore
Locus SP micro-CT system with GE MicroView 2.1.2
software for reconstructing and analyzing the images. The
protocol included using an 80 KeV/80 mAmp X-ray source,
and data was acquired with a 0.5◦ increment between views.
Photographs were taken of all samples in the X-ray chamber
to note the various physical landmarks (growth plate and
uneven height features) for registration with the microwave
imaging tests. The baseline resolution for this configuration
was 28 microns; however, because we applied a 2×2 binning
strategy during the reconstruction process to reduce noise,
the effective resolution was reduced to 56 microns. In this
case, we chose cylindrical regions of interest because of the
sample shape (Figure 3). The GE analysis algorithms have
the capability of calculating values for: BMD-bone mineral
density, BMC-bone mineral content, TMD-tissue mineral
density, TMC-tissue mineral content, and bone volume
fraction (BVF), where BVF = ((Bone Volume)/(Total Sample
Volume)) ∗ 100%. According to the manufacturer, both
BMD and BMC use parameters set by the user-selected
region of interest (ROI), and the resulting bone values are
affected by factors other than bone (e.g., soft tissue, air).
Having air included in the ROI has particularly deleterious
effects; therefore, the TMC and BVF parameters are more
biologically meaningful. These values were computed uti-
lizing calibrations against known phantoms supplied by the
manufacturer. The data acquisition time was roughly 2.5
hours for full scans while the associated micro-CT image
reconstruction process required 10 minutes for each sample.

(3) Immersion of Bone Samples in Saline. For microwave
imaging purposes, the samples were submerged in a 0.9%
saline solution in an 18 mm diameter plastic test tube with
0.5 mm wall thickness for 24 hours. The dielectric properties
of the plastic over the range of 900–1300 MHz were εr = 2.8
and σ = 0.01 S/m. After this, the test tubes were placed in
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Figure 3: Micro-CT scan of a sample bone specimen. The yellow
cylinder is the region of interest for extracting bone mineral
parameters. The size of the ROI is kept constant in the longitudinal
study for each specimen. The ROI is located at approximately the
same position to minimize variation.

a pressure chamber with a vacuum applied for 10 minutes.
This was followed by 10 minutes in the same chamber with
45 lbs/inch2 of applied pressure. This two-step procedure was
repeated three times as a way of minimizing any trapped air
bubbles within the samples.

(4) Microwave Measurements. For the dielectric property
study, the test tubes were placed at a position 3 cm offset
from the center within the illumination chamber (Figure 4).
The tank consisted of 16 monopole antennas suspended in an
80 : 20 mixture of glycerin and water which surrounded the
bone samples. The dielectric properties of the liquid mixture
were εr = 28.0, 24.9, 22.5, and σ = 1.01, 1.19, 1.35 S/m
for 900, 1100, and 1300 MHz, respectively. Each antenna
individually broadcasts a single-frequency, continuous wave
signal with the remaining 15 antennas acting as receivers.
This process was repeated for all 16 antennas acting as
the transmitter and at 11 frequencies (500–2500 MHz at a
step size of 200 MHz) to produce 2640 measurements (16
transmitters × 15 receivers × 11 frequencies). This data was
then used in our Gauss-Newton 2D imaging algorithm while
applying our soft prior regularization to extract accurate
reconstructions of the properties within the test tube zone.
The soft prior reconstruction mesh (Figure 5) illustrates
the isolation of the test tube region from the remaining
homogeneous coupling bath. (The test tube region was on
the left, instead of on the right in Figure 4 because the
reconstruction software is oriented for viewing from the
bottom of the tank to the top.) It is essentially a mirror
image of that observed from the top. This mesh information
is then included with the reconstruction algorithm to provide
nearly homogeneous values for the target zone (note, the
properties of the surrounding zone are known from direct
measurements). Single-frequency images were recovered in
under 2 minutes while allowing the algorithm to converge
for 20 iterations. The bone samples were then rinsed for 10
minutes in tap water before the next process.

Antennas
3 cm

1.8 cm

Figure 4: Position of the test tube with respect to the microwave
antennas within the imaging tank (top view). (There are 16
antennas in total, only 8 are shown for simplicity. The antennas are
positioned equiangularly on a 15.2 cm diameter circle.)
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Figure 5: Soft prior mesh for the microwave image reconstruction
comprised of 1107 nodes and 2092 triangular elements.

We investigated whether orientation of the test tube had
any deleterious effect on our measurements. For several
test cases, the test tube containing the bone specimen
was rotated 0◦, 90◦, 180◦, and 270◦ and scanned with
the microwave tomographic imaging (MTI) system. The
standard deviations for relative permittivity and conductivity
were 0.35 and 0.026 S/m, respectively. Even with this low level
of variation, orientation was taken into consideration during
the process. Each bone specimen was marked with ink and
maintained in the same direction for all scans.

(5) Acid Treatment. The bone samples were suspended in a
5% nitric acid (bone decalcifier) solution for approximately
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Figure 6: Microwave data acquisition of a saline-saturated bone
sample in a test tube submerged in an 80% glycerin bath (side view).

2 hours to remove a controlled percentage of the miner-
alization. We determined that most bone samples typically
began with roughly 40% mineral density and that each 2.1-
hour acid treatment decreased the density in increments of
approximately 10%. The protocol of acid treatment allowed
us to recover 5 measurements for each sample at different
mineral densities. All samples were rinsed in tap water for 10
minutes after each session to terminate the oxidation process.

2.3. Microwave Imaging with Soft Prior Regularization.
Figure 6 shows the microwave imaging configuration for
interrogating the trabecular bone samples. As described

above, each sample was immersed in a 0.9% saline solution
within an 18 mm diameter test tube. The reconstruction
mesh (Figure 5) only encompasses the sample domain since
the properties of the surrounding liquid are known and
are not reconstructed. The minimization statement for
the Gauss-Newton reconstruction utilizing the soft prior
regularization approach is given as

min
∥∥Γm − Γc

(
k2)∥∥2

+
∥∥Φm −Φc

(
k2)∥∥2

+ λL
{
k2 − k2

bk

}
,
(1)

where Γm and Γc are the measured and computed log
magnitude values, Φm and Φc are the measured and com-
puted phase values, k2 is the complex wave number squared
distribution at the current iteration, k2

bk is the wave number
squared for the surrounding background coupling medium,
λ is the soft prior regularization parameter and L is the soft
prior matrix. k2 comprises the permittivity and conductivity
images through the relationship k2 = ω2με + jωμσ , where ω
is the frequency in radians, μ is the magnetic permeability,
and ε and σ are the electrical permittivity and conductivity,
respectively. Note that the first two terms are essentially the
implementation of our log transformation in the Gauss-
Newton algorithm which is described in detail in Meaney et
al. [37]. (All of the details of this approach are described in
more detail in Golnabi et al. [35].) The critical aspect of the
soft prior regularization is the composition of the matrix L

R1
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(2)

Equation (2) shows the L matrix constructed with regions
R1 and R2 grouped accordingly. As shown in Figure 5,
R1 is the background region (blue), and R2 is the region
that has the bone specimen (red). There are N1 and N2

nodes in regions R1 and R2, respectively. Based on the
formation of the regularization matrix L, LTL can be viewed
as an approximation of a second-order Laplacian smoothing
operator inside each region that limits the smoothing across
the boundary of distinct regions [38].

3. Results

We used six bone specimens in this experiment, and
each was scanned by both the micro-CT and microwave
tomography systems between intervening demineralization
treatments. For all samples, the dry mass and diameters
decreased 50.90% and 12.17% on average, respectively,
with associated standard deviations of 5.88% and 2.72%,
respectively. Figure 7 shows representative 1100 MHz soft
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Figure 7: Reconstructed permittivity images (left) of the (a) 1st, (b) 2nd, and (c) 5th microwave scan of a saline-saturated bone specimen in
a test tube at 1100 MHz, respectively. The green background shows the permittivity of the coupling liquid (80% glycerin) inside the imaging
tank. The images on the right are the corresponding conductivity images.

prior permittivity and conductivity images at the (a) first,
(b) second, and (c) final imaging scans. The bath was the
same for all sessions as illustrated by the backgrounds of
each image being identical to the others. It is interesting to
note that while the dry diameters shrunk slightly from the
acid treatments, when the samples were immersed in the
saline, they expanded to fit snuggly against the test tube walls.
The properties of the recovered targets demonstrated a clear
increasing trend from the first to the last imaging session.

The data for the six samples were pooled and analyzed.
Figure 8 shows the scatter plots for the dielectric properties
versus BVF at three frequencies (0.9, 1.1, and 1.3 GHz).
Overall, both properties show a distinct downward trend
with respect to bone volume fraction for all frequencies.
The P values for both relative permittivity and conductivity
at all three frequencies are less than the 0.05 threshold
for significance. These relationships are further confirmed
with the Pearson product-moment correlation coefficients
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Figure 8: Scatter plot of dielectric properties versus bone volume fraction for saline-saturated bone specimens for different frequencies
(n = 30).

(PMCC) summarized in Table 1. (The Pearson coefficients
are a measure of the strength of linear dependence between
two variables and are defined as the covariance of the
two variables divided by the product of their standard
deviations.) The correlation coefficients for the relative
permittivity and conductivity with respect to BVF are
above the threshold (in terms of their absolute values)
for statistical significance with n = 30. The conductivity
Pearson coefficients are consistently higher than those for the
permittivity suggesting a higher level of correlation.

4. Discussion and Conclusions

We have successfully applied our microwave imaging system
to assess the dynamic dielectric properties of bone tissue

Table 1: Values for Pearson product-moment correlation coeffi-
cient of the dielectric properties and BVF.

Frequency
(GHz)

Pearson r Pearson r Threshold for statistical
significance (n = 30)εr versus BVF σ versus BVF

0.9 −0.53 −0.68 −0.37

1.1 −0.59 −0.74 −0.37

1.3 −0.60 −0.75 −0.37

samples. This is particularly important in the setting of
measuring bone samples where other techniques such as
open-ended dielectric probes have failed. The results are
consistent with what would be predicted by Maxwell-Fricke
mixture laws [4]; that is, with the decreased mineralization
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(low dielectric property values) and increased saline (higher
properties), the bulk dielectric properties of the saline-
saturated bone sample increased. They are consistent with
the findings from Chakkalakal et al. in that the variations
in dielectric properties are determined by the content in
the pore holes [21], although the operating frequencies
and variation mechanisms of dielectric property dispersions
differ. The results further confirm the flexibility and strength
of the soft prior regularization strategy in the context of
microwave imaging.

In addition, these results suggest a mechanism to explain
the correlation between bone dielectric properties and age
observed by Peyman et al. [11]. While these relationships
were hypothesized because of the dynamic nature of bone
tissue and the heavy dependence of tissue dielectric proper-
ties on water content [3], it was essential that these results be
confirmed in direct investigations.

The measurement conditions for these experiments were
suboptimal with respect to assessing the natural property
variations as functions of bone density. In the body, the
pore holes are filled with blood vessels and marrow. A
future study should extend these measurements to in vivo or
freshly excised bones to determine the contribution of these
materials in the pore holes to the dielectric properties. The
bone density variations could be induced directly by varying
the animal diets, especially the mineral content, to provide
more realistic controls. Notwithstanding, these results are a
promising first step towards understanding the relationship
between dielectric properties and bone density metrics and
set the stage for exploiting this mechanism for microwave
bone imaging as a clinical diagnostic tool.
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Microwave imaging techniques are prone to signal corruption from unwanted multipath signals. Near-field systems are especially
vulnerable because signals can scatter and reflect from structural objects within or on the boundary of the imaging zone. These
issues are further exacerbated when surface waves are generated with the potential of propagating along the transmitting and
receiving antenna feed lines and other low-loss paths. In this paper, we analyze the contributions of multi-path signals arising from
surface wave effects. Specifically, experiments were conducted with a near-field microwave imaging array positioned at variable
heights from the floor of a coupling fluid tank. Antenna arrays with different feed line lengths in the fluid were also evaluated.
The results show that surface waves corrupt the received signals over the longest transmission distances across the measurement
array. However, the surface wave effects can be eliminated provided the feed line lengths are sufficiently long independently of the
distance of the transmitting/receiving antenna tips from the imaging tank floor. Theoretical predictions confirm the experimental
observations.

1. Introduction

Multipath signals occur in numerous microwave and RF
applications when an unwanted portion of the original trans-
mission propagates along any alternate path and ultimately
couples to the receiver distorting the amplitude and phase of
the desired signal [1–4]. If the amplitude of the multipath
signal is sufficiently large, its impact can be considerable. In
multistatic radar and communication systems, these types of
interference are most often caused by reflections of either the
main beam or side lobes with objects near or actually in the
beam path. Classic examples include main beam propaga-
tion close to the earth’s surface with associated reflections off
of the ground or water (Figure 1(a)) [5]. Various approach-
es can be used to filter or compensate for these reflections
through time-gating [6] and signal time synchronization [7].

The potential for interference from multipath signals in-
creases substantially in near-field applications (Figure 1(b)),
especially in situations where the receiving and transmit-
ting hardware are integrated. A common form occurs when

multiple receive channels are employed with inadequate
channel isolation. Commercially available multichannel net-
work analyzers (e.g., ZVT8 by Rohde & Schwarz; Munich,
Germany) utilize robust strategies to minimize these signal
coupling problems. We are developing multichannel tran-
sceiving arrays for medical microwave imaging which exploit
near-field concepts to produce electrical property maps (per-
mittivity and conductivity) of tissues of interest [8, 9] and
have addressed the issue by incorporating (a) dedicated mix-
ers for each channel, (b) additional solid state switches for
isolation, (c) double- and triple-braided coaxial cables, and
(d) compartmentalized RF circuitry. The implementation
has proven effective for our application achieving channel/
signal isolation greater than 130 dB [8]. An alternative data
acquisition strategy integrates a commercial, 2-port network
analyzer with an electronic switching network to feed an
array of antennas [10–12] which is effective but also has lim-
itations because (i) dynamic range is constrained by the pro-
visions of the network analyzer, (ii) two-way signal loss is
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Figure 1: (a) Illustration of a bistatic communication between antenna towers and line-of-site versus possible multipath signals and (b)
near-field imaging tank in a liquid medium with possible reflection and surface wave propagation paths.
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Figure 2: (a) Photograph of the inside of the clinical imaging system showing the imaging tank, liquid reservoir, and antenna motion system.
The microwave electronics are housed behind the firewall to the left; (b) schematic diagram of the antenna array configuration.

incurred through the network, and (iii) the switching matrix
has relatively poor cross-channel isolation [10].

Equally important in near-field imaging is the multiple
paths a signal can take within the imaging zone. Figures 2(a)
and 2(b) show a photograph of our clinical breast imaging
tank and a schematic diagram of the antenna configuration,
respectively. In this situation, the array of 16 monopole an-
tennas surrounds the breast and can be moved to multiple
vertical positions. The antennas and target are submerged in
a solution of glycerin and water which is lossy over the op-
erating frequency range (700 MHz–3 GHz). Early empirical
tests have indicated that reflections off the tank side walls do
not impact the desired signals for an array with the antennas
mounted on a 15.2 cm diameter circle [13]. Likewise, analysis
of the monopole beam patterns as a function of frequen-
cy has shown that artifacts are minimal when the array ap-
proaches the liquid interface at the top of the tank [14].

With respect to reflections off the bottom surface, the
base of the tank was at least 1.8 wavelengths (at the lowest

frequency) below the active sections of the antennas in our
initial clinical installation when the array was located at its
lowest position during an exam. Since minimal multipath
signals resulted from reflections off the top liquid surface,
symmetry would suggest that the same should be true for
the base of the tank (Figure 1(b)). However, surface waves
can cause multipath signals that can be especially difficult to
eliminate in near-field systems. Their excitation can be com-
plex, but their propagation characteristics along two materi-
al interfaces, whether planar or along cylindrically shaped
structures, have previously been studied in depth [15–20].
Surface waves can readily propagate at the interface of two di-
electric materials or one conductor juxtaposed directly with a
dielectric. Their propagation and attenuation characteristics
are nominally determined by the electrical properties of the
two materials. In addition, their amplitude decays exponen-
tially away from the interface in the perpendicular direction
as a function of the lossiness of the complementary materials
[15].
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It should be noted that these investigations have stemmed
partially from our efforts to perform microwave tomograph-
ic images on patients in an actual MR scanner for the purpose
of exploiting the refined spatial resolution of the MR along
with the more specific nature of the tissue dielectric prop-
erties. The MR bore is quite small and places a significant
constraint of space for the microwave system. Initial attempts
included shortening the antenna feed lines associated with
the shorter illumination tank. This was where we first en-
countered multipath signal corruption which subsequently
led to this study.

In the following sections, we discuss the theoretical un-
derpinnings of these modes for the geometries present in
our system. We demonstrate cases from our current imaging
system, where the measurements indicate corruption of the
desired signals from multipath signals associated with the
base of the tank. We then show experiments that allow us to
partially isolate the effects to surface waves propagating along
other pathways. We realize that there are a number of prop-
agation modes around the antennas, their feedlines and the
tank surfaces, of which the surface waves are only one pos-
sible contributor, but understanding these contributions is
important. We present an initial strategy for minimizing the
effects of these signals which may be instructive for designing
other near-field imaging systems, including simulations con-
firming the earlier theoretical discussion and validating our
feedline design strategy.

2. Methods

2.1. MultiPath Corruption. A challenging situation occurs
when a portion of the transmitted signal propagates along an
unwanted path and recombines with the original signal at the
receiver. Because both occur at the same frequency, filtering
is generally ineffective. Time-gating strategies can sometimes
be effective when the nature of the multipath signal is well
understood [1, 2]. Attenuation is another means of dealing
with these unwanted signals. The potential influence of a
multipath signal when the original transmission is a contin-
uous wave can be written as

Resultant Signal = Acomb cos
(
ωt + φcomb

)
, (1)

where

φcomb = Acombtan−1
(
B1

A1

)
,

Acomb =
√
A2

1 + B2
1,

A1 =
[
Adecosdeφ + Amp cosφmp

]
,

B1 =
[
Adesindeφ + Amp sinφmp

]
.

(2)

Here, Ade, Amp, φde, and φmp are the desired and multipath
signal amplitudes and phases, respectively, ω is the operating
frequency, and t is time. For example, if the magnitude of
the multipath signal is 25 dB below that of the desired signal,
the maximum possible amplitude and phase errors in the
resultant signal would be 0.48 dB and 3.22◦, respectively. For

x

z2, μ0

1, μ0

Einc

H y

r

i

Figure 3: Diagram of a plane wave incident on a planar interface
between two dielectric materials.

a −15 dB multipath signal, these values increase to 1.42 dB
and 10.24◦. Clearly, the resultant phase and amplitude errors
can become very significant for multipath signals that are on
the same order of magnitude as the desired signals. It should
be noted that there can be many multipath contributions
with a range of amplitude and phase contributions. This
single contributor analysis serves to give a flavor that the un-
wanted effects can be significant and is generalizable to mul-
tiple sources.

2.2. Surface Wave Analysis

2.2.1. Planar Interface between Plexiglas Base and Coupling
Liquid. The first surface mode to be considered involves
propagation along the interface between the tank base and
coupling liquid. Following the analysis by Stratton [15],
Figure 3 shows a plane wave in Region 1 impinging on an
interface (x = 0) with Region 2. In this case, the magnetic
field (Hy) is only oriented in the y-direction (out of the
page). The complex relative dielectric properties in the two
regions are ε1 = ε′1 − jε′′1 and ε2 = ε′2 − jε′′2 , respectively.
The classic surface wave solution occurs when the reflection
coefficient is zero (at the Brewster angle), which is complex-
valued in this instance. If A is the amplitude of the incident
plane wave, then the magnetic component of the incident
and transmitted waves can be represented as

Hy = Ae[ jh1x− jβz], x > 0,

Hy = Ae[ jh1x− jβz], x < 0,
(3)

where h2
1 + β2 = k2

1 and h2
2 + β2 = k2

2 are needed to satisfy the
wave equation, k1 and k2 are the wave numbers for the two
regions, and β is the propagation constant.

The wave impedances for the two regions are given by

Z1 = h1

k1
Z1 = h1

k1
Z0

1√
ε′1 − jε′′1

,

Z2 = h2

k2
Z2 = h2

k2
Z0

1√
ε′2 − jε′′2

,

(4)
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where Z1 and Z2 are the free space impedances in the cor-
responding regions, and Z1 and Z2 are the associated wave
impedances [21, 22]. This yields

h1κ = h2, (5)

where

κ = ε2

ε1
= ε′2 − jε′′2

ε′1 − jε′′1
. (6)

From these relationships, we can solve for

h1 = k0

√
ε1(1− κ)

1− κ2
,

h2 = k0

√
ε1κ2(1− κ)

1− κ2
,

β = k0

√
ε1κ(1− κ)

1− κ2
.

(7)

2.2.2. Metallic Coaxial Conductor Surrounded by the Coupling
Liquid. In this situation, we are primarily interested in sur-
face waves propagating along the outside of a coaxial cable,
and their associated attenuation as a function of distance aft-
er the mode has been sufficiently established. For this analy-
sis, we will consider the case of a coaxial line which is abrupt-
ly terminated by an open end (Figure 4).

A coaxial cable supports a TEM-mode electromagnetic
field which is incident on the cable opening. Part of the signal
is partially reflected into the cable, while a second portion is
transmitted as a surface wave propagating along the outside
of the surrounding cable. The fields transmitted into the sur-
rounding space can be determined from the distribution at
the coaxial opening which can be found by solving the inte-
gral equation for the radial component of the electric field
over the opening:

1
4πρ

+ jωεc

∫ b

a
Eρ
(
ρ′, 0

)
Kc

(
ρ, ρ′

)
ρ′dρ′

= jωε1

π

∫ b

a
Eρ
(
ρ′, 0

)
Kc

(
ρ, ρ′

)
ρ′dρ′

∫ π

0
cosφ′

e− jkr

r
dφ′,

(8)

where εc and ε1 are the complex-valued permittivity of the
coaxial cable insulator and the surrounding dielectric mate-
rials, respectively, a and b are inner and outer coaxial radii,
respectively, ω is the operating frequency in radians, and k is
the wavenumber in the coupling liquid, where μ0 is the free
space magnetic permeability. ρ′ and ρ are the radial cylin-
drical coordinates within and outside of the coaxial cable,
respectively, φ′ is the angular coordinate within the coaxial

cable, and r is defined as r =
√
ρ2 + ρ′2 − 2ρρ′ cosφ′. The

variable Kc(ρ, ρ′) is represented as

Kc

(
ρ, ρ′

) = j
∞∑
n=0

ϕn

(
ρ
)
ϕn

(
ρ′
)

A2
nβn

, (9)



1

c
z= 0 

z

a

b
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where

ϕn

(
ρ
) = Y0

(
γna

)
J1
(
γnρ

)− J0
(
γna

)
Y1
(
γnρ

)
,

βn =
⎧⎪⎨
⎪⎩
√
k2
c − γ2

n, kc > γn

± j
√
γ2
n − k2

c , kc > γn,

A2
n =

2
π2γ2

n

[
J2
0

(
γna

)
J2
0

(
γnb

) − 1

]
, n > 0,

A2
0 = ln

b

a
.

(10)

The eigenvalue γn are solutions of the characteristic equation:

Y0
(
γna

)
J1
(
γnb

) = J0
(
γna

)
Y1
(
γnb

)
, (11)

where Jn and Yn are Bessel functions of the first and second
kind of order n, respectively, and kc is the wavenumber inside
the coaxial line. Once Eρ(ρ′, z = 0) is determined, then
electric and magnetic fields can be found at any point (ρ, z)
in the surrounding medium from

Eρ
(
ρ, z

)= 1
π

∫ b

a
Eρ
(
ρ′, 0

)
ρ′
∫ π

0

(
jk+

1
R′

)
z cosφ′

e− jkR′

R′
dφ′dρ′,

(12)

or

Eρ
(
ρ, z

) = 1
π

∫ b

a
Eρ
(
ρ′, 0

)
ρ′

×
∫ π

0

[
1
ρ
−
(
jk +

1
R′

)]
ρ− ρ′ cosφ′

R′
e− jkR′

R′
dφ′dρ′

Hφ

(
ρ, z

) = jωε1

π

∫ b

a
Eρ
(
ρ′, 0

)
ρ′

×
∫ π

0
cosφ′

e− jkR′

R′
dφ′dρ′,

(13)
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(a) (b)

(c)

Figure 5: Photographs of the three imaging tanks and antennas used in experiments: (a) taller tank with straight 10 cm feed line lengths, (b)
shorter tank with the straight 5 cm feed line lengths, and (c) the short tank with the 10 cm feed line lengths in a serpentine shape.

where

R′ =
√
z2 + ρ2 + ρ′2 − 2ρρ′ cosφ′. (14)

From these equations it follows that the electromagnetic
fields inside the surrounding medium decay approximately
as e− jkR′ .

2.3. Breast Imaging System. Figure 2(a) shows the illumina-
tion tank used in our current clinical breast imaging sys-
tem. Each monopole antenna consists of an exposed length
(3.8 cm) of 2.2 mm diameter semirigid coaxial cable with
only the center conductor and insulating Teflon layer intact.
For mechanical robustness, the coaxial feed line is enclosed
in a 6.4 mm diameter rigid stainless steel tube, and the active
section of the antenna is covered with an accompanying
length of a Delrin cylinder acting as a protective radome. The
space between the copper coaxial outer conductor and the
stainless steel sleeve is sealed at either end with silver epoxy
to eliminate wave propagation along the gap. The antennas
have a nominal return loss of –10 dB over the bandwidth of
700–3000 MHz. The black Delrin fittings at the antenna/tank
base contain hydraulic seals through which the antenna feeds
pass to allow vertical motion of the array while eliminating

any coupling fluid leakage. The 16 antennas are positioned
on a 15.2 cm diameter circle, and both sets of 8 interleaved
antennas are supported by individual mounting plates under
the tank which provide independent motion of the array
in groups of 8. The tank is fabricated out of Plexiglas with
an inner wall diameter of 27.3 cm and thickness of 1.3 cm,
and the base has a thickness of 2.5 cm. All connecting cables
are double-braided to minimize stray radiation. In these
experiments, the antennas were positioned at heights close
to the tank base (that were not used in any clinical exams) to
study the multipath phenomenon in detail.

2.4. Experimental Imaging Tanks. Figures 5(a), 5(b), and 5(c)
show three illumination tanks with different heights, arrays
of monopole antennas, and coaxial feed lines that were fab-
ricated from the same Plexiglas and had identical diameters
and wall/base thicknesses as Figure 2(a) tank. The feed lines
passed through holes in the base of each tank and were
fastened to SMA flange connectors which were bolted to the
tank floor. The tanks were filled with an 80 : 20 glycerin/water
mixture with the liquid level 1.5 cm above the antenna tips.
In Figures 5(a) and 5(c), the feed lines were both 10 cm long;
however, the latter was bent in a serpentine shape such that
the top height of the feed line was only 5 cm above the tank
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floor. The feed line in Figure 5(b) was straight and was only
5 cm long.

2.5. Material Dielectric Properties. In these experiments, we
used Plexiglas for the tank materials with a dielectric con-
stant of εr = 2.7 that was effectively lossless in this frequency
range [23]. The dielectric properties of the 80 : 20 glycerin/
water bath are plotted in Figure 6 as a function of frequency.

3. Results and Discussion

3.1. Clinical System Experiment. Utilizing the clinical system
described in Section 2.2, a +5 dBm signal was transmitted at
multiple frequencies over the 700–2500 MHz range from a
single antenna and received at the remaining 15 antennas.
This sequence was repeated for the array positioned at mul-
tiple heights above the tank base. Receive antenna amplitudes
are plotted for representative frequencies in Figure 7. At
900 MHz, the measured levels are high for the receivers clos-
est to the transmitter (relative receiver numbers 1, 2, 14, and
15) compared to the rest of the array and do not change
dramatically with changes in antenna height. However, the
amplitudes are considerably lower for the more distant re-
ceive antennas. For antenna heights 7 cm or greater (above
the tank floor), the attenuation follows a smooth curve hit-
ting a maximum at antenna 8 (which is furthest away from
the transmitter being located on the opposite side of the
array). At antenna heights 5 cm and lower, the signal levels
begin to deviate from this smooth pattern. The behavior
is consistent with the three frequencies shown in Figure 7.
Given that the distance from the antennas to the tank side
walls did not change during the experiments, and that the
antennas were sufficiently far from the liquid/air interface at
all times for any array heights (10 cm in the worst case), the
corruption of these most distantly received signals appears to
be caused by multipath propagation associated with antenna
tip proximity to the base of the tank most probably due to
reflections off of the tank base or surface wave propagation
along the dielectric interfaces.

3.2. Experimental Tanks. In this set of experiments, we
utilized the illumination tanks and antennas described in
Section 2.3. Figures 8(a) and 8(b) show the received signals
for a single transmitter over a range of frequencies for
straight feed line lengths of 10 cm and 5 cm (tanks in Figures
5(a) and 5(b)), respectively. For the longer (10 cm) lines in
Figure 8(a), the field patterns appear well-behaved like those
in the previous section, when the array was positioned at the
largest heights above the tank floor. However, the patterns
for the shorter (5 cm) line lengths in Figure 8(b) exhibit cor-
ruption of the signals resulting from the longer propagation
distances similarly to when the array heights were closest to
the base of the tank for the clinical system (in Figure 7). These
corrupted signals are nominally between −50 to −70 dBm
and occur in uneven patterns relative to the same signals
from the longer feed lines which reach −80 to −90 dBm at
the furthest antenna. For the shorter propagation distances
(i.e., the signals received at antennas 1–4 and 12–15), the

attenuation patterns from the shorter and longer feed lines
are similar (Figure 8(b) versus 8(a)). These results suggest
that the unwanted multipath signal effect is the same in both
the experimental tanks and the clinical system tests in the
previous section and depends on the antenna height from the
base of the tank. However, in Figure 8(c), the antenna feed
length is exactly the same as in Figure 8(a), but is curved
such that the antenna tip is the same height above the tank
floor as the antennas in Figure 8(b) (which led to signal
corruption); yet, the measurement results emulate those
in Figure 8(a) (which are not corrupted). Here, the active
part of the antennas is still positioned on the same 15.2 cm
diameter circle as in the other two tanks. These findings show
that the principle signal corruption observed in Figure 8(b)
is not due to reflections off the tank floor; otherwise it would
have appeared in Figure 8(c) since the antennas are at the
same position above the base for both Figures 8(b) and
8(c). It should be noted that the signal disruptions for this
situation appear more substantial than that for the antennas
used in the clinical system as discussed in Section 3.1. This is
very likely due to differences in the designs of the hydraulic
seals, feedline shielding, and antenna radome for the other
system.

More likely, the multipath signals in Figure 8(b) (with
short feed lines) result from surface waves traveling along the
outside of the coaxial lines, across the Plexiglas/liquid and/or
Plexiglas/air interface and back up the outside of the receiver
coaxial feed. The theoretical considerations in Section 2.2
indicate that the attenuation along the coaxial lines is far
more substantial than from the planar tank-base surface
wave modes. Figure 9(a) shows a plot of attenuation as a
function of frequency for 15.2 cm of Plexiglas/liquid surface
waves and indicates that very little attenuation of a surface
wave propagating along this interface occurs at the frequen-
cies we used. Thus, in our experiments, the real source of
surface wave attenuation comes from propagation along the
outside of the coaxial lines. Figure 9(b) shows plots of the
attenuation that results from single 5 and 10 cm lengths of
feed line in the coupling fluid. The theoretical predictions
of attenuation along the two 5 cm antenna feed lengths
(transmit and receive) and the path along the Plexiglas base/
liquid interface are approximately 70 dB ({2× 34 dB}+ 2 dB)
for the 1 GHz case (values interpolated from Figures 9(a) and
9(b)). Given a transmit power level of +5 dBm, the resultant
−65 dBm multipath signal for the shorter line would easily
corrupt the desired−81 dBm signal (Figure 8(a)). The 140 dB
attenuation for the longer lines easily solves this problem.
Only when the feed lines are nearly doubled in length, and
the associated surface wave attenuation increased accord-
ingly is the corruption of the desired signals reduced to an
acceptable level.

3.3. Simulated Field Distributions. Along with the analytical
discussion in Sections 2.1 and 2.2, we have also performed
simulations of the configurations described in Section 2.4.
Figures 10(a), 10(b), and 10(c) show the 900 MHz elec-
tric field magnitude distributions for the long and short,
straight antenna feed and the longer, serpentine structure,
respectively. These simulations were computed using ANSYS
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Figure 6: Dielectric properties of the 80 : 20 glycerin : water bath.
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Figure 7: Signal amplitudes measured at the receivers with the clinical system in Figure 2 for a single transmitter over a range of antenna
heights above the tank base (3, 5, 7, 9, 11, and 13 cm) for (a) 900, (b) 1300, and (c) 1700 MHz, respectively.
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Figure 8: Signal amplitudes measured at the receivers for a single transmitter in the experimental imaging tanks in Figure 5 at 900, 1300,
and 1700 MHz with the (a) 10 cm straight, (b) 5 cm straight, and (c) 10 cm curved coaxial feedlines, respectively.

(Burlington, MA, USA) HFSS version 13.0. For all cases,
there is a reasonably broad antenna pattern emanating out-
wards from the active part of the antennas, and this feature
is reasonably similar for all feed line types. For the straight
feeds—especially the longer one, it is clear that there are con-
siderable surface currents generated along the coaxial lines.
For the shorter straight one, there is a high degree of field
strength along the coaxial line within the Plexiglas volume
below the horizontal interface. The fields along the interface
generally agree with our previous notion that the surface
waves preferentially propagate within the lower-loss medium
(in this case the Plexiglas) as can be seen by the substantially
greater amplitudes directly under the line.

The results for the serpentine feedlines are consistent
with previous results in that the field strength in the Plexiglas
is lower than that for the short, straight line case. Figure 11

shows a plot of the field strength just below the liquid inter-
face from a point directly underneath the antenna extending
140 cm to the right for all three corresponding plots. The
field values are considerably less for the longer straight line
but are also less for the serpentine cases compared to the
short, straight cases. For the serpentine case, there seems to
be some signal coupling between the lower feedline bend
and the Plexiglas. As discussed in Section 1, surface waves do
decay exponentially from the surfaces, and given the prox-
imity of the feedlines and the liquid/Plexiglas interface, some
coupling is expected.

4. Conclusion

The potentially debilitating effects of unwanted multipath
signals is a critical consideration in translating near-field
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Figure 9: Surface wave attenuation as a function of frequency for (a) the planar mode at the interface between Plexiglas and the bath for a
15.2 cm length and (b) the coaxial mode with a lossy dielectric (80 : 20 glycerin : water bath) surrounding a metal conductor for 5 and 10 cm
lengths.
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Figure 10: Simulated 900 MHz electric field magnitude distributions (in dB and normalized with respect to the field at the antenna tip) for
the (a) long, straight coaxial feed, (b) short, straight coaxial feed, and (c) the longer, serpentine structure.

microwave imaging approaches into clinical and commercial
systems. For our noncontacting antenna approach, surface
waves (relative to signal reflections from the imaging tank
walls) appear to cause the biggest effects as they propagate
along the outside of the transmitting coaxial line across the
illumination tank floor and back up the coaxial feed lines of
the receivers. When the imaging tank is deep and the trans-
mitting/receiving antenna tips are sufficiently far above the

tank base, the surface wave signals are adequately suppressed
relative to the transmissions through tissue. The results pre-
sented here indicate that 9-10 cm of distance along the feed
line is adequate. However, reducing the tank depth is of inter-
est for practical reasons and is essential in some settings and
appears possible because reflections from the floor of the
tank are still too small to degrade the measured signals prop-
agating through tissue. Indeed, we found that antenna tip
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Figure 11: Graph of the 900 MHz electric field magnitudes (dB)
along the lower side of the Plexiglas : liquid interface from the point
directly under the antenna and extending horizontally for all three
distributions shown in Figure 10.

distances as little as 5 cm from the tank floor maintain re-
ceiver signal fidelity across the array provided the surface
wave contributions are attenuated through an equivalent
feedline length approaching 10 cm. These findings are signif-
icant because they indicate that the antenna array and im-
aging tank geometry can be altered substantially by manip-
ulating the shape of the antenna feed line, which can be
exploited to ensure sufficient surface wave attenuation. There
are certainly other mechanisms for multipath propagation
including coupling of fields from the feedlines directly to
portions of the breast tissue outside the immediate plane
of propagation and are certainly good topics for further
investigation.
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This paper reports the progress toward a fast and reliable microwave imaging setup for tissue imaging exploiting near-field
holographic reconstruction. The setup consists of two wideband TEM horn antennas aligned along each other’s boresight and
performing a rectangular aperture raster scan. The tissue sensing is performed without coupling liquids. At each scanning position,
wideband data is acquired. Then, novel holographic imaging algorithms are implemented to provide three-dimensional images
of the inspected domain. In these new algorithms, the required incident field and Green’s function are obtained from numerical
simulations. They replace the plane (or spherical) wave assumption in the previous holographic methods and enable accurate near-
field imaging results. Here, we prove that both the incident field and Green’s function can be obtained from a single numerical
simulation. This eliminates the need for optimization-based deblurring which was previously employed to remove the effect of
realistic non-point-wise antennas.

1. Introduction

Microwaves have been used for imaging and detection ever
since the technology to generate and receive them became
available. Microwaves penetrate many objects and materials
which are optically opaque such as living tissues, wood, ce-
ramics, plastics, clothing, concrete, and soil. Various im-
aging methods have been developed in applications such as
remote sensing, underground surveillance, concealed weap-
on detection, through-the-wall imaging, and nondestructive
testing and evaluation. For a more complete coverage, the
reader is referred to [1]. Many of the data-processing algo-
rithms currently developed for near-field tissue sensing are
rooted in these prior methods.

Microwave imaging of tissues dates back to the 1970s,
when Larsen and Jacobi carried out extensive experiments
with imaging canine kidneys [2]. They were successful in
producing two-dimensional (2D) images where various tis-
sues were clearly discernible. They measured the transmitted
signal between two antennas facing each other along bore-
sight (similar to the illustration in Figure 1). The imaged

organ was scanned in a plane perpendicular to the line con-
necting the two antennas. Thus, the recorded signal was
obtained as a function of two position coordinates, x and y,
relative to a reference point on the imaged organ. Such data
acquisition approach is often referred to as raster scanning.
Raster scanning is also suitable for holographic reconstruc-
tion and is adopted in our work.

The major challenges in microwave tissue imaging in-
clude difficulties in coupling the microwave power into the
tissue, significant tissue loss, relatively coarse resolution, sig-
nificant tissue heterogeneity, and relatively low contrast be-
tween malignant and healthy tissues.

The active microwave systems currently considered for
tissue imaging can be classified in four large groups [5]:
optimization-based microwave imaging, confocal radar-
based imaging, microwave tomography, and microwave
holography.

The work here employs the latter approach. In modern
microwave holography (e.g., see [6–9]), coherent (magni-
tude and phase) back-scattered signals are acquired on a
surface, similarly to the conventional optical holography.
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Figure 1: Microwave holography setup.

However, the reconstruction of the object is based on a
sequence of direct and inverse Fourier transforms (FTs).
The data acquired on the surface is used simultaneously in
a single reconstruction process to obtain the 3D reflectivity
distribution of the object. It can be shown [10] that this
reconstruction is based on the linear Born approximation.
Microwave holography provides a framework where, with
wideband frequency information, a 3D image of the object is
obtained in quasi-real time. In the case of a single-frequency
measurement, it provides a 2D image of the object’s cross-
section in a plane parallel to the acquisition plane (e.g., see
[7]). Microwave holographic imaging based on rectangular
and cylindrical aperture scanning has proven reliable and
is employed in concealed weapon detection, for example,
[6–9].

In [11], we extended the single-frequency 2D hologra-
phic image reconstruction to near-field microwave imaging.
This method employs not only the back-scattered (as in
[7]) but also the forward-scattered signals. The additional
information from the forward-scattered signals improves the
image quality and enables localization of the object in the
range direction. In contrast to previous work, this method
does not make any assumptions about the incident field such
as plane, spherical, or cylindrical wave representations. The
incident field is derived in a numeric form either through
simulation or measurement. This is important in near-field
imaging where the object is close to the antenna and the
planar or spherical approximations of the illuminating wave
are not valid. Green’s function was still assumed to be a
spherical wave.

In [10], we extend the 2D near-field holographic imaging
technique in [11] to 3D imaging when wideband informa-
tion is available. The proposed method has a number of
distinct features and advantages compared to the previously
proposed 3D holographic techniques. First, the method al-
lows for incorporating forward-scattered signals in addition
to the back-scattered signals. This additional information
leads to more accurate reconstruction results and also allows
for the significant suppression of image artifacts in the range
direction. Second, the method allows for an incident-field
distribution represented in numeric form. This distribution

can be obtained either through simulation or through mea-
surement with the particular antenna setup and medium.
Third, it also allows for numeric input of Green’s function,
that is, the set of signals due to point scatterers in the given
medium and received by the given antennas. These can be
efficiently obtained through simulation as proposed here.
The accurate representations of the incident field and Green’s
function for the particular problem are crucial in near-field
imaging where analytical approximations such as plane or
spherical waves are not adequate. Fourth, the numerical form
of the incident field and Green’s function necessitates a new
inversion procedure. Previous 3D holography methods [7]
relied on the analytical (exponential) form of the incident
field and Green’s function in order to cast the inversion
expression in the form of a 3D inverse FT. This limits the
technique to homogeneous background problems with far-
zone measurements. Re-sampling of the data in kz space is
also necessary, which may lead to errors. This procedure is
inapplicable with numeric representations of the incident
field and Green’s function. Instead, in [10] we solve a system
of equations in each spatial frequency pair (kx, ky) and apply
2D inverse FT to the least-square solution at planes (slices) at
all desired range locations. Note that the systems of equations
have much smaller dimensions compared to the systems of
equations in regular optimization-based microwave imaging
techniques. This reduces the ill-posedness of the problem
significantly. Thus, the 3D object is reconstructed as a set
of 2D slice images in parallel planes along the range. The
algorithm proves to be robust to high levels of noise.

In [10, 11], we employed copolarized dipole antennas
to acquire the data. These antennas are small. Thus, the
acquired data was assumed to be obtained from point
sources/receivers. This allowed us to apply the holographic
algorithms without any additional processing. However, this
is not the case when in real practice we deal with non-
point-wise antennas. In [12], we discussed that when we em-
ploy a real antenna structure to collect the data, additional
processing is required prior to applying holographic image
reconstruction. We employed blind de-convolution (deblur-
ring) to eliminate the integration (blurring) effect of the
non-point-wise antenna aperture. The major drawback of
the deblurring processing is that it is based on nonlinear
optimization procedures, which may fail to converge to the
true solution.

Here, first we present a general vectorial formulation of
3D near-field microwave holography. Then, we show how
the previously proposed scalar holographic algorithms can
be derived from this more general formulation. Further,
by using the reciprocity principle, we show that both the
incident field and Green’s function can be obtained in a single
numerical simulation. This relatively simple theoretical
development results in major progress in microwave near-
field holography since not only we eliminate the required
simulations to obtain Green’s function, but also we do not
need to apply “deblurring” signal processing. This is due to
the fact that in this approach of obtaining Green’s function,
the antenna structure is part of the medium.

We examine the performance of the 2D and 3D image
reconstruction techniques when employing TEM horn
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antennas [13] by a number of simulation and experimental
examples.

2. Vectorial Holographic Microwave Imaging

The microwave holography setup considered here employs
planar raster scanning. It consists of two antennas and an
object in between as shown in Figure 1. When using the
linear Born approximation [14], the scattered field is given
by

Esc(rP) ≈
∫∫∫

VQ

G
(

rP , rQ
) · Einc(rQ

)[
k2
s

(
rQ
)− k2

b

]
drQ, (1)

where Esc is the scattered field, G(rP , rQ) is Green’s dyadic
function, Einc is the incident field, ks and kb are the wave-
numbers of the scatterer and the background media, respec-
tively, and VQ is the inspected volume. We assume that
kb is constant in VQ. The position vectors rP and rQ
give the locations of the observation and scattering points,
respectively.

2.1. The Forward Model. As shown in Figure 1, the antennas
perform a 2D scan while moving together on two separate
parallel planes positioned at z = 0 and z = D. Assume that at
any measurement frequency fl (l = 1, 2, . . . ,Nf ) we know the
incident field Einc(0, 0, 0; x, y, z; fl) at any point rP = (x, y, z)
in the inspected volume when the transmitting antenna is at
(0, 0, 0). In addition, assume that all components of Green’s

tensor G
j
i (x, y, z; 0, 0,D; fl), i, j = x, y, z, are known for

an i-polarized point source, at (x, y, z) and the j-polarized
response at (0, 0,D). For brevity, we introduce the notations:

Einc(x, y, z, fl
) ≡ Einc(0, 0, 0; x, y, z; fl

)
,

G
(
x, y, z, fl

) ≡ G
(
x, y, z; 0, 0,D; fl

)
.

(2)

Let Esc
j (x′, y′,D, fl), j = x, y, z, be the jth component

of the forward scattered E-field received at rQ = (x′, y′,D).
This implies that the transmitting antenna is at (x′, y′, 0)
since it moves together with the receiving antenna. The back-
scattered field is analyzed similarly with rQ = (x′, y′,D = 0).

In a homogeneous or layered medium (where the layers
are in x-y planes), the incident field and Green’s tensor for
the case where the antenna pair is at (x′, y′) can be obtained
from those in (2) by a simple translation:

Einc(x′, y′, 0; x, y, z; fl
) = Einc(x − x′, y − y′, z, fl

)
,

G
(
x′, y′, 0; x, y, z; fl

) = G
(
x − x′, y − y′, z, fl

)
.

(3)

Then, as per (1), each j-component ( j = x, y, z) of the
scattered field is written as

Esc
j

(
x′, y′,D, fl

) ≈
∫
z

∫
y

∫
x
f
(
x, y, z, fl

)· ∑
m=x,y,z

g
j
m
(
x′ − x, y′ − y, z, fl

)
dx dy dz,

(4)

where

f
(
x, y, z, fl

) = k2
s

(
x, y, z, fl

)− k2
b

(
fl
)
,

g
j
m
(
x, y, z, fl

) = Einc
m

(−x,−y, z, fl
)

×G
j
m
(−x,−y, z, fl

)
m = x, y, z.

(5)

We refer to f (x, y, z, fl) as the contrast function. For
simplicity, we assume that the contrast function is frequency-
independent, that is, f (x, y, z) ≡ f (x, y, z, fl). The modifica-
tion of the algorithm when dealing with dispersive media has
been presented in [10]. Notice that (4) also implies that the
scatterer is isotropic, that is, contrast function is independent
of the polarization of the incident field.

In (4), the integral over x and y can be interpreted as a 2D
convolution integral. Thus, the 2D FT of Esc

j (x′, y′,D, fl)( j =
x, y, z) is written as

Esc
j

(
kx, ky ,D, fl

)
≈
∫

z
F
(
kx, ky , z

)
·

∑
m=x,y,z

G
j
m

(
kx, ky , z, fl

)
dz,

(6)

where F(kx, ky , z) and G
j
m(kx, ky , z, fl) are the 2D FTs of

f (x, y, z) and g
j
m(x, y, z, fl), m = x, y, z, respectively; kx

and ky are the Fourier variables with respect to x and y,
respectively.

To reconstruct the contrast function, we first approxi-
mate the integral in (6) by a discrete sum in z for the Nz

reconstruction planes:

Esc
j

(
kx, ky ,D, fl

)
≈

Nz∑
n=1

F
(
kx, ky , zn

)

·
∑

m=x,y,z

G
j
m

(
kx, ky , zn, fl

)
Δz j = x, y, z,

(7)

where Δz is the distance between two neighboring recon-
struction planes.

2.2. Inversion Procedure. For the setup shown in Figure 1,
there could be four antenna configurations when performing
the raster scan: (1) antenna 1 and antenna 2 are both x-
polarized (X–X case); (2) antenna 1 is x-polarized while
antenna 2 is y-polarized (X–Y case); (3) antenna 1 is y-
polarized while antenna 2 is x-polarized (Y–X case); (4)
antenna 1 and antenna 2 are both y-polarized (Y–Y case).

Four complex S-parameters are acquired at the two
antenna terminals at each frequency for each of the four
polarization cases listed above. These four S-parameters
constitute four separate scattered signals expressed in (1)
(two reflection and two transmission coefficients). Thus,
by performing wide-band measurements at Nf frequencies,
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from (7) Nf equations at each spatial-frequency pair (kx, ky)
is obtained as

Esc
j

(
kx, ky ,D, f1

)

≈
∑

m=x,y,z

G
j
m

(
kx, ky , z1, f1

)
F
(
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)
Δz + · · ·

+
∑
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G
j
m

(
kx, ky , zNz , f1

)
F
(
kx, ky , zNz

)
Δz

...

Esc
j

(
kx, ky ,D, fN f

)

≈
∑

m=x,y,z

G
j
m

(
kx, ky , z1, fN f

)
F
(
kx, ky , z1

)
Δz + · · ·

+
∑

m=x,y,z

G
j
m

(
kx, ky , zNz , fN f

)
F
(
kx, ky , zNz

)
Δz.

(8)

Note that in (8), the subscript j denotes the polarization
of the receiving antenna. For each configuration mentioned
above, 4 × Nf equations are obtained. Then, the systems of
equations for all four antenna configurations are combined
to form a larger system of equations. In general, this results
in a system of 12 × Nf decoupled equations, which must be
solved for F(kx, ky , zn), n = 1, 2, . . . ,Nz. Note that typically
Nz < Nf .

At each spatial frequency pair (kx, ky), a system of
equations as in (8) is solved in least-square sense to find
F(kx, ky , zn), n = 1, 2, . . . ,Nz. We emphasize that the system
of equations obtained at each (kx, ky) is much smaller than
the system of equations normally produced in optimization-
based microwave imaging techniques. This significantly
reduces the ill-posedness of our approach. Inverse 2D FT
is applied to F(kx, ky , zn), to reconstruct a 2D slice of
the function f (x, y, zn) at each z = zn plane. Then, the
normalized modulus of f (x, y, zn), | f (x, y, zn)|/M, where M
is the maximum of | f (x, y, zn)| for all zn, is plotted versus
x and y to obtain a 2D slice image of the object at each
z = zn plane, n = 1, 2, . . . ,Nz. By putting together all Nz slice
images, a 3D image of the object is obtained.

3. Obtaining Green’s Dyadic Function

Here, we assume that the antennas are fed by a coaxial cable.
We also assume that the coaxial port is at an x-y plane, as
illustrated in Figure 2, and the scattered field due to a point-
scatterer at point S is sampled on the x-axis of the coaxial
port at point P. Since the coaxial cable only supports TEM
wave propagation along the cable (only the radial component
of the E-field exists inside the cable), the sampled field at

S

x

Jsx

Jsy
Jsz

x

y
y

z

P

Coaxial port

Observation
point

Figure 2: Illustration of the coaxial port for the receiving antenna
with a point P on the port, on the x-axis and a point-scatterer at S.

point P has an x-component only. Thus, the dyadic Green’s
function with the general expression of

G(rP , rS) =

⎡
⎢⎢⎢⎣
Gx
x(rP , rS) Gx

y(rP , rS) Gx
z(rP , rS)

G
y
x(rP , rS) G

y
y(rP , rS) G

y
z (rP , rS)

Gz
x(rP , rS) Gz

y(rP , rS) Gz
z(rP , rS)

⎤
⎥⎥⎥⎦ (9)

is simplified as

G(rP , rS) =

⎡
⎢⎢⎢⎣
Gx
x(rP , rS) Gx

y(rP , rS) Gx
z(rP , rS)

0 0 0

0 0 0

⎤
⎥⎥⎥⎦. (10)

By convention, in the paired argument of Green’s tensor, the
1st position vector denotes the observation point while the
2nd position vector denotes the excitation point.

To obtain this dyadic Green’s function, one approach is
to excite sequentially all x-, y-, and z-polarized sources at
the positions S(x, y, z) of all the points (pixels) at all recon-
struction planes and to obtain the E-field response resulting
at point P. This approach is prohibitively inefficient. Instead,
we employ the reciprocity principle. If a medium is reciprocal
[14], the dyadic Green’s function fulfills

G(rP , rS) = GT(rS, rP), (11)

where G(rS, rP) implies that the source is at point P while
the observation point is at point S. The superscript T in (11)
denotes transposition. According to (11), we have

⎡
⎢⎢⎢⎣
Gx
x(rP , rS) Gx

y(rP , rS) Gx
z(rP , rS)

0 0 0

0 0 0

⎤
⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎣
Gx
x(rS, rP) G

y
x(rS, rP) Gz

x(rS, rP)

Gx
y(rS, rP) G

y
y(rS, rP) Gz

y(rS, rP)

Gx
z(rS, rP) G

y
z (rS, rP) Gz

z(rS, rP)

⎤
⎥⎥⎥⎦.

(12)
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From (12), it follows that

Gx
x(rP , rS) = Gx

x(rS, rP),

Gx
y(rP , rS) = G

y
x(rS, rP),

Gx
z(rP , rS) = Gz

x(rS, rP),

Gx
y(rS, rP) = G

y
y(rS, rP) = Gz

y(rS, rP) = 0,

Gx
z(rS, rP) = G

y
z (rS, rP) = Gz

z(rS, rP) = 0.

(13)

This indicates that we can excite the x-component at point
P (coaxial port excitation) and observe the x-, y-, and z-
components of the field at each point (pixel) at each recon-
struction plane.

Notice that the incident field Einc(x, y, z) is obtained
in exactly the same way. Thus, only one simulation per
polarization configuration is required to obtain both the
incident field and the elements of Green’s dyadic function.
The final expression for the scattered field in terms of Einc

only is

Esc(x′, y′,D, fl
)

≈
∫

z

∫
y

∫
x
f
(
x, y, z, fl

)
Einc(x′ − x, y′ − y, z, fl

)

· Einc(x′ − x, y′ − y,D − z, fl
)
dx dy dz,

(14)

where Esc is the forward scattered field due to the trans-
mitting antenna at the plane z = 0 and captured by the
receiving antenna at the plane z = D. Since we only consider
the TEM mode inside the coaxial feed of the antenna, Esc

is a scalar describing the radial component of that mode.
In measurements, Esc is represented by the transmission
scattering parameter of the two-port system formed by the
two antennas and the imaged object. Note that (14) applies
also to the case of a backscattered field if we set D = 0.

We emphasize that, in general, for each of the four
possible mutual configurations of the two antennas (X-X, X-
Y, Y-X, or Y-Y) described in Section 2.2, (14) provides a set
of four equations for the four scattering parameters acquired
with this two-port system.

4. Scalar Holographic Imaging [10, 11]

In the scalar holographic imaging, it is assumed that the
antennas are linearly polarized, for example, x-polarized [10,
11]. In this case, the radiation field of the x-polarized anten-
nas can be reasonably approximated by TMx polarization.
Thus, we consider the x-components of the incident and
scattered E-fields only. This leads to a scalar Green’s function
which is the Gx

x element of the full dyadic in (9). Thus, the
expression in (4) (for nondispersive media as discussed in
Section 2) is simplified as

Esc
x

(
x′, y′, fl

)

≈
∫
z

∫
y

∫
x
f
(
x, y, z

) · g0
(
x′ − x, y′ − y, z, fl

)
dx dy dz,

(15)

where

g0
(
x, y, z, fl

) = Einc
x

(−x,−y, z, fl
)
Gx
x

(−x,−y, z, fl
)
. (16)

Subsequently, the discretization, the construction of the
systems of equations at each (kx, ky) pair employing all fre-
quencies, and the reconstruction of the 2D images at all range
locations are implemented in the same manner as explained
above.

In order to perform 2D holographic imaging, it suffices
to collect data at a single frequency [11]. The object is posi-
tioned at z = z and its thickness along the z-axis is assumed
to be negligible. When using data at a single frequency, we
can reconstruct a 2D image at the plane of the object. At a
single frequency, (16) is simplified as

Esc
x

(
x′, y′,D

) ≈
∫
y

∫
x
f
(
x, y, z

) · g0
(
x′ − x, y′ − y, z

)
dx dy.

(17)

Next, Esc
x (x′, y′,D) is interpreted as a 2D convolution

integral. This allows for the expression of the 2D FT
Esc
x (kx, ky ,D) of Esc

x (x′, y′,D) as

Esc
x

(
kx, ky ,D

)
≈ F

(
kx, ky , z

)
G0

(
kx, ky , z

)
, (18)

where F(kx, ky , z) and G0(kx, ky , z) are the 2D FT of f (x, y, z)
and g0(x, y, z), respectively. Finally, the reconstructed reflec-
tivity function of the object is obtained as

f
(
x, y, z

) ≈ F−1
2D

⎧⎨
⎩
Esc
x

(
kx, ky ,D

)
G0

(
kx, ky , z

)
⎫⎬
⎭, (19)

where F−1
2D denotes the inverse 2D FT. The reconstructed

image can then be obtained as the magnitude of the reflect-
ivity function | f (x, y, z)|.

Note that (19) is a formal reconstruction formula and
it can be seen as the “maximum likelihood solution” if the
collected data suffer from incompleteness and/or noise. The
latter factors are often the cause for ill-posedness. However,
the technique is very robust to noise and is not ill-posed. This
is due to two factors. First, we provide sufficient sampling (in
the Nyquist sense) in the scanned apertures. Second, we note
that the incident field due to our antennas has a sharp peak in
the middle of the reconstruction plane z = z while it quickly
decreases toward the edges of this plane. This is mostly due
to the dissipation of the power in the lossy background
medium which causes significant attenuation for signals
traveling along longer paths. Therefore, G0(kx, ky , z) varies
smoothly as a function of kx and ky and the value of G0

is always significantly greater than zero for the considered
wavenumbers. Hence, the division in (19) does not lead to
ill-posedness of the inversion problem.

We should note that because of the finite size of the
apertures, not all the wavenumbers (kx, ky) can be measured.
This imposes lower and upper limits on kx and ky , which
in turn limits the cross-range resolution of the images as
discussed in [11].

The collected data from each S-parameter can be pro-
cessed using (19) to create an image of the object. In this case,
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Figure 3: The TEM horn placed in a dielectric medium with relative
permittivity of 10 with copper sheets on all outer surfaces except the
front aperture and a microwave absorbing sheet on the top surface.
L = 74 mm, s = 19 mm, and t = 30 mm.
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Figure 4: The simulation setup in FEKO. The dimensions are in
mm.

we obtain four separate images with various resolutions. To
reconstruct a single image, the datasets of all S-parameters
can be used simultaneously where a least-square solution is
sought as discussed in [11] and similarly to the inversion
procedure given in Section 2.2.

5. Results

In this section, we present the results of 2D and 3D vector
holographic imaging when employing real antennas. We
obtain both the incident field and Green’s function in a single
numerical simulation as discussed in Section 3. Also, both
tangential components of the field (x- and y-components)
are considered on the reconstruction planes. Obviously, this
leads to improved reconstruction results compared to the
scalar holography in which only the co-polarized component
of the field is considered on the reconstruction planes.

We employ simulation data to validate both 2D and 3D
holography algorithms. However, due to the availability of
only transmission S-parameters in our current measurement
setup, we present experimental results only for 2D hologra-
phy. We do not incorporate reflection S-parameters in the
simulated 2D results for congruence with the measurements.
According to our experience, the availability of the reflection
S-parameters is crucial for 3D holography reconstruction.
We note that the use of a multisensor array on the receiving
side would enable 3D holography with transmission signals
only; however, this system is currently under development.

5.1. TEM Horn Antenna Tailored for an Aperture Raster Scan-
ning Setup. The design, fabrication, and characterization of
an ultra-wideband antenna for near-field microwave imaging
of dielectric objects has been presented in [13] together with
an imaging setup based on raster scanning. The focus here

is on an application in microwave breast tumor detection.
This TEM-horn antenna (shown in Figure 3) operates as
a sensor with the following properties: (1) direct contact
with the imaged body, (2) more than 90% of the microwave
power is coupled directly into the tissue, (3) ultra-wideband
impedance match, (4) excellent decoupling from the outside
environment, (5) small size, and (6) simple fabrication.

The near-field imaging setup employs planar aperture
raster scanning. It consists of two antennas aligned along
each other’s boresight and moving together to scan two
parallel apertures. The imaged object lies between the two
apertures.

5.2. 2D Holographic Imaging Results. To verify the proposed
processing algorithms, we present simulation and exper-
imental results first employing 2D holographic imaging.
The properties of the background medium and the objects
are chosen to be close to those of biological healthy and
cancerous tissues, respectively.

In the first example, we use FEKO [15] simulation data
from the 2D raster scanning of five spheres with εr = 15
and σ = 2 S/m embedded inside a medium with εr = 10
and σ = 1 S/m as shown in Figure 4. The diameter of the
spheres is 7.6 mm and the center-to-center distance between
the spheres on the periphery is 21 mm and the center-to-
center distance between each sphere on the periphery and the
central sphere is 15 mm. The distance between the antenna
apertures is 50 mm.

The antennas perform 2D scan on a region of size
90 mm × 90 mm with spatial sampling rate of 5 mm. At each
sampling position, the complex S21 is measured at 5 GHz,
7 GHz, and 9 GHz.

Figure 5(a) shows the raw images created from calibrated
|S21| obtained with the simulation setup in Figure 4. Cali-
bration scheme has been discussed in [10, 11]. The spheres
cannot be distinguished from each other at 5 GHz. At 7 GHz
and 9 GHz, the resolution improves but still the image
quality is poor. Then, we apply the holographic imaging al-
gorithm to the complex-valued S21. Figure 5(b) shows the
reconstructed images. It is observed that the objects are viv-
idly distinguished and the quality of the images is much
improved.

We also combined the data obtained from 5 GHz, 7 GHz,
and 9 GHz in a single least-square-based image reconstruc-
tion algorithm as explained in Section 4. Figure 6 shows
the reconstructed image in which the objects are clearly
discernible.

In the second example, we use the measured data from
the 2D raster scanning setup shown in Figure 7. Two objects
are embedded in a brick-shaped phantom. The objects are
two spheres with εr ≈ 50 and σ ≈ 4 S/m resembling tumors.
They are made of alginate powder and are embedded inside
the glycerin-based phantom emulating tissue with εr ≈ 7
and σ ≈ 1 S/m, at 7 GHz. The diameter of the spheres
is about 10 mm and the center-to-center distance between
the spheres is about 16 mm. The phantom is compressed
between two thin plexi-glass sheets. The distance between the
antenna apertures after this compression is 50 mm including
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Figure 5: (a) Raw images obtained from calibrated |S21| at 5 GHz, 7 GHz, and 9 GHz, (b) normalized images after applying 2D holographic
imaging at 5 GHz, 7 GHz, and 9 GHz.
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Figure 6: Image obtained when combining the data simulated at 5,
7, and 9 GHz in a single reconstruction process based on the least-
square solution.

the sheets. The antennas perform 2D scan on a region of
size 70 mm × 70 mm with a spatial sampling rate of 5 mm.
This scanning is performed by an automatic positioning
system. At each sampling position, the complex transmission
S-parameter between the two antennas (S21) is measured at
7 GHz and 9 GHz using a vector network analyzer (VNA).
The VNA averaging and resolution bandwidth are set to 16
and 1 KHz, respectively. To improve the accuracy of the
measurements (obtain signal well above the noise floor of
VNA), an amplifier is employed in the transmitter side and a
three-stage low-noise amplifier was employed in the receiver
side.

Antennas

phantom

VNA

Figure 7: Experimental setup for aperture raster scanning.

Figure 8(a) shows the raw images created from the
calibrated |S21| obtained from the measurement setup shown
in Figure 7. The two tumor stimulants cannot be distin-
guished clearly. Then, we apply the 2D holographic imaging
algorithm to the complex-valued S21. Figure 8(b) shows the
reconstructed images. As seen in this figure, the objects are
clearly discernible.

Also, similar to the simulation results, we employed the
data obtained at 7 and 9 GHz in a single image reconstruction
technique based on least-square solution. Figure 9 shows the
reconstructed image. The two objects can be distinguished
well in this image.
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Figure 8: (a) Raw images obtained from calibrated |S21| at 7 GHz and 9 GHz, (b) normalized images after applying 2D holographic imaging
at 7 GHz and 9 GHz.

x (mm)

y
(m

m
)

−40 −20 0 20 40

−30

−20

−10

0

10

20

30

0.2

0.4

0.6

0.8

1

Figure 9: Normalized image obtained when combining the mea-
sured data obtained at 7 and 9 GHz in a single reconstruction
process based on the least-square solution.

5.3. 3D Holographic Imaging Results. In this section, we
present the simulation results for implementing 3D holo-
graphic image reconstruction for the two examples shown in
Figure 10.

In the first example, as illustrated in Figure 10(a), two
small objects with properties εr = 15 and σ = 1 S/m are
placed at a range position of 15 mm inside a homogeneous
background medium with εr = 10 and σ = 0.5 S/m. The
diameter of the spheres is 5.6 mm and the center-to-center
distance between them is 16 mm. Two antennas perform 2D
raster scan on the rectangular apertures placed at z = 0 and
z = 50 mm with size 72 mm × 102 mm. The spatial sampling
rate in both x and y directions is 3 mm. The simulated
reflection and transmission S-parameters are obtained from
in the frequency range 3 GHz to 10 GHz with a step of
0.5 GHz. The incident field and Green’s function for the an-
tennas are obtained from a single simulation of one antenna
in the absence of the objects as described in Section 3.

The 3D holographic image reconstruction algorithm is
applied to the collected data. The contrast function is re-
constructed on the planes the size of which is 140 mm ×
140 mm. The planes are at z = 5, 15, 25, 35, and 45 mm.
The distance between the planes (10 mm) is larger than the
minimum range resolution of 7 mm computed here from
the 7 GHz bandwidth. As explained in [7, 10], the range
resolution is inversely proportional to the bandwidth of the
system. Although far-field propagation has been assumed
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Figure 10: Simulation setup for two examples where spherical objects with diameter of 5.6 mm and properties εr = 15 and σ = 11 S/m are
embedded inside a homogeneous background medium with properties εr = 10 and σ = 0.5 S/m; (a) two objects placed at the range position
z = 15 mm with center-to-center distance of 16 mm and (b) two objects placed at the range position z = 15 mm with center-to-center
distance of 16 mm and a third object centered at (0, 10, 35). The dimensions are in mm.
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Figure 11: Reconstructed images for the example shown in Figure 10(a) after applying 3D holographic image reconstruction algorithm.
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Figure 12: Reconstructed images for the example shown in Figure 10(b) after applying 3D holographic image reconstruction algorithm.

in deriving the formula for range resolution, the expression
gives a good approximation in the case of near-field measure-
ments [10].

Figure 11 shows the reconstructed images. The two
objects are reconstructed correctly in the plane at z = 15 mm.
The image reconstructed at z = 25 mm shows weak artifacts
and the images at other range positions correctly do not show
the presence of any objects.

In the second example, as illustrated in Figure 10(b),
three small spherical objects with properties εr = 15 and
σ = 1 S/m are embedded between the two antennas in-
side a homogeneous background medium with εr = 10

and σ = 0.5 S/m. The diameter of the spheres is 5.6 mm.
Two of the objects are placed at a range position of 15 mm
and the center-to-center distance between them is 16 mm.
The third object is centered at the position (0, 10, 35)
mm. Two antennas perform 2D raster scan on the rec-
tangular apertures placed at z = 0 and z = 50 mm.
The size of the scanned apertures is 48 mm × 60 mm.
The spatial sampling rate in both x and y directions is
3 mm. The simulated reflection and transmission S-pa-
rameters are obtained in the frequency range from 3 to
10 GHz with steps of 0.5 GHz. The incident field and
Green’s function for the antennas are obtained from a single
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simulation of one antenna in free space as described in
Section 3.

The 3D holographic image of the contrast function is
obtained on planes of size 140 mm × 140 mm at z =
5, 15, 25, 35, and 45 mm.

Figure 12 shows the reconstructed images. The three ob-
jects are reconstructed well at the correct positions z =
15 mm and z = 35 mm. The reconstructed image at z =
25 mm shows some artifacts. However, the maximum of the
reconstructed contrast | f (x, y, z3)| (image at z = 25 mm)
is more than two times smaller than the maximum of
| f (x, y, z2)| reconstructed at z = 15 mm. The images at the
other range positions correctly do not show the presence of
any objects.

It is worth noting that the difference between the scales
in the images of Figures 11 and 12 is due to the application
of the artifact removal technique, first proposed in [10].

6. Conclusion

In this paper, for the first time, we presented the formu-
lations for a full vectorial 3D microwave holography. We
also discussed how this full vector formulation reduces to
the scalar microwave holography when considering two
linearly polarized antennas oriented in a copolarized man-
ner. Furthermore, we described a new approach based on
the reciprocity principle to obtain Green’s function from
the same simulation used to obtain the incident field.
This significantly mitigates the computational burden to
obtain Green’s function as well as eliminates the need for
implementing “deblurring” algorithms prior to microwave
holography when employing non-point-wise antennas.

We employed our recently proposed TEM-horn antennas
in a rectangular aperture raster scanning setup to acquire
wideband S-parameters. The capabilities of the proposed
processing techniques in reconstructing the shape of the
objects in 2D and 3D spatial domains were demonstrated
through a number of simulations and experiments. The
algorithms can reconstruct the object’s shapes in quasi-
real time. The images obtained from both simulations and
measurements suffer from some artifacts. The artifacts in the
experimental results are larger. In general, they are due to
the measurement noise caused by the environment and the
equipment, by the slight mis-match between the simulated
and experimental performance of the antennas, as well as
finite apertures. The artifacts in the simulated data are
weaker. They are due to the numerical noise in obtaining the
S-parameters, incident field, and Green’s function as well as
the finite aperture sizes. Proper signal processing techniques
can be employed to reduce the artifacts.

The presented techniques are promising in the micro-
wave imaging of tissues where they can provide an initial
guess for the interior of the tissue while further processing
would be employed to take into account the heterogeneity of
the tissues.
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Current clinical breast imaging modalities include ultrasound, magnetic resonance (MR) imaging, and the ubiquitous X-ray
mammography. Microwave imaging, which takes advantage of differing electromagnetic properties to obtain image contrast,
shows potential as a complementary imaging technique. As an emerging modality, interpretation of 3D microwave images poses a
significant challenge. MR images are often used to assist in this task, and X-ray mammograms are readily available. However, X-ray
mammograms provide 2D images of a breast under compression, resulting in significant geometric distortion. This paper presents
a method to estimate the 3D shape of the breast and locations of regions of interest from standard clinical mammograms. The
technique was developed using MR images as the reference 3D shape with the future intention of using microwave images. Twelve
breast shapes were estimated and compared to ground truth MR images, resulting in a skin surface estimation accurate to within
an average Euclidean distance of 10 mm. The 3D locations of regions of interest were estimated to be within the same clinical area
of the breast as corresponding regions seen on MR imaging. These results encourage investigation into the use of mammography
as a source of information to assist with microwave image interpretation as well as validation of microwave imaging techniques.

1. Introduction

X-ray mammography is the current gold standard breast
imaging technique [1]. Mammography provides high-
resolution 2D images of the breast in each of the cranial-
caudal (CC) and medial-lateral oblique (MLO) directions
and is capable of resolving fine structures such as micro-
calcifications. However, mammography has been shown to
have low sensitivity and specificity among premenopausal
women and women with dense breasts [2]. In cases where
mammography is ambiguous, complementary imaging tech-
niques such as magnetic resonance (MR) or ultrasound may
be used.

Different modalities rely on different tissue properties
in order to generate an image; for example, X-ray image
contrast results from tissue density, whereas ultrasound
imaging relies on acoustic impedance. Examining multiple
modalities can provide diagnostic information that might
be missed if only a single imaging technique was used [2].

Because of the advantages of combining information from
different sources, there is benefit in continuing to develop
new imaging methods.

Various studies have measured differences in the electro-
magnetic (EM) properties of fatty, fibroglandular, and can-
cerous breast tissues, suggesting a possible source of image
contrast [3]. These differences are the basis for development
of patient-friendly, safe, and inexpensive imaging techniques.
Specifically, EM tomography and radar-based approaches
have been proposed [4, 5]. Both techniques require the
woman to lie prone on the examination table with the breast
extending through a hole in the table top into a tank of
immersion liquid; this is similar to patient positioning in
MR image acquisition, with the additional presence of the
immersion liquid [6]. An antenna emitting low-powered
nonionizing EM radiation is then used to illuminate the
breast. The waves travelling through the breast are reflected
from internal structures and recorded on one or more
receiving antennas.
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Figure 1: Overview of the estimation algorithm. Dotted outlines indicate steps performed only on images with identifiable features.

Tissue sensing adaptive radar (TSAR) is a 3D radar-
based microwave imaging technique that is currently in the
preliminary stages of clinical testing [7]. Compared to MR
(the current 3D breast imaging modality), TSAR is less costly,
less invasive as no contrast agent is required, and does not
exclude patients with metallic implants or claustrophobia
[6]. While initial results are promising, it is challenging to
interpret the TSAR images without 3D images collected with
another modality. To this end, the preliminary TSAR study
included collection of MR images. However, MR scans are
not typically part of patient care and add considerable time
and expense to research studies.

Mammograms are a routine procedure in breast cancer
cases [1]. Using these data to assist in interpreting TSAR
would remove the dependence on MR in future studies,
allowing for a greater patient cohort. However, mammo-
grams cannot be directly compared to 3D imaging tech-
niques. The specific aim of this work is to develop a method
of interpreting mammograms in 3D. While the ultimate
goal is to visualize mammograms in conjunction with TSAR
images, MR images provide an effective tool to assist in the
development and validation of this approach.

To use mammograms to interpret TSAR data, the 2D
information must be translated into 3D space. However,
mammograms are only obtained at two orientations, ap-
proximately 45◦ apart. Furthermore, the breast is compressed
up to 50% of its original diameter, causing significant distor-
tion of the 2D images [8]. These two issues are the main chal-
lenges in estimating 3D information from mammograms.

This paper presents a method to estimate the 3D skin
surface and 3D location of regions of interest from standard
two-view mammograms. The accuracy of the estimation
is quantified by directly comparing to MR images and
computing the difference between estimated and true skin
surface in four anatomical directions.

Previous work in reconstructing the surface of the skin
from mammograms has been presented in only three related
publications [9–11]. The technique employed by Yam et al.
and Kita et al. involved eroding the breast contour to com-
pensate for compression, followed by fitting curves under the
assumption that the MLO view approximates the ML view
[9, 10]. Behrenbruch et al. refined this work by registering
mammograms to MR images for more accurate compression

compensation [11]. However, none quantified the accuracy
of their results to known 3D geometry; this work will address
that issue. Similarly, the same works present methods for
estimating the 3D location of suspicious regions seen on
mammograms, but due to differences in acquisition geom-
etry only Behrenbruch et al. were able to directly compare to
MR images, while Kita used relative metrics.

2. Methods

Figure 1 shows an overview of the methods used to estimate
ROIs and the skin surface in 3D.

First, the distortion due to compression is compensated
through registration with a 3D reference shape. Next, the two
mammographic views and their corresponding skin contours
are aligned spatially to represent physical imaging planes.
The contours are then used to estimate the skin surface by
fitting ellipses to coronal slices of the breast at equally spaced
intervals. In cases where features such as lesions could be
identified on all data sets, the 3D locations of the features
are estimated through 3D backprojection. Finally, the skin
surface and features are rendered in 3D and compared to MR
images.

2.1. Mammogram Preprocessing. In acquiring mammo-
grams, the breast is compressed up to 50% of its original
diameter, causing significant anatomical distortion of the
tissues and leading to CC and MLO projection images con-
sisting of different tissue configurations [12]. An estimation
of the projections through the undistorted breast shape is
therefore desirable in order to estimate the 3D structures.
In this work, distortion of the mammograms was reduced
through registration with projection images formed from
MR images [13]; in the future, it is anticipated that TSAR
images will be used to create these projection images.

The registration technique used a combination of land-
mark- and intensity-based registration to reduce distortion
of both the external shape and the internal tissues of the
mammograms [13]. This technique is similar to that de-
scribed by Behrenbruch et al. [11]. In addition to regis-
tration of the two images, a contour defining the breast
boundary and the locations of three anatomical landmarks
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Figure 2: Original mammogram (left) was registered to an MR projection image to remove the distortion resulting from mammographic
compression. The resulting image (right) is reduced to approximately 70% of the original surface area.

x

y

z

θ

0◦X-ray beam
vector

MLO plane
γ

(a) Left

x

y

z

θ

0◦ X-ray beam
vector

MLO plane
γ

(b) Right

Figure 3: Illustration of MLO mammographic acquisition angles.

were automatically obtained through segmentation of the
background followed by curvature computation. Figure 2
shows an example of the difference in shape between the
original mammogram and the undistorted version. Due to
the expansion of tissues during mammographic compres-
sion, the surface area of the undistorted mammogram is
approximately 30% smaller than the original.

The three circular markers of Figure 2 are anatomical
landmarks located at the nipple and the two regions of
maximum curvature where the breast meets the chest wall.
The contour defining the boundary of the breast as seen
on the MR projection is shown to illustrate the accuracy
of the shape following registration. After this preprocessing
step, only mammographic data are used to obtain the 3D
estimates.

2.2. Spatial Alignment. The preprocessing procedure of the
previous section served to map the 2D mammographic pro-
jections into an undistorted 2D projection space. However,
the relative alignment of the CC and MLO mammograms
is unknown, as a given feature visible in the projected
image can be located at any point along the X-ray beam
vector (illustrated in Figure 3). Certain assumptions about
the spatial alignment of the CC and MLO breast contours
must be made in order to begin estimating the skin surface.

Unlike previous work, which assumed a 90◦ difference of
projection angles between the CC and MLO views, this work
uses the MLO acquisition angle provided in the metadata
of digital mammograms. The MLO data (image, landmarks,
and contour) were rotated according to the reciprocal of this
angle in order to spatially align the two views. Figure 3 shows
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Figure 4: Sparse wireframe formed by spatially aligning CC and
MLO breast contours.

an example of a typical MLO acquisition angle θ, with γ
indicating the angle of rotation applied to the MLO image
and contour data. Using the coordinate system shown in
Figure 3, the CC view was rotated by 90◦ so as to lie on the zx
plane.

Following rotation, translation of the two images was
required to further align the views in an approximation of
acquisition geometry. The nipple landmarks were chosen as
the [0, 0, 0] spatial coordinate, as by definition the landmarks
in the two images are at the same location.

Further spatial alignment required further assumptions.

(i) The contour of the mammogram, describing the
largest edge or shadow of the breast, is located at the
centre of the volume along the X-ray beam vector.

(ii) The MLO data provide nipple location in the y-axis.

(iii) The CC data provide nipple location in the z-axis.

(iv) The centroid of a coronal slice taken at the chest
wall corresponds to the intersection of the midpoints
between the chest wall landmarks of both views.

Using these assumptions, the two image contours were
aligned by rotating the CC view about the z-axis and the
MLO view about the y-axis. The resulting geometry is an
estimate of the orientation of the two imaging planes during
acquisition of the mammograms. An example of the two
contours, which form a sparse wireframe model, is shown in
Figure 4. These data alone are used as the prior information
for the skin surface estimation.

2.3. Skin Surface Estimation. Examination of a given zy or
coronal plane of the breast as seen in MR reveals that the
breast is roughly elliptical in cross-section [14]; this fact
has been used in producing breast models for numerical
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Figure 5: Ellipse in canonical position (φ = 0, [zc, yc] = [0, 0]).

simulations and will be used to build the skin surface model
in this work. The ellipse equation in parametric form is

z(t) = zc + a cos t cosφ − b sin t sinφ,

y(t) = yc + a cos t sinφ + b sin t cosφ,
(1)

where [zc, yc] is the centre of the ellipse, a and b are the
scaling factors for the major and minor axes, respectively, φ is
the angle of the major axis, and the parameter t ranges from
0 to 2π. These variables are depicted in Figure 5.

Any coronal plane intersects the wireframe model of
Figure 4 at four points. However, four points are insufficient
data for ellipse fitting. Furthermore, the four intersected
points are not orthogonal to each other, resulting in an
uneven distribution around the ellipse.

To obtain the best fitting ellipse for the four known data
points of a coronal slice, the centre point [zc, yc] was assumed
to be the centroid of the four points. The rotation angle φ
was set to zero, reducing (1) to two equations with three
unknowns a, b, and t. The t parameter was estimated using
the angle of the vector from the centre point to the absolute
value of each data point (∠zy in Figure 5), providing four
solutions to (1) and allowing for a least squares fit to be
determined. The data were then rotated iteratively to various
angles φ, and the least squares fitting was repeated until the
best φ was determined.

With all the parameters of (1) determined, an ellipse was
created and displayed at the specified x location. This process
was repeated for the desired number of ellipses along the
x axis; Figure 6 shows a sample skin surface estimation. In
this example, only five coronal slices are shown for clarity; in
evaluating results, twenty slices will be rendered for a more
complete skin surface estimation.

2.4. Internal Feature Estimation. The skin surface estimate
described in the previous section describes the general shape
of the breast and provides a frame of reference to compare
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Figure 6: Sample skin surface estimation.
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Figure 7: Reconstruction of internal feature points.

the two modalities. However, identification of a particular
region of interest (ROI) is of even greater utility, providing
the 3D location of particular features of the breast. As
mammograms provide 2D views of ROIs, these regions can
be identified and their 3D location computed and displayed
relative to the skin surface estimation.

For the purpose of identifying the general ROI in 3D
space, ROIs as seen on the undistorted mammograms were
modelled as simple spheres. Corresponding features on
the CC and MLO views were identified in consultation
with a radiologist and marked as 2D circles through an
interactive display. These points were then located in 3D
space using only the mammographic data by calculating the
intersection of the two lines orthogonal to the imaging planes
as illustrated by Figure 7.

This is computed as follows:

x = xcc + xmlo

2
,

y = ymlo +
zmlo − zcc

tan−1γ
,

z = zcc,

(2)

with γ as indicated in Figure 3. The radius of the 3D sphere
was taken as the average of the two 2D circles.

3. Results and Discussion

The skin surface estimation technique was applied to six sets
of patient data, resulting in a total of twelve breast models.
Mammograms were collected digitally according to the
Canadian standards, yielding CC and MLO images at varying
resolutions. Both contrast-enhanced and fat-suppressed T1-
weighted MR images were collected, also in compliance with
the Canadian breast imaging protocols. For the purposes of
image registration and comparison with mammography, the
fat-suppressed structural MR images were used.

With the assistance of a radiologist, regions of interest on
the data sets were identified. Only one was a candidate for
internal feature location estimation due to a need for discrete
lesion visibility on all three images (CC, MLO, and MR).

For each data set, an MR image was loaded and displayed
to provide ground truth geometry. This image was aligned
as accurately as possible relative to the feature estimation
model, but it should be noted that alignment is subject
to errors due to the assumptions made in aligning the
wireframe model.

3.1. Skin Surface Estimation. Figures 8 and 9 show sagittal
and axial views of a central MR slice with the estimated skin
surface overlaid. Figure 8 is the data set used to describe
methods, while Figure 9 is the data set containing the lesion.

Examination of the skin estimations of both Figures 8
and 9 shows that, despite independent reconstruction at each
coronal slice, a smooth contour is achieved. Furthermore, the
algorithm succeeds in capturing the breast shape even when
large interpatient variations are present.

The sagittal view of the estimation shown in Figure 9(a)
shows that the ellipse technique has failed to completely
capture the cranial-caudal asymmetry of the breast shape.
This is likely due to the large breast making contact
with the side of the MR coil, resulting in a downturned
nipple and distorted MR geometry. However, the axial view
(undistorted at this location) shows excellent medial-lateral
correspondence.

A coronal cross-section of the sample data set at two
different locations is shown in Figure 10. Due to deformation
of the breast near the chest wall caused by contact with
the MR coil, the estimated ellipse fails to accurately capture
the shape at this location (Figure 10(a)). However, near
the centre of the breast, the ellipse approximation is more
reasonable (Figure 10(b)). To quantify errors in estimated
skin outline, the difference between the true skin surface as
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(a) Sagittal view (b) Axial view

Figure 8: Comparison of estimated skin surface with MR (sample data set).

(a) Sagittal view (b) Axial view

Figure 9: Comparison of estimated skin surface with MR (data set with lesion).

seen in a coronal slice of the MR image and the estimated
surface was calculated at the medial, lateral, cranial, and
caudal directions. These errors are indicated by the arrows
in Figure 10.

The skin estimation errors were computed such that neg-
ative errors represent underestimation of the breast surface.
To observe the relationship between coronal slice location
and estimation error, the errors were plotted against coronal
slice location (x-axis). The resulting error plots are shown in

Figure 11 for the two sample data sets. In both cases, it is clear
that the cranial and caudal errors tend to exceed the medial
and lateral errors. Furthermore, all of the errors tend to be
negative, suggesting a consistent underestimation of the true
skin surface.

To examine trends across all data sets, the absolute
values of the skin estimation errors were plotted against
x-axis location for all data sets (Figures 12(a) and 12(b)).
These plots also show the best-fit linear regression for each
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(a) Near chest wall (b) Near breast centre

Figure 10: Comparison of estimated skin surface with MR. Arrows indicate error between estimated and true skin surface at four anatomical
directions (arrow size exaggerated for visibility).
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Figure 11: Skin estimation error versus coronal slice (x) location for two data sets.

individual direction, as well as both directions taken together.
It should be noted that these best-fit lines are used only to
illustrate trends and are not intended as a model of the data,
as no linear relationship is expected to exist.

In both cranial-caudal and medial-lateral directions, the
best-fit line for the combined data suggests a slight trend of

increasing accuracy towards the chest wall. However, this
may be partially a result of the nonelliptical shape of the
breast at the chest wall as seen in Figure 10(a), leading
to underestimation of the true error at these x locations.
Similarly, the error at the nipple may be exaggerated due to
the small coronal cross-section, where a slight misalignment
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Figure 12: Skin estimation error versus x location.

(a) Coronal view (b) Sagittal view

Figure 13: Comparison between feature reconstructed from mammograms and corresponding feature seen on MR.

can result in significant error. A more reasonable conclusion
is that the error is approximately consistent along the x-axis
of the breast.

Comparing Figures 12(a) and 12(b) confirms that the
skin estimation technique is more accurate and consistent in
the medial and lateral directions. This can be explained by
the relative lack of data in the cranial-caudal direction due
to the 45◦ angle between image planes. Since previous work
assumed that the images were separated by 90◦, it is likely that
the current work is more accurate [10]. However, it is not
possible to directly compare the two methods, as previous
work did not assess errors relative to a ground truth.

Overall, the skin surface estimation was accurate to an
average contour deviation of 13 mm in the cranial-caudal
direction and 6 mm in the medial-lateral direction. This
is considered acceptable given the number of assumptions
required and the limited information available for estimating
the 3D skin surface. As this is the first work to quantify
the accuracy of a 3D skin surface estimation created from
mammograms, it is difficult to determine whether this result
is comparable to that of previous publications.

3.2. Internal Feature Estimation. Figure 13 shows a compar-
ison between a reconstructed feature and the MR volume of
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the only data set containing a discrete feature visible in both
modalities. The sphere marks the estimated region of the
lesion resulting from backprojection, and the corresponding
lesion on the MR is clearly visible as an opaque mass. The
3D Euclidean distance between the centroids of the true and
estimated lesion location is approximately 12 mm. While it
might seem reasonable to compare this value to the differ-
ences in Euclidean distance from lesion to nipple reported by
Kita et al. in 2002, the two metrics are not in fact identical
[10]. In the current work, Euclidean distance between lesion
centroids accounts for absolute differences, whereas in Kita’s
work the two vectors may have different directions with a
small difference in Euclidean distance. Similarly, this result
cannot be compared to the error metric computed in the 2D
mammographic space used by Behrenbruch et al. [11].

The radiology report for this patient states “mass lesion 4
o’clock right breast.” From visual inspection of Figure 13(a),
the estimated 3D feature is indeed located at 4 o’clock. More
precisely, the angle formed between the vectors from the
ellipse centre to the two points (true and estimated lesion
centroids) is 20◦. This places the estimated lesion location
within the same hour (30◦) of the breast as the ground truth,
providing a reasonably accurate 3D location of the lesion as
seen on mammography. This metric is comparable to the
“direction at front view” metric reported by Kita et al. and
within a similar range of values [10].

The major difference between the methods described in
this work and the methods of Kita et al. is the mapping
of features into the prone acquisition geometry of MR
imaging. As this similar to the geometry used for TSAR
imaging, 3D ROI prediction from mammography will enable
interpretation of TSAR images without reliance on MR data.

As a preliminary example, Figure 14 shows the exper-
imentally acquired TSAR image and original MLO mam-
mogram of this patient. Current TSAR protocol consists of
immersing the breast in canola oil, then illuminating in a
cylindrical pattern with a BAVA-D antenna described in [15].
At 200 antenna locations, measurement data are collected
from 50 MHz to 15 GHz using a vector network analyzer.
Concurrent to microwave data collection, a laser is used to
obtain an accurate estimate of the skin location [16]. These
data provide knowledge of the skin surface and are used
to assist with processing the microwave data, which is then
formed into an image using the delay-and-sum algorithm
[17].

The 3D model of Figure 13(a) places the tumour at 4
o’clock, which is in agreement with the MR data and the
radiologist’s report. Even though Figure 13 was created in
MR space instead of TSAR space, the identified ROI is likely
to compare to the circled region of enhancement detected by
TSAR, also located at 4 o’clock. However, it is difficult for a
nonradiologist to identify the corresponding lesions circled
in Figure 14.

Due to the immersion medium used in TSAR acquisition,
the breast floats and changes shape relative to MR imaging,
where the breast is hanging freely. This can be observed in
Figures 13 and 14, which have very different shapes despite
being images from the same patient. This illustrates the diffi-
culties in comparing results from different modalities. In this
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Figure 14: Comparison between experimental TSAR image and
MLO mammogram with corresponding lesion encircled.

example, it appears that the mammographic reconstruction
is a closer match to the TSAR image than the MR data, but
this is a coincidence resulting from a slight rotation of the
breast between the MR and the TSAR images.

The data for the TSAR image shown in Figure 14(a) was
acquired in a narrow range of slices around the anticipated
tumour location. This resulted in an image that does not
include the nipple or the chest wall landmarks. In the future,
TSAR images will be used to remove the distortion from
mammograms, but this was not possible in the current work
as the landmarks are essential for matching breast area.
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(a) CC (b) MLO

(c) 3D reconstruction

Figure 15: Identification of non-corresponding lesions results in mapping outside the breast volume.

Therefore, the method was developed and tested using MR
images in place of TSAR, demonstrating the effectiveness of
the technique.

3.3. Verification of Corresponding Features. A final applica-
tion for the 3D estimation methods described in this paper is
as a verification of features seen on mammography. Radiolo-
gists undergo extensive training in order to interpret medical
images; without such experience, identification of the same
feature on both mammographic views is difficult. However,
once the ROI is reconstructed in 3D, it becomes obvious
whether the two visible features correspond. Figure 15 shows
a data set where a suspected lesion is identified on the CC
and MLO views. To the untrained eye, these locations could
reasonably correspond, but the reconstruction (Figure 15(c))
clearly shows that the identified locations cannot exist
within the breast. This verification has the potential to

assist researchers and engineers in identifying true regions of
interest.

4. Limitations

The comparison between MR ground truth and mam-
mographic estimation is subject to errors related to the
assumptions in aligning the two mammographic planes (see
Section 2.2). This can be observed visually in Figure 10(b),
where the MLO plane appears to be shifted relative to the true
coronal cross-section. Such errors are not likely to impact the
overall breast shape significantly, though improvements to
the alignment would result in better error metrics.

In addition, each step of the method described in this
work requires significant estimation and a large number of
assumptions. As such, the technique has inherent inaccu-
racies and details that cannot be recovered with only two
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mammographic views, and the estimation should not be
taken as an exact model of the 3D breast. However, for
the intended purposes of assisting with microwave image
interpretation, the accuracies obtained should suffice.

5. Conclusion

The skin surface and internal feature estimation techniques
described in this paper have been found to be sufficiently
accurate to assist with microwave image interpretation
and provide a means of comparing TSAR results to the
gold standard of mammography. While similar estimation
techniques have been presented in the past, quantification
of accuracy as compared to MR imaging is novel in the
literature.

Future work will be to modify the mammogram undis-
tortion technique to account for the geometric differences
introduced by the TSAR immersion liquid. Following this,
the 3D mammographic information will be incorporated
into current TSAR image processing protocols.
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The increasing number of experimental microwave breast imaging systems and the need to properly model them have motivated
our development of an integrated numerical characterization technique. We use Ansoft HFSS and a formalism we developed
previously to numerically characterize an S-parameter- based breast imaging system and link it to an inverse scattering algorithm.
We show successful reconstructions of simple test objects using synthetic and experimental data. We demonstrate the sensitivity
of image reconstructions to knowledge of the background dielectric properties and show the limits of the current model.

1. Introduction

A number of experimental systems for microwave breast
imaging have been developed in recent years. These systems
test full-wave inverse scattering algorithms [1–4] as well
as synthetic aperture beam focusing techniques [5]. While
imaging algorithms abound in the literature, techniques to
properly model, characterize, and calibrate these systems
have lagged behind algorithm development. Investigators
have started to identify characterization as a major task,
which must be addressed in order to fully evaluate the effi-
cacy of microwave imaging for breast cancer detection. Part
of this evaluation involves separating modeling errors from
intrinsic algorithm artifacts in the final images. Thus, there is
a need for accurate models of experimental systems, as well
as methods that efficiently incorporate these models into the
imaging algorithms.

The task of characterizing a microwave breast imaging
system for inverse scattering, as compared to a free-space
system, is complicated by several factors. Specifically, the
antennas are not isolated in the background media but
exist as part of the surrounding structure. Also, compact
arrangements of many antennas create a cavity-like imaging
geometry, and the transmitter incident fields include all
background multiple scattering. Finally, the antennas and

object are in each others near-fields, so object-cavity scatter-
ing should be modeled.

In trying to characterize breast imaging systems, investi-
gators have turned to full numerical simulation. The antenna
cavity in [6] was modeled using Ansoft HFSS and only
used for antenna design and sensitivity analysis. In [7],
dipole sources of an inverse scattering experiment were
modeled with HFSS and calibration constants used to scale
the antenna incident fields. HFSS has also been used to
obtain antenna incident fields in a near-field and open,
antenna setup [8]; however, ad hoc methods have been
used to calibrate the scattered field S-parameter data for
the inverse scattering algorithm. In more recent work [9],
CST Microwave Studio was used to study and tune antenna
performance in a breast imaging cavity. Also, finite-volume
time-domain solvers of [10] modeled wide-band antennas
for time-domain beam focusing. The most complete work
to date is [11], where an FEM forward solver is used to
simulate the entire breast in the presence of the antennas,
but computational complexity remains a challenge. Despite
the growing use of numerical solvers to model breast
imaging systems, there has been no clear or formal way of
incorporating the results from full-wave numerical models
into the imaging algorithms.
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Figure 1: Microwave network model of cavity and scattering object.
S-parameters are measured between the reference planes on the
transmission lines.

Figure 2: Breast imaging system prototype. The imaging cavity is
connected to the VNA through a solid-state switching matrix. A
rotator is mounted above and turns suspended objects for multiple
transmitter views.

The task of characterizing any inverse scattering system
can be divided into three parts: (1) determining the incident
fields produced by the antennas in the absence of the object,
(2) determining the background dyadic Green’s function,
that is, modeling the interactions between the object and
its surroundings if necessary, and (3) linking the volume
integrals in the imaging algorithms to measurable transmit
and receive voltages. The purpose of this paper is to show
how we use HFSS and a formalism we developed in previous
work [12] to solve parts (1) and (3) of this characterization
problem, in order to make a numerical characterization and
inverse scattering algorithm consistent with an S-parameter
based prototype breast imaging system.

The inverse scattering algorithm we use is the Born it-
erative method (BIM) with multivariate-covariance cost
function [13–15]. This cost function allows us to exper-
imentally choose the regularization parameters based on
our prior knowledge of system noise and expected range of
permittivities. The forward solver used in the BIM requires

Figure 3: Imaging cavity. Twelve panels with three bow-tie antennas
each are solder together and to a conducting plate.

0 100 200

(mm)

Figure 4: HFSS CAD model of the imaging cavity. Twelve panels
contain three bow-tie antennas each. The bottom of the cavity is
PEC, it is filled with the coupling fluid up to the visible line, and the
top surface radiates to air.

the background dyadic Green’s function and finding it con-
stitutes part (2) of the characterization problem mentioned
above. For convenience we use the lossy free-space dyadic
Green’s function and give some numerical and experimental
justification for this. Fully modeling the multiple scattering
between the breast and the imaging structure in the forward
solver is not trivial and we discuss it in The Appendix.

We validate our methods with a combination of sim-
ulation and experiment. We first present the formalism of
[12] in the context of cavity problems. We then explain our
experimental setup, which consists of a cylindrical imaging
cavity with printed antennas, solid-state switching matrix,
and water/oil coupling medium. The HFSS numerical model
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Figure 5: Measured and simulated magnitude and phase of incident S21 between each of the three transmitting antennas and all receivers.
Solid: measured. Dots: HFSS. The groupings from left to right are the eleven receivers of each level (middle, top, and bottom), repeated for
the three transmitters (middle, top, and bottom), plotted counterclockwise when viewed from above for a given receiver level. For example,
data 38 : 48 are middle receivers and top transmitter. The magnitude and phase agree best for transmitters and receivers on the same level
(i.e., data 1 : 11, 50 : 60, and 98 : 108).

Figure 6: HFSS CAD model of the imaging cavity with mesh of
unassigned sheets to constrain the adapting meshing of HFSS for
field interpolation. Sheets are spaced every 5 mm in each direction.

is presented and the simulation results are compared to
those of experiment. We form 3D images of the relative
permittivity and conductivity using both HFSS synthetic
data and experimental data for simple targets. We also
present findings on the sensitivity of image reconstructions
to the accuracy of modeling the background electrical
properties.

Future work includes continuing the validation of our
methodology, experimentally imaging more realistic breast
phantoms, designing a hemispherical imaging cavity, inves-
tigating practical solutions to modeling the breast-cavity
scattering interactions, and developing a clinical imaging
system.
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Figure 7: HFSS convergence with number of tetrahedra for each
adaptive meshing step.

2. Formulation with Source Characterization

2.1. Traditional Volume Integral Equations. The electric field
volume integral equation (VIE) for an inhomogeneous
distribution of permittivity and conductivity is given by

E(r) = Einc(r) + k2
o

∫
G(r, r′) ·

(
δε(r′) +

iδσ(r′)
εbω

)
E(r′)dV ′,

(1)

where E(r) and Einc(r) are the total and incident fields,
respectively, and r is the position vector. The lossless
background wave number is given by k2

o = ω2μoεb, where
the background permittivity is εb = εoεrb with relative
permittivity εrb. The object contrast functions are defined:

εbδε(r) = ε(r)− εb,

δσ(r) = σ(r)− σb,
(2)

where σb is the background conductivity. The quantity
δε(r) is unitless and δσ(r) is an absolute measure of
conductivity with units of Siemens per meter and G(r, r′) is
the background dyadic Green’s function.
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Figure 8: Crosscuts through the center of the cavity of the z-component of the incident electric field due to the middle transmitter. The scale
is 20log10(|Re{Ez,inc}|) of the unnormalized field. (a) Horizontal x-y, and (b) vertical x-z, and (c) vertical y-z planes.

Defining the scattered field as

Esca(r) = E(r)− Einc(r) (3)

and restricting the observation point r to points outside the
object region in (1), we can write the VIE for the scattered
field concisely as

Esca(r) =
∫

G(r, r′) ·O(r′)E(r′)dV ′, (4)

where we define the following object function:

O(r) = k2
o

(
δε(r) + i

δσ(r)
εbω

)
. (5)

In the context of inverse scattering, (1) represents the
solution to the wave equation in the object domain, while (4)
relates the material contrasts to scattered field measurements
taken outside the object domain. Depending on the inversion
algorithm, these two equations are used in combination to

recover both the contrasts and the total fields. Traditionally,
(1) and (4) are used as they are to develop inverse scattering
algorithms.

2.2. Integral Equations for Cavity S-Parameter Measurements.
In a previous work [12], we showed that it is possible to
transform (1) and (4) so that they are consistent with an S-
parameter-based measurement system. We showed that the
resulting equations were valid for both free-space and cavity-
like geometries and went on to validate the free-space case
with an inverse scattering experiment [13]. Here, we will
summarize the results for a cavity geometry.

Consider the cavity depicted in Figure 1. An object to
be imaged is placed in the middle of the cavity. The cavity
is filled with a background material having a permittivity
and conductivity of εb and σb, respectively. The cavity is
lined with radiating apertures, which could be antennas.
Each aperture has its own feeding transmission line and S-
parameter reference plane.
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We define the normalized incident and total fields
throughout the cavity due to a transmitting aperture as

einc(r) = Einc(r)
ao

,

e(r) = E(r)
ao

,
(6)

where ao is the transmit voltage measured with respect to
the S-parameter reference plane. The normalized incident
field captures all background multiple scattering not present
between the object and the cavity.

Let transmitting apertures be indexed with i and those
receiving indexed with j. We can write (1) in terms of
the normalized incident and total fields produced by a
transmitter by dividing both sides by ao,i:

ei(r) = einc,i(r) +
∫

G(r, r′) ·O(r′)ei(r′)dV ′. (7)

This is the integral equation we will use to represent the
forward scattering solution. The normalized total field is the
field solution in the object domain and, with the appropriate
dyadic Green’s function for the cavity, includes the scattering
interactions between the object and the cavity.

In [12] we showed how to transform the scattered
field volume integral equation given by (4) into one that
predicts S-parameters. This new integral operator allows
us to directly compare model predictions to measurements
in the inversion algorithm. The two-port scattered field S-
parameter, Sji,sca, measured between the transmission line
reference planes of two apertures in the presence of an object
is given by

Sji,sca =
∫

g j(r′) ·O(r′)ei(r′)dV ′, (8)

where ei(r) is the normalized total object field produced by
the transmitter and g j(r) is the vector Green’s function kernel
for the receiver. It was also shown in [12] by reciprocity that
g j(r) is related to the normalized incident field of the receiver
as

g j(r) = − Z
j
o

2iωμ
einc, j(r), (9)

where ω is the operating frequency in radians, μ is the back-

ground permeability, and Z
j
o is the characteristic impedance

of the receiver transmission line.
Equations (7) and (8) are the integral equations we will

use for the inverse scattering algorithm. They consistently
link the electric field volume integral equations to an S-
parameter measurement system. We need only to determine
the normalized incident fields in the object domain and
the background dyadic Green’s function; no other step is
required to characterize the system, except to calibrate the
transmission line reference planes.

Lastly, in experiment, we never measure scattered field
S-parameters directly but obtain them by subtracting the S-
parameters for the total and incident fields:

Sji,sca = Sji,tot − Sji,inc, (10)

0 100 200

(mm)

Figure 9: HFSS model of a simple sphere used to generate synthetic
scattered field S-parameters.

where Sji,inc is measured in the absence of the object and Sji,tot

is measured in the presence of the object.

2.3. Determining einc(r) and G(r, r′). The normalized inci-
dent field is required in both (7) and (9) and is required
for every aperture. We can either measure it experimentally
or estimate it with simulation. Experimentally mapping the
fields requires proper probe calibration and has the added
complication in a cavity that the probe-wall interactions
cannot be neglected. An alternative approach, the one we
adopt for this paper, is to estimate the normalized incident
field with simulation. This can be done provided that we
have a computer aided design (CAD) model that accurately
represents the cavity. It is also possible in simulation to model
the feeding transmission lines and line voltages in order to
assign an S-parameter reference plane that is identical to
the reference plane used by a vector network analyzer for
the physical measurement. We will show how we use Ansoft
HFSS to accomplish this.

As stated in the introduction, determining the back-
ground dyadic Green’s function is nontrivial, especially for
arbitrary cavity geometries. Despite this, for the immediate
investigation, we use the free-space dyadic Green’s func-
tion under the condition that the background medium is
extremely lossy. Though not strictly correct, this approx-
imation is convenient provided the multiple scattering
throughout the cavity is limited by the background loss.
It also allows us, for the time being, to retain use of an
FFT-based volumetric forward solver. We give examples
later evaluating this assertion. There are several approaches
for determining or approximating the background dyadic
Green’s function for arbitrary geometries, which we discuss
in The Appendix and leave for future work.
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Figure 10: Reconstructions of a single sphere (εr , σ) = (40, 1) located at (x, y, z) = (0, 0, 2 cm) of Example 1. (a) and (c) and (b) and (d)
Relative permittivity and conductivity, respectively. (a) and (b) is the Born approximation. (c) and (d) is BIM iteration 4. Here, iterations
help retrieve the relative permittivity in (c), but the Born approximation yielded better conductivity in (b).

3. Born Iterative Method

The imaging algorithm we use is the Born iterative method
(BIM) [16–19]. The BIM successively linearizes the nonlinear
problem by alternating estimates of the contrasts and the
object fields according to the following algorithm.

(1) Assume the object fields are the incident fields (Born
approximation).

(2) Given the measured scattered field data, estimate the
contrasts with the current object fields by minimizing
a suitable cost function.

(3) Run the forward solver with current contrasts. Store
the updated object field.

(4) Repeat step 2 until convergence.

This algorithm and its implementation are described
in detail in our previous work [13], where we successfully
formed images of dielectric constant for plastic objects in a
free-space experiment. This was done using the same BIM

and the integral equations for S-parameters given above us-
ing antennas characterized with HFSS.

We use the multivariate covariance-based cost function
of [15]. The Gaussian interpretation of this cost function
allows us to experimentally justify the values we use to regu-
larize it by our a priori knowledge of the experimental noise
and range of contrast values. For the forward solver, because
we use the lossy free-space dyadic Green’s function to model
the internal scattering, we use the BCGFFT [20–22], which
we have validated with analytic solutions. In the examples
that follow, we found that 4 BIM iterations were repeatably
sufficient for the data residual and object to converge.

4. Breast Imaging System Prototype

The breast imaging system prototype we built is shown
in Figure 2. The imaging structure is a cavity, shown in
Figure 3, that was created by soldering twelve vertical panels
of microwave substrate together and soldering the collection
to a conducting base. Opposite panels are separated by 15 cm,
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Figure 11: Reconstructions of a single sphere (εr , σ) = (40, 0) located at (x, y, z) = (0, 0, 2 cm) of Example 1. Born iterations helped retrieve
the relative permittivity in (c) and are essential in recovering the conductivity in (d).

and the cavity is 17 cm long. Three antennas are printed on
each panel for a total of 36 antennas. In the prototype, the
three antennas of one panel are used as transmitters, while
all other antennas are receivers. The transmit antennas are
switched with a Dowkey SP6T electromechanical switch. The
receivers are connected through an SP33T solid-state switch-
ing matrix that was designed and assembled in-house. 2-port
S-parameter measurements were taken with an Agilent PNA-
5230A vector network analyzer (VNA) at 2.75 GHz between
each transmitter and any one receiver. This frequency was
chosen as a compromise between resolution and switch
performance, which rolls off above 3 GHz. A rotator was
mounted above the cavity and aligned in the center of the
cavity. Test objects are suspended with fishline and rotated to
provide multiple transmitter views.

4.1. Liquid Coupling Medium. We expect breast tissue to have
a relative permittivity between 10 and 60 [23]. Without a
matching medium, much of the incident power would be
reflected at the breast/air interface reducing the sensitivity of
the system [24]. Also, the contrast ratio between the object

and the background would be too high for the BIM inverse
scattering algorithm to converge.

The matching medium we use is an oil/water emulsion
developed in a previous work [25]. This fluid is designed
to balance the high permittivity and high conductivity of
water with the low permittivity and low conductivity of oil,
in order to achieve a fluid with moderate permittivity while
limiting loss as much as possible. We are also able to tune
the microwave properties of this emulsion by adjusting the
oil/water ratio. We aimed for a relative permittivity value
around 20, which brings the maximum permittivity contrast
to about 3 : 1. The fluid mixture we used was 65%/35%
oil/water.

The electrical properties of the fluid were measured us-
ing the Agilent 85070E slim form dielectric probe. The
measured properties at 2.75 GHz were (εr , σ) = (19, 0.34).
Relative permittivity is unitless; the units of conductivity
used throughout the paper are Siemens/m. When using
this value in the numerical model (presented below) the
magnitude of cross-cavity S21 required some adjustment
when compared to the measurements. We obtained the best
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Figure 12: Reconstructions of a single sphere (εr , σ) = (10, 1) located at (x, y, z) = (0, 0, 2 cm) of Example 1. Born iterations helped the
recovery of the low permittivity in (c), but at the expense of the correct conductivity value which was better with the Born approximation in
(b).

model agreement for (εr , σ) = (21, 0.475), which are the
values we use throughout the paper. We suspect that the
probe area may be too small to accurately measure the bulk
properties of the mixture, but the fluid otherwise appears
homogeneous for propagation at 2.75 GHz. We are still
investigating this effect.

When taking data, we fill the cavity with the coupling
fluid to a height that is 0.5 cm below the top edge. This
fluid height is accounted for in the numerical model. Any
fluid displacement from adding or removing test objects
is compensated in order to keep the height constant.
We have also found the emulsion to be stable over the
course of measurements, which we confirmed by comparing
transmission measurements before and after we take data for
imaging.

4.2. Antenna Design. The antennas are bow-tie patch anten-
nas, similar to the antennas in [6, 26]. They are of single
frequency and vertical polarization. The bow-tie antenna
was chosen to give more degrees of freedom to help

impedance match the antenna to the coupling fluid. The
vertical polarization was chosen for best illumination of the
object and other antennas in the cylindrical geometry. The
substrate material is Rogers RO3210, with 50 mil thickness
and reported dielectric constant of 10.2. The antennas were
originally designed to operate at 2.8 GHz in the cavity filled
with a fluid with (εr , σ) = (24, 0.34); however, after iterating,
we found best performance at 2.75 GHz in a fluid of (εr , σ) =
(21, 0.475).

4.3. System Parameters. In determining the system noise
and isolation requirements, the minimum expected signal
determines the required noise level, and the maximum
relative magnitude between signals on adjacent channels
determines the required switch path isolation. From previous
numerical studies of cavity-like breast imaging with similar
emulsion properties [27], we expect the scattered field S21

magnitude of small inclusions to be in the range from
−100 to −50 dB, and so the relative signal strength between
adjacent antennas could differ by as much as −50 dB. This
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Figure 13: Reconstructions of a single sphere (εr , σ) = (40, 0) located at (x, y, z) = (0, 0, 2 cm) of Example 1. Born iterations helped bring
out the proper conductivity value in (d).

means that the noise of our system must be less than
−100 dB, which is achievable by our VNA with averaging
and an IF bandwidth of 100 kHz or less. Also, the switching
matrix paths must be isolated by at least −50 dB.

4.4. Switching Matrix. The receivers were connected through
a SP33T solid-state switching matrix that was designed and
assembled in-house. The matrix consists of two custom
SP16T solid-state switching matrices and a cascaded pair of
Miniciruits SPDT switches. Each SP16T switch is composed
of two layers of SP4T Hittite HMC241QS16 nonreflective
switches, which are buffered at the output by a third layer
consisting of a single SPDT Hittite HMC284MS8GE on
each path. The buffer layer was added to increase interpath
isolation. The switch is controlled with an embedded digital
board and computer parallel port. The operating band of
the switching matrix is between 0.1–3 GHz. The overall loss
of a path through the SP33T matrix is no worse than 8 dB
across the band. We measured the switch path isolation to
be better than −55 dB between 1–3 GHz, which meets the
criteria above.

By separating the transmitter and receiver switching, the
isolation between these two operation modes is dictated
by the network analyzer and the cables. In more realistic
systems, where the antennas are dual mode and so object
rotation is not necessary, the isolation requirements are more
stringent, because the transmit amplitude will be orders of
magnitude larger than the scattered field.

4.5. VNA Calibration. Two-port VNA calibrations were
accomplished between each transmitter and each receiver.
The S-parameter reference planes were calibrated to the
points where the cables connect to the antenna. These
reference planes are identical to those in the HFSS CAD
model (presented below). While calibrating, we left the
unused ports open with the rationale that the one-way
switch isolation of −55 dB provided sufficient matching to
the open ports. Short-open-load measurements for a 1-
port calibration were taken for each antenna. Next, we
measured the through path between the transmitter and each
receiver using a connector. In software, we combined the
1-port and through measurements to accomplish a 2-port
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short-open-load-through (SOLT) calibration with arbitrary
through between each transmitter and receiver for a total
of 99 separate 2-port calibrations. The calibration for a
particular transmitter/receiver pair is recalled in the VNA
before taking data.

5. Numerical Model

We use Ansoft HFSS to numerically model the cavity, similar
to [27]. We use it several ways. First, we model the feeding
transmission lines in order to assign S-parameter reference
planes that are identical in both simulation and experiment.
Second, we estimate the normalized incident fields due to
the transmitters throughout the cavity for use in (7) and
(9), where the normalized incident fields now include all
background multiple scattering not present between the
object and the cavity. Also, we use the model to generate
synthetic scattered field S-parameters of numerical targets
in order to study the performance of the inverse scattering
algorithm given the source geometry and system parameters.

Figure 4 shows the HFSS CAD model of the 12-sided
cavity. The model includes the panel thickness and dielectric
constant, bottom conductor, probe feed, coupling fluid prop-
erties, and height of the fluid. Same as in the experiment, the
cavity is filled to a height that is 0.5 cm below the top (seen
as the line below the top edge of the cavity). The remaining
0.5 cm is air with a radiating boundary condition. The outer
boundary of the cavity is PEC.

Next we compare measured and simulated incident S-
parameters in order to access the accuracy of the model.
Figure 5 shows the magnitude and phase, respectively, of
the measured and simulated incident S-parameters between
each transmitter and all receivers. The magnitude and phase
agree best when the receivers are on the same level as the
transmitter. In this case, the magnitude agrees generally to
within 3 dB, for all three levels, and the phase agrees to within
30 degrees, which is approximately λ/10, a common metric
for many microwave systems. For measurements between
antenna levels in Figure 5, the agreement is not as good
in magnitude, but the phase error remains similar to the
previous cases. This also shows that the one-way path loss
across the cavity is approximately −50 dB, so we expect any
multiple scattering to be localized. This partially justifies our
approximation of the cavity dyadic Green’s function with the
lossy free-space dyadic Green’s function.

When computing the incident fields, the center of the
cavity was meshed with a coarse Cartesian grid of sparse
unassigned sheets, shown in Figure 6. Sheets are spaced
every 5 mm in the x, y, and z directions. The spacing is
approximately λ/5 at 2.75 GHz in the fluid with relative
permittivity of 21. We have found that this helps constrain
the adaptive meshing of HFSS when we obtain the incident
fields by interpolating the FEM mesh onto a fine Cartesian
grid, [12].

When simulating the structure, with or without scat-
tering targets, we use a convergence criterion of ΔS =
0.02 which is reached in 7 adaptive meshing iterations.
A typical simulation completed with approximately 1.4
million tetrahedra using 23.5 GBytes of RAM and swap

0 100 200

(mm)

Figure 14: HFSS CAD numerical breast phantom of Example 2.
The inclusion is 2 cm in diameter with relative permittivity and
conductivity contrasts of 2 : 1. The skin layer is 2 mm thick.

space to obtain a full 36 × 36 S-matrix. Simulations took
approximately 25 hours on a dual E5504 Intel Xeon (2x Quad
Core) desktop with 24 GBytes of RAM. Figure 7 shows a
typical convergence rate as a function of tetrahedra.

We obtained the incident fields for only the three
transmitters. The incident fields for the receivers were
obtained through rotation, where we assume the 12 panels
of the experimental cavity are identical. The incident fields
were sampled on a 17 cm × 17 cm × 18 cm grid with 1 mm
spacing, which is λ/24 at 2.75 GHz in a fluid with relative
permittivity 21. In simulation, the average transmit power
was 1 Watt, so, from transmission line analysis, the line
voltage is given by

ao =
√

2PaveZo =
√

2Zo, (11)

which is used in (6). The phase of ao is zero because the
S-parameter reference planes of the HFSS model and the
experimental cavity were identical.

Figure 8 shows three crosscuts of the z-component of the
incident electric field through the center of the cavity for the
center transmitter in a fluid of relative permittivity of 21 and
conductivity 0.475 at 2.75 GHz. The coordinate origin is at
the center of the cavity, and the transmitter is located on the
positive x axis. The effects of the cavity on the incident field
are seen in Figure 7, where the fields are guided by the walls
of the cavity; the coaxial feeds are also visible; the fluid-air
interface is visible in Figures 8(b) and 8(c).

6. Image Reconstructions

6.1. Synthetic Data. We first test the BIM and numerical
characterization using synthetic data from HFSS. This is
to assess the performance of the algorithm and source
geometry under near ideal circumstances. We simulated the
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Figure 15: Reconstructions of the HFSS numerical breast phantom in Example 2 after four iterations. (a), (c), and (e) and (b), (d), and (f)
Relative permittivity and conductivity, respectively. (a) and (b), (c) and (d), and (e) and (f) Cuts at x = 0 cm, y = 0 cm, and z = 3 cm. The
relative permittivity of the inclusion is recovered, but both images contain many artifacts.
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Figure 16: HFSS CAD numerical breast phantom with skin
layer, fat layer, glandular tissue, and chest wall of Example 3.
The inclusion is 1 cm in diameter with relative permittivity and
conductivity contrasts of 2 : 1.

scattered field S-parameters of simple numerical objects and
use these data as measurements in the inversion algorithm.
HFSS scattered field data includes any multiple scattering
between the object and the cavity. The background medium
had a relative permittivity of 21 and a conductivity of
0.475 Siemens/m. The incident fields were computed with
these background parameters and used in volume integral
equations.

Example 1. We first used HFSS to simulate the scattered
field S-parameters for a single 1.5 cm diameter sphere located
at (x, y, z) = (0,0,2 cm) with four combinations of relative
permittivity and conductivity: (40, 1), (40, 0), (10, 1), and
(10, 0). The HFSS model is shown in Figure 9. Figures 10,
11, 12, and 13 show images of the first and fourth BIM
iterations for each object. As shown, in some cases, the
BIM steps were essential in recovering the correct property
values of the sphere; in other cases, the relative permittivity
was improved at the expense of the conductivity value.
These images show that the source geometry and numerical
characterization are adequate for the retrieval of some object
property combinations, but not others. This fact, together
with the visible artifacts, suggests that the images could be
improved with a denser source geometry.

Example 2. Next we imaged a more anatomical numerical
breast phantom. The numerical phantom is shown in
Figure 14. The breast is 9 cm at the widest point and 6 cm
deep. The outer layer is a 2 mm thick skin layer, and the
inclusion is 2 cm in diameter. The dielectric properties of the
skin layer, glandular tissue, and inclusion, respectively, are
(εr , σ) = {(45,1.59), (21, 0.475), and (42, 0.8)}, which were
obtained from [28]. We assume we know the volume region
of the breast, so we mask that volume excluding all other
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Figure 17: Reconstructions of the HFSS numerical breast phantom,
which includes the chest wall of Example 3. (a) and (b) Relative
permittivity and conductivity, respectively. The object could not be
reconstructed.

points during inversion. Figure 15 shows the reconstructed
relative permittivity and conductivity after 4 iterations for
three cuts. The relative permittivity of the inclusion is
recovered, but the conductivity of the inclusion is not
recovered. The skin layer is also visible in the conductivity
images. Both sets of images suffer from artifacts, which is due
to the sparse spatial sampling of the antennas and indicates
that the images can be improved with more angular views.

Example 3. To push the algorithm, we imaged a phantom
that included a skin layer, fat layer, glandular tissue, chest
wall, and inclusion, with relative permittivity and conductiv-
ity, respectively, of (45, 1.6), (5.1, 0.16), (21, 0.475), (52, 2.0),
and (40, 1.0). The HFSS model is shown in Figure 16. The
reconstructions are shown in Figure 17. In this case the
algorithm failed to recover the contrasts. This suggests that
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Figure 18: Continued.
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Figure 18: Sensitivity of image reconstructions to background permittivity for Example 4. (a), (c), (e), (g), and (i) and (b), (d), (f), (h), and
(j) Relative permittivity and conductivity, respectively. The scattered field data was generated in HFSS in a background of (21, 0.475). The
reconstructions are done with assumed background relative permittivities of 20, 20.5, 21, 21.5, 22 for (a) and (b), (c) and (d), (e) and (f),
(g) and (h) and (i) and (j), respectively. The recovered contrasts of the sphere oscillate about the background.

(1) the object is too different from the background for the
BIM to converge, (2) object-cavity interactions are too strong
to use the free-space dyadic Green’s function, or (3) images
cannot be constructed if the chest wall is not modeled,
meaning that it is necessary to model the chest wall for the
incident fields and the dyadic Green’s function.

Example 4. Finally, we studied the effects of different back-
ground permittivities when forming images. This represents
a case in experiment where the measurements are taken in
a fluid with some set of properties, but the fluid properties
we use in the model are slightly off. We formed images using
HFSS scattered field data of the sphere with (εr , σ) = (40, 0)
in a background of (εb, σ) = (21, 0.475), but where we use
incident fields from five different background permittivities:
{20, 20.5, 21 (again), 21.5, 22} and the same conductivity.

Figure 18 shows 3D crosscuts at the fourth BIM iteration
for all five backgrounds. Figures 18(e) and 18(f) are the
correct images. Notice that an error in the background
permittivity of 1, or 5%, is enough for the reconstructed
object contrast to oscillate, demonstrating that reconstruc-
tions are very sensitive to our knowledge of the background
properties.

6.2. Experimental Data. At this time, only simple plastic
objects have been imaged with the experimental system;
however, future work includes imaging more realistic breast
phantoms. Among the test objects, we show the results
here for several acrylic spheres. The objects were suspended
from a platform and rotated to 12 positions in 30 degree
increments. Scattered field S-parameter measurements from
each position were combined to yield a full 36 × 36 S-
parameter matrix, which was used in the inverse scattering
algorithm.

Experiment 1. We imaged a single acrylic sphere, shown in
Figure 19. The diameter of the sphere was 2.54 cm, with

properties (εr , σ) = (2.7, 0). The sphere was located at
approximately (x, y, z) = (1.5 cm, 1.5 cm, 0). Figure 20 shows
the reconstructions after 4 iterations of the x-y plane.
The inversion domain is masked so that only a cylindrical
region containing the rotated object is imaged. We also
imaged two acrylic spheres, shown in Figure 19. Figure 21
shows the reconstructions after 4 iterations. In both cases,
the relative permittivity is recovered quite well, and the
conductivity contrast is correctly valued but the shape is
incorrect. There are also many artifacts present. Given that
the imaging algorithm could recover the single sphere using
HFSS data, we can attribute these discrepancies to differences
between the experiment and the model, such as knowledge in
the coupling medium properties, substrate properties, VNA
calibration, cavity size measurements, or object motion.

Experiment 2. Finally, while the primary discussions in this
paper concern a cavity having antennas that operate at
2.75 GHz, we also built a lower frequency cavity where the
antennas operate at 915 MHz. This cavity was numerically
characterized using the same methods, but the background
fluid properties were (εr , σ) = (23, 0.1). Figure 22 shows
the cavity with three acrylic spheres. Two spheres are
located in the x-y plane, while the third is positioned at
approximately (x, y, z) = (4 cm, −3 cm, 5 cm). We imaged
the relative permittivity and conductivity, and the results
after 4 iterations are shown in Figure 23. The shape and
properties of the two in-plane spheres are well recovered.
The third sphere is also detected but cut off at the upper
left of the imaging domain. Artifacts are also present, but
this example better demonstrates that the numerical charac-
terization, BIM, and free-space Green’s function are capable
of recovering objects in this cavity and source geometry. It
should be noted that images formed with data at 915 MHz
are less susceptible to modeling errors because the cavity
and objects are electrically smaller, but the resolution is
reduced.
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(a)

(b)

(c)

Figure 19: Test objects and coupling fluid for Experiment 1. (a)
Single suspended acrylic sphere. (b) Two acrylic spheres. (c) Cavity
filled with the coupling medium. Objects are suspended and rotated
from the nylon platform.

6.3. Discussion. Overall, the imaging algorithm, numerical
characterization, and experiment worked with some success,
and there are several areas for continued investigation.

First, Examples 1 and 2, and also Experiments 1 and
2, validate the technique described in this paper showing
that the numerical characterization of the cavity incident
fields and the use of the vector Green’s function formulation
linking the incident fields to the inverse scattering algorithm
can be used to successfully form images in a cavity geometry.
Examples 1 and 2 demonstrate the consistency of the method
using synthetic scattered field S-parameter data. Experiments
1 and 2 show that the characterization and experiment
agreed enough for the BIM to recover the location and
permittivity of the test objects. More realistic phantoms

0 2 4

0

2

4

x (cm)

y 
(c

m
)

BIM: 4

5

10

15

20

25

30

35

40

45

−2

−2

−4
−4

(a)

0 2 4

0

2

4

x (cm)

y 
(c

m
)

0

0.2

0.4

0.6

0.8

1

−2

−2

−4
−4

(b)

Figure 20: Reconstructions of the single acrylic sphere of
Experiment 1 shown in Figure 19(a). (a): Relative permittivity. (b):
Conductivity. The permittivity is recovered well but the shape in the
conductivity is not.

and lower contrast phantoms will help further confirm the
methodology.

Second, in Example 1, although some permittivity and
conductivity combinations of the sphere were recovered,
others were not. Given that the data was synthetic, this
points to inherent imaging ambiguities in the simultaneous
retrieval of both permittivity and conductivity in the inverse
scattering problem. Possible solutions are increasing the
number of unique data, or including prior information
about the relations between permittivity and conductivity in
tissue.

Third, the success of the algorithm in Example 2 in
recovering the partial breast phantom suggests that our use
of the lossy free-space dyadic Green’s function in the forward
solver of the BIM did not grossly affect image reconstruction
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Figure 21: Reconstructions of the two acrylic spheres of
Experiment 1 shown in Figure 19(b). (a) Relative permittivity. (b)
Conductivity. The permittivity is again recovered well but the shape
in the conductivity is not.

in this case. This is keeping in mind that the synthetic
scattered field S-parameter data did include any multiple
scattering between the phantom and the cavity.

Fourth, in light of the successful reconstruction of the
simple phantom in Example 2, the failure of the algorithm
to recover the more complete breast phantom in Example 3
points to the need to model the chest wall. This can be
done by including it in the incident field computations but it
may also be necessary in estimating the cavity dyadic Green’s
function. This is an area to be investigated.

Lastly, Example 4 shows that we must know the back-
ground relative permittivity to within 5% of the actual or else
risk incorrectly estimating whether the contrasts are higher
or lower than the background. An equivalent error can
arise from a correct background permittivity but incorrectly

Figure 22: Second cavity with antennas designed to operate at
915 MHz of Experiment 2. Three acrylic sphere are suspended (one
visible). Cavity is filled with fluid for imaging.

measuring the dimensions of the cavity. We suspect that the
very high recovered conductivity values in both Experiments
1 and 2 may be due in part to these types of systematic errors.
This demonstrates the difficulty in achieving the necessary
consistency between the model, experiment, characteriza-
tion, and imaging algorithm to accurately form microwave
breast images of diagnostic quality.

7. Conclusion

We demonstrated the use of a numerical characterization
technique for a breast imaging system prototype. We
used HFSS to numerically estimate the incident fields of
the antennas in a cavity geometry and formally linked
them to an S-parameter-based inverse scattering algorithm
and experimental setup. The imaging algorithm was the
Born Iterative Method and recovered both numerical and
experimental test objects with some success. Future work
includes further validation of our methodology, imaging
realistic breast phantoms, investigating practical solutions to
modeling breast-cavity scattering interactions, image quality
assessments with and without numerical characterization,
and developing a hemispherical cavity and clinical imaging
system.

Appendix

Determining the Background Dyadic
Green’s Function

We list the following approaches for obtaining the back-
ground dyadic Green’s function as work for future investi-
gation.

Analytical Dyadic Green’s Function. There exist analytical
solutions of the dyadic Green’s function for some simple cav-
ity geometries, such as cubes or cylinders, [29], which might
approximately model certain cavity-based imaging setups.
These solutions, however, will likely not include finer details
such as antenna plating, connectors, substrate material, or
open-ended cavities, such as those used for breast imaging.
Analytic solutions though lend themselves to the possibility
of retaining some convolution structure in the VIE so fast
forward solvers can be used (e.g., fast half space solutions
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Figure 23: Reconstruction of the relative permittivity and conductivity of three acrylic spheres using a cavity operating at 915 MHz from
Experiment 2. The two spheres in plane are well recovered and the third detected at the upper left of the image.

[30], applied to multisided cavities). Determining the dyadic
Green’s function analytically becomes a formidable task as
the geometry complicates, where simulation may be better
suited.

Full Numeric Simulation. The most complete solution
is to fully simulate the object and cavity using a numeric
simulator, which will capture all the multiple scattering
between the object and the cavity. However, unlike a dyadic
Green’s function, which only needs to be found once for a
particular geometry and the values of which are only needed
on the interior of the object domain, this method must
simulate the cavity structure outside the object domain in
every instance of the simulation. When used in an inverse
scattering algorithm, which might compute the domain VIE
for each source, frequency, and iteration, then repeatedly
simulating the cavity structure adds to the already high
computational burden. In addition, one must choose a
proper simulation technique to handle both antenna surfaces
and inhomogenous media.

Numerical Dyadic Green’s Function. If analytical solutions
are not accurate enough, then one must determine the dyadic
Green’s function numerically. This requires simulating three
orthogonal dipoles in turn at every point in the object
domain and recording the response at every other point
in the domain. The dyadic Green’s function is symmetric,
so half of the combinations are redundant, and while the
convolution nature of the VIE is destroyed, some compu-
tational speed-up is possible for symmetric operators. This
technique, however, requires accurate modeling around the
dipole singularity, which can be difficult. In the case of PEC
structures, the technique in [31] computes the dyadic Green’s
function by finding an array of image dipoles outside the
cavity, which avoids the complications from the singularity.
The main advantage of determining the dyadic Green’s
function numerically is that, once found, we no longer need
to simulate the cavity structure and can turn our attention to
optimizing the computation of the dyadic Green’s function.

Approximate Solutions. If the background loss is suffi-
ciently high, so that the resonances of the cavity are damped,
then we can approximate the dyadic Green’s function. This
can be done by adopting an analytical solution (e.g., free-
space or cavity) or by, for instance, developing a perturbation
method. Adopting the free-space dyadic Green’s function (or
a perturbation on it) also allows us to retain the convolution
structure of the VIE- and FFT-based forward solvers, which
may be more beneficial to the inverse scattering algorithm
than modeling higher-order multiple scattering.
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Microwave approaches to breast imaging include the measurement of signals transmitted through and reflected from the
breast. Prototype systems typically feature sensors separated from the breast, resulting in measurements that include the effects
of the environment and system. To gain insight into transmission of microwave signals through the breast, a system that
places sensors in direct contact with the breast is proposed. The system also includes a lossy immersion medium that enables
measurement of the signal passing through the breast while significantly attenuating signals traveling along other paths. Collecting
measurements at different separations between sensors also provides the opportunity to estimate the average electrical properties
of the breast tissues. After validation through simulations and measurements, a study of 10 volunteers was performed. Results
indicate symmetry between the right and left breast and demonstrate differences in attenuation, maximum frequency for reliable
measurement, and average properties that likely relate to variations in breast composition.

1. Introduction

Microwave approaches have been proposed as complemen-
tary methods for breast imaging, providing images related
to the electromagnetic properties of tissues in the breast.
Significant variations in the properties of healthy tissues
are expected, leading to challenges in both measurement
of microwave signals and creation of meaningful images.
A recent study analyzed measurements of 354 samples
of healthy breast tissues that had been surgically excised
[1]. Results indicated that permittivity and conductivity
increased with decreasing proportion of adipose tissues in
the samples. Specifically, fatty tissues are expected to exhibit
low permittivity and conductivity at microwave frequencies,
while the properties of glandular tissues are expected to be
several times greater. A second study analyzed properties of
malignant tissues, suggesting significant differences in the
properties of these tissues when compared to fatty tissues
and a much less dramatic difference (on the order of 10%)
when comparing malignant and glandular tissue properties
[2]. The composition of the breast also varies from patient

to patient. For example, women may have primarily fatty
tissues in the breast or dense breasts that consist primarily
of glandular tissues. The combination of breast composition
and electromagnetic properties of breast tissues suggests that
microwave imaging involves detecting small changes in a
complex environment. Further more, challenges related to
microwave imaging and measurement are also anticipated to
vary with breast composition, as lower attenuation of signals
and high contrast between healthy and malignant tissues are
expected for fatty breasts.

In order to gain insight into the challenges related
to measurement and imaging, simulation models based
on breast MR scans of patients have been developed [3].
These models provide realistic breast shapes and spatial
distributions of tissues. In attempt to accurately represent
tissues properties, dielectric properties models that are based
on the measurement study are incorporated [4]. To enhance
the match between simulated and measured data, models
of the antennas and aspects of the system (e.g., immersion
liquid) are also included. Simulations of the breast models
and sensors performed with numerical techniques such as
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the finite difference time domain (FDTD) method provide
insight into reflected and transmitted signals expected in
measurement. For example, a recent study compared mea-
surements of volunteers and simulations of patient-specific
models, showing good agreement between the dominant
reflections [5]. However, differences between simulations
and measurements of later-time reflections were evident, and
transmitted signals were not measured. Transmitted signals
are of particular interest in light of another recent study of
the properties of breast tissues, which suggests differences
between in vivo and ex vivo measurements [6]. If differences
between reported measurements and actual tissue properties
exist, then simulation models may not accurately predict
signals transmitted through the breast. This information is
a valuable tool for specifying requirements for measurement
systems, such as dynamic range and frequency band.

Several prototype systems have been designed for micro-
wave breast imaging and include collection of transmitted
signals. For example, one system for microwave tomography
has an array of antennas positioned at distance from the
breast and placed in a lossy immersion liquid [7]. This
system is designed to operate from 500 MHz to 3 GHz. A
second example, a multistatic radar system, has antennas
arranged on a hemisphere [8]. A dielectric insert and layer
of immersion liquid are used to separate the antennas from
the breast. The bandwidth for this system is in the range from
4 to 10 GHz [9]. Although both systems collect transmitted
data, the signals are expected to be influenced by the external
environment rather than predominantly effected by the
breast. Different immersion liquids are also expected to have
different effects on the transmitted signals that are related the
electromagnetic properties of the liquids. In addition, both
systems have been designed for a specific frequency band of
operation and do not permit the assessment of transmission
over a very wide frequency band including lower frequencies.

Therefore, there is a need to assess the upper frequency
limit at which signals transmitted through the breast may
be reliably measured and also to gain insight into intra-
and inter-patient differences in this maximum frequency. In
this paper, we report a system designed to measure signals
transmitted through the breast at frequencies in the range
of 1–10 GHz. The sensors are in direct contact with the
breast and a lossy immersion liquid is employed to attenuate
alternative paths that the signals may travel. Measurement of
transmitted signals with known separations between sensors
and without significant path in the coupling medium also
provides the opportunity to assess the average properties of
breast tissues. Reflection-based measurements contain too
much ambiguity to make an assessment of average properties
practical (using a limited number of sensor locations). We
further note that this system is not designed explicitly for
imaging, although estimation of average properties of breast
tissues would be helpful for microwave imaging algorithms.
After validation of the system, a study of 10 volunteers
is performed in order to gain insight into the changes in
attenuation and maximum frequency of operation that occur
for different patients and within the same patient. We report
a simple technique to estimate the average permittivity and
conductivity of the tissues from transmission measurements

Figure 1: Cassiopeia antenna.

and apply this technique to the measurements collected from
patients.

2. Methods

In this section, the system to measure microwave signal
transmission through the human breast and approach to
average property estimation are described. The electrical
conductivity of breast tissues is expected to vary significantly
between patients, which translates to variations in signal
attenuation. Cases, in which very high attenuation occurs,
(e.g., predominantly glandular tissues) are expected to
lead to measurement challenges due to extremely weak
transmitted signals. These challenges have to be addressed
by careful design of two aspects of the measurement system.
First, the overall dynamic range needs to be as high as
possible. Secondly, there are multiple paths that the signals
may take; the signals that travel through the breast are
of interest, while the signals that travel around the breast
are not. Therefore, the system must facilitate detection of
signals traveling through the breast only. The sensor design
and system configuration implemented to achieve these
goals are described in Section 2.1. The system also provides
an opportunity to gain additional information through
estimating average properties of the breast tissues. A simple
approach to roughly estimating the average properties is
discussed in Section 2.2.

2.1. Sensor and System. The Cassiopeia antenna (Figure 1)
[10] is the sensor used to both transmit and receive signals.
This antenna is designed to come into contact with the
breast skin and to operate in a lossy immersion liquid. The
antenna is essentially a balanced antipodal Vivaldi antenna
(BAVA) with a director included in the aperture, similar
to the antenna reported in [11]. The key differences are a
modified feed structure and the use of higher permittivity
materials to confine fields to the antenna such that the sensor
is relatively insensitive to the immersion liquid. The details
of the antenna and feed design, along with initial simulation
and measurement results with the Cassiopeia placed in air
and glycerin, are found in [10]. For this study, the antenna is
placed in a 2% saline solution in order to attenuate signals
that travel along paths outside of the breast. As shown in
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Figure 2: Relative permittivity and conductivity of the 3 breast
tissue groups, as well as 1% and 2% saline solutions.

Figure 2, the 2% saline exhibits conductivity well above the
expected conductivity of breast tissues, which significantly
attenuates signals traveling along these unwanted paths.

To collect transmission measurements, two sensors are
placed on opposite sides of the tank (or breast) (Figure 3).
The sensors are placed 37 mm below the top of the tank in
order to completely immerse the sensors in the saline. The
two sensors are aligned, and each sensor is mounted on a
sliding arm, as shown in Figures 3 and 4. The separation
distance can be manually adjusted between 140 mm and
10 mm using a knurled wheel; digital callipers are attached
to both sides so that precise separation distances can
be recorded. This configuration permits the antennas to
be positioned such that contact is made with the breast
skin. Modifying the separation distance may easily be
accomplished with high accuracy; several measurements at
different separation distances are typically collected. The
antennas are connected to a vector network analyzer (PNA
N5242A, Agilent Technologies, Palo Alto, CA, USA). To
maximize sensitivity, measurements are performed with an
intermediate frequency (IF) bandwidth of 10 Hz and a port
power level of 10 dBm. These settings produce a comfortable
120 dB dynamic range at the antenna ports without need for
additional averaging. A total of 401 points are recorded over a
1-to-10 GHz bandwidth. The total sweep time is 36 seconds.

The performance of the sensor in saline and the ability
of the sensors to measure transmitted signals are assessed.
First, measured and simulated reflection coefficients over a
broad-frequency band are inspected. Simulations are also
performed to evaluate the integrity of the radiated field
distribution in breast tissues. The breast model examined
consists of a 2 mm thick skin layer filled with homogeneous
breast tissue representing fat (tissue group 3 which represents
median properties of samples containing 0–30% fat in [4]).
The dimensions of the breast model are detailed in [11].

Figure 3: View of the measurement tank with the two sensors
(Cassiopeia antenna) attached to movable arms.

Figure 4: View of the sensors set at different separation distances.

An FDTD simulation tool (SEMCAD X, SPEAG, Zurich)
is used to perform the simulations with parameters similar
to those reported in [10]. Dispersive model parameters
published in [4, 12, 13] are used to model the 2% saline, skin,
and tissue group 3, respectively. Validation of the radiated
fields through measurements is challenging, so transmitted
signals are measured through breast models representing low
and high loss scenarios. The hemispherical, low-loss breast
model is described in [14] and shown in Figure 5. This model
has a diameter of 100 mm and is made of a solid dielectric
material with relative permittivity of 15 and loss tangent
supposedly less than 0.002 (Eccostock HiK, Emerson, and
Cuming Microwave Products, Randolph, MA, USA). The
high-loss breast model has the same dimensions, however,
consists of a thin rubber membrane filled with a 1% saline
solution. The conductivity of 1% saline is greater than the
conductivities reported for the three breast tissue groups in
[4] but below the 2% saline, thus very weak transmission is
expected.

Figure 6 shows the user interface used for work with
human participants. It consists of a bed on which the vol-
unteers lie in a prone position. The bed includes an opening
where the breast extends into the measurement tank placed
underneath. The PNA is located under the bed directly
behind the measurement tank. Several measurements are
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Figure 5: View of the low-loss breast model in the measurement
tank. Picture was taken without the 2% saline for better clarity.

Figure 6: Measurement system integrated in the user interface.

collected from each volunteer (more details on the volunteer
study are provided in Section 4). The antennas are placed
in contact with the breast, and an initial measurement is
collected. The antenna separation is modified, and a new set
of measurements is obtained. This process is repeated several
times, resulting in a set of transmission coefficients collected
with different separation distances between the antennas.
Note that the full scattering coefficient matrix (S11, S21, S12,
and S22) is recorded for each measurement.

2.2. Property Estimation. A simple method to estimate
the average electrical properties of the breast tissues is
introduced. The method takes advantage of the differences
between transmission coefficients recorded at two different
separations between the antennas, however, involves several
assumptions. First, it is assumed that the contact between the
skin and the sensor remains unchanged after repositioning
one of the sensors. Secondly, the change in response due to
cable movement is considered negligible. These assumptions
are believed to be reasonable based on the stability of
the reflection coefficients (S11 and S22) observed between
measurements. Third, it is assumed that the inner structure
of the breast is the same for two measurements collected
at different separations (i.e., the two paths have the same
average properties). Therefore, the difference between the
transmitted signals is assumed to be solely related to the
change in transmission length induced by reducing the

separation between the sensors. To relate the change in
transmission coefficient to the average electrical properties of
the breast tissues, we further assume a uniform plane wave
model to describe the propagation from the transmitting
to receiving antenna. This implicitly ignores any effects of
multipath in the breast tissues. The electric field in the tissues
is approximated as:

E+(z) = E0 · e−α·z · e− j·β·z, (1)

where α is the attenuation constant, and β is the phase
constant. These constants are then approximated using a pair
of transmission measurements along with a correction for
radial spreading of the signal:
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where Di is the separation distance at which the mea-
surements has been taken, |S21( f )|i is the magnitude of
the transmission coefficient and, θ( f )i is the phase of the
transmission coefficient. Subscripts 1 and 2 refer to the two
measurements used for the calculations. Note that D1 must
be greater than D2.

After the attenuation and phase constant are retrieved,
the corresponding permittivity and conductivity are calcu-
lated using (3):
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where ε0 and μ0 are the permittivity and permeability of
vacuum.

3. Validation

The measurement system is validated by first examining
the behaviour of a single sensor, then through collecting
transmission data. More specifically, the ability to adequately
measure transmitted signals over the entire frequency band
of interest and the feasibility of the property estimation
method are explored.

3.1. Sensor and System Performance. Figure 7 presents the
reflection coefficient (S11) for each of the sensors measured
in the 2% saline solution. For the sake of completeness, the
simulated result is also shown. The value of S11 is below
−10 dB over the frequency range of interest, indicating that
most of the power is radiated or absorbed by the antenna
but not reflected back to the source. Discrepancies between
the responses of the two sensors as well as the simulations
and measurements are observed. These discrepancies can be
mostly attributed to the sensitive construction process of the



International Journal of Biomedical Imaging 5

1 2 3 4 5 6 7 8 9 10
−40

−35

−30

−25

−20

−15

−10

−5

0

Frequency (GHz)

Sensor 1
Sensor 2
Simulation

S 1
1

(d
B

)

Figure 7: Reflection coefficient measured for both sensors when
immersed in 2% saline. Simulated counterpart is in dashed line.

Cassiopeia. As described in [10], this sensor is composed
of several metallic and plastic pieces which have to be
machined and assembled. In addition, a cement material is
poured into the sensor aperture which needs to fill tight
spaces. Between machining variation of plastic material
and the difficulty in controlling the cement filling process,
construction discrepancy between sensors is to be expected.
We also note that the discrepancy between simulated and
measured response increases for the second half of the
frequency band, and this is due to inexact material properties
used in simulation. Specifically, the sensor utilizes Eccostock
HiK materials for which models of the dielectric properties
over the entire frequency band of interest are not available.

Figure 7 suggests that, as per the results presented in
[10], the Cassiopeia can reasonably operate in conductive
media. However in a high-permittivity liquid, such as the
2% saline, the antenna starts to behave as a leaky wave
structure, especially at lower frequencies (below 3 GHz). This
is illustrated in Figure 8, which presents the simulated radia-
tion behaviour when the antenna contacts the breast model,
as in [9], consisting of a skin layer filled with a material
representing low-loss tissues. At 2 GHz, the structure radiates
in the vertical direction and the intensity of radiation in the
breast tissues is quite low, considering that the breast tissues
are considerably less lossy than the immersion medium. This
behaviour is the result of the antenna becoming a leaky wave
structure in high-permittivity media. At higher frequencies
(4, 6, 8 GHz), the leaky wave effect is significantly reduced
as the field is more confined in the antenna structure. Based
on this simulated result, significantly lower transmission
measurements are expected in the lower-frequency band.

Figure 9 presents the measured and simulated transmis-
sion coefficient obtained with the low-loss breast model. At
the lower frequencies, a very low transmission magnitude is
noted, as expected from Figure 8. However, the transmission
level appears to stabilize at 4 GHz and above. We note
that, at the higher frequencies, the simulated data predict
a stronger transmission than observed in practice. Again,
differences in the Eccostock HiK material properties between

measurements and simulations are the main source of this
disagreement, especially the conductivity which, in practice,
significantly increases with frequency. Nevertheless, the main
observation is that the measurement system demonstrates
the ability to measure transmitted signals over the frequency
band of interest.

The transmission coefficients measured through the
high-loss breast model are presented in Figure 10 and dem-
onstrate the ability of our measurement system to measure
very weak transmitted signals. More precisely, one may
observe that the transmission coefficient measured, while
the breast model presented is easily distinguished from the
measurement taken at the same sensor separation without
the breast present until both signals reach the noise floor.
In other words, this result suggests that these weak recorded
signals actually propagate into the breast model and not in
the immersion medium or the tank structure.

3.2. Property Estimation. In order to validate the property
estimation technique, measurements with the tank contain-
ing only a 1% saline immersion medium are used. This
lower-loss medium was chosen instead of the 2% saline in
order to measure signals over a wider-frequency bandwidth.
The transmission measurements for several distances are
shown in Figure 11(a), while the calculated permittivity and
conductivity, using the two shortest separation distances
along with (2) and (3), are shown in Figures 11(b) and 11(c).
One can observe that the estimation is not very accurate
below 3 GHz. At these frequencies, the poor radiation
behaviour of the antenna, translated in a very low coupling
efficiency, contributes to the error in results. However, above
3 GHz, the calculated values are very close to the theoretical
ones, confirming that the assumptions made to simplify
estimation of average properties are valid for this simple case.

In summary, the results presented in this section demon-
strate that the Cassiopeia antenna, immersed in 2% saline,
exhibits low S11 over a very wide band, and that radiated
field behaviour improves with frequency (related to leaky
wave behaviour at lower frequencies). The work with two
sensors demonstrates that the system is capable of detecting
signals transmitted through objects with low and high loss
characteristics over the entire frequency range of interest.
The approach to estimating average properties is verified
for a simple scenario, showing that reasonable estimates are
obtained from 3 to 10 GHz.

4. Volunteer Study

To gain insight into the maximum frequency at which signals
transmitted through the breast may be detected, a study of 10
volunteers has been performed. The description of the study
is followed by presentation of the measured data. Finally, the
average property estimation is applied to the measured data,
providing mixed results.

4.1. Recruitment and Protocol. This study has been approved
by the Conjoint Health Research Ethics Board (CHREB) of
the University of Calgary, (ID 23244). The volunteers were
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Figure 8: Electric field radiated by the antenna in realistic breast tissues while immersed in 2% saline. All field intensities are normalised to
identical input power. The side-on view is shown (i.e., the cross-section through the cylindrical breast model is along its long axis).
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Figure 9: Measured and simulated transmission through the low-
loss breast model (100 mm diameter).

recruited through billboard posters and by word of mouth.
To ensure good contact with the sensors, the breasts must
extend far enough into the measurement tank. Therefore,
one of the criteria for participation in the study was a
minimum “C” cup size. The age of the volunteers was
recorded; however, no additional information on breast
tissue composition was available (e.g., X-ray mammograms
or other breast imaging results). The volunteers are referred
to by their ages.
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Figure 10: Transmission measurement through a rubber mem-
brane containing a 1% saline solution (“high-loss breast model”)
and with 2% saline filling the region between the two sensors
positioned with the same separation distance (100 mm).

Measurements took place in a research laboratory with
a registered nurse helping the volunteers to be positioned
on the machine. A research engineer controlled the data
acquisition (from behind a privacy screen), while the nurse
adjusted the separation distance between the sensors. The
left and right breasts were examined and a total of four
measurements were taken for each breast. First, the sensors
were positioned to contact the breast skin and an initial
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Figure 11: Measurement (a) taken with different separation distances of the sensors and the tank containing only a 1% immersion liquid.
Conductivity (b) and relative permittivity (c) calculated using (2) and (3) and compared with theoretical values based on [12].

measurement was recorded. Then, one of the sensors was
moved 5 mm toward the breast and a second measurement
was recorded. The third measurement was recorded after
moving the second sensor 5 mm closer to the breast. Finally,
the first sensor was brought another 5 mm closer before
the fourth measurement was recorded. Therefore, a total
of 4 measurements (each at a different separation distance)
was taken for each breast. This procedure was successfully
realized for all of our volunteers without any discomfort
reported.

4.2. Measured Results. Volunteers between 21 to 65 years of
age participated in our study. As expected, we have observed
considerable variation in signal attenuation due to variation
in breast tissues between individuals. For example, in the
case of a 35-year-old individual (Figure 12), signals were
recorded for the entire frequency band of interest. While
for a 55-year-old volunteer (Figure 13), the transmission
is weaker, and no significant signals are recorded after

4 GHz. We note that results for each patient typically exhibit
similar characteristics, namely, increased transmission with
decreased separation between sensors as well as decreased
transmission with frequency.

In order to compare the attenuation level between each
case, the last frequency point for which the transmitted
signal achieves a 20 dB signal-to-noise ratio (SNR) is used
as metric. For this specific measurement system, the 20 dB
SNR translates to a transmission coefficient level of−100 dB.
This point is referred to the “maximum frequency”, and
the observed values are plotted in Figure 14(a). The max-
imum frequency is determined for the shortest separation
distance between sensors that permits this measurement
to be collected. The corresponding separation distances
are also given in Figure 14(b). Figure 14(c) investigates
the relation between separation and maximum frequency,
showing no correlation. This confirms that the variations in
maximum frequency are related to differences in breast tissue
composition among our volunteers.
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Figure 12: Transmission magnitude for the 35-year-old volunteer,
left breast with different separation distances between the sensors.
The dashed curves correspond to the transmission measured for the
same distances but without the breast present.
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Figure 13: Transmission magnitude for the 55-year-old volunteer,
left breast with different separation distances between the sensors.
The dashed curves correspond to the transmission measured for the
same distances but without the breast present.

Figure 14(a) shows that, while the maximum frequency
for the patients varies between 3.5 to 10 GHz (measurement
limit), a certain symmetry between the left and right breasts
for individual patients is observed. Only the 21-and 55-
year-old volunteers show larger differences between breasts.
However, in the case of the 55-year-old individual, the
separation distances (Figure 14(b)) are quite different. When
maximum frequencies for similar distances are compared,
better symmetry is observed. This suggests that the variation
seen in the maximum frequency for the 55-years-old vol-
unteer is due to difference in separation distances. It is also
observed that the separation distances for our 62-year-old
volunteer are significantly different between the left and right
breast; however, good symmetry in the maximum frequency
is still noted. This volunteer had previous surgery on her
left breast, so perhaps changes in tissue properties (e.g., scar
tissue) result in similar maximum frequencies at different
separation distances.

While not sufficient for generating statistics, the mea-
surements do suggest the possibilities of using signals up
to 10 GHz to image breast tissues, depending on breast
composition. At the same time, the measured transmission
levels are specific to our system. Sensors with higher gain and
measurement equipment with better dynamic range would
increase the overall sensitivity. On the other hand, it was
practically observed that a slight decrease of the transmission
path length can significantly increase the signal intensity,
which makes moderate breast compression an appealing
option. For example, in Figure 13, more than 10 dB in
transmission is gained with a 10 mm decrease of separation
between sensors.

4.3. Property Estimates. For each patient, the property
estimation technique is applied to the 6 combinations of
data available from the 4 measured transmission coefficients;
the results are averaged to produce a single estimate.
This averaging is performed to limit the effect of possible
outliers in the measured data. The accuracy of the result is
difficult to assess since the ground truth remains unknown.
However, based on the observed attenuation, preliminary
estimates of tissue properties and/or breast composition can
be hypothesised.

For example, volunteers 35, 36, 43(a), and 65 years of age
have maximum frequency for transmission reaching 10 GHz
with a significant separation distance between sensors.
This suggests that these patients have predominantly fatty
breast tissues (tissue group 3). The estimated properties for
these volunteers’ breasts are shown in Figure 15, converging
toward the group 3 model as hypothesized.

For breasts that likely have more significant glandu-
lar tissue composition (i.e., lower maximum frequencies),
the average property estimation is unfortunately not as
successful. For example, the permittivity estimates show
significant variations with frequency, and the permittivity
curve usually does not follow the expected Cole-Cole model
shape. The conductivity usually behaves close to expected;
however, some results show unexpectedly high conductivities
or conductivity that decreases with frequency. To illustrate
these observations, estimated properties for our 30-year-
old volunteer are shown in Figure 16. Several factors may
be the source of these behaviors. First, heterogeneous
breasts are very likely to generate multipath, as signals
may travel through fatty tissue or glandular tissue, hence
arriving at different times at the sensor. This multipath
makes our simple propagation model inadequate. Secondly,
our estimation technique assumes that the breast tissues
deform homogeneously. This means that the changes in the
transmission coefficient are related to the entire breast and
not local volumes. It is known that the elastic modulus values
are not consistent across different tissue types [15], which
means that different tissues deform differently. As a result,
the change in transmission can arise from local deformation,
instead of the assumed homogeneous deformation. There-
fore, alternative techniques to estimate average properties are
required for breasts that are not predominantly fatty.
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Figure 14: Measurement results: (a) maximum frequency and (b) separation distances in function of volunteer ages. (c) separation distance
as a function of maximum frequency for each volunteer breast.
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Figure 15: Estimation of breast tissue electrical properties (conductivity in (a) and permittivity in (b)) for the 35-, 36-, 43(a)- and 65-year-
old volunteers. Groups 1, 2, and 3 refer to the glandular, transition, and fatty categories of tissues defined in [1].

5. Conclusion
The prototype system reported in this paper is designed
specifically to measure transmitted signals through the
breast. Antennas designed to contact the breast during
microwave measurement are adapted to measure transmitted
signals. Two antennas are placed on opposite sides of the

breast, while immersed in saline. Through operation in a
lossy medium, signals traveling along alternate paths are
attenuated, such that the signal traveling directly through
the breast is expected to have a predominant effect on
the measurement. As the system is aimed at determining
appropriate frequencies of operation, it operates over a wide
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Figure 16: Estimation of breast tissues electrical properties (conductivity in (a) and permittivity in (b)) for the 30-year-old volunteer. Groups
1, 2, and 3 refer to the tissue categories defined in [1].

band (1–10 GHz). Therefore, the bandwidth and approach to
measurement differ from previously reported prototype sys-
tems aimed at microwave imaging (e.g., [7, 8]). In particular,
the system is designed to enable transmission measurements
through the entire breast over a frequency range from 1
to 10 GHz. We note that microwave tomography systems
also involve measurement of signals transmitted through
the breast (as well as a lossy immersion liquid); however, a
maximum measurement frequency of 3 GHz has been used
in work with patients. Therefore, the system reported in
this paper permits exploration of transmitted signals over a
higher-frequency band.

The system is deployed in a study of 10 volunteers with
unknown breast composition. For each volunteer, four mea-
surements are collected per breast, with separation between
sensors adjusted for each measurement. The maximum fre-
quency at which transmitted signals are reliably measured is
noted, and significant variation in this frequency is observed
for the 10 volunteers. There is, however, similarity between
the maximum frequencies observed for the right and left
breasts. In addition, the results of our measurements suggest
that the use of frequencies up to 10 GHz is realistic. However,
for denser breasts, this upper limit is likely considerably
reduced. In such cases, the image reconstruction scheme
(whether tomographic or radar-based) could be adapted to
use only the relevant frequency band. As a result, the image
resolution would likely be patient-dependant in the same
way as image contrast depends on breast density with X-
ray mammography. It was also practically observed that the
use of moderate compression and sensors that contact the
breast significantly improves SNR. Therefore, results of this
study suggest that the data collected with this system provide
unique insights into microwave measurements of the breast.

Finally, an approach to estimating the average properties
of breast tissues has been introduced, and reasonable results
are obtained for volunteers with suspected primarily fatty
breasts. This method is based on several assumptions that
do not appear to hold for volunteers that are suspected to
have greater glandular tissue content. Therefore, future work
includes developing average property estimation techniques
that are effective for a wider range of breast compositions.
In addition, a new waveguide like UWB sensor is being

developed to avoid leakage into the surrounding saline
medium and which improves the coupling efficiency with
the breast tissues, especially at lower frequencies. For further
investigation, a second study is planned that also includes
clinical breast imaging in order to give insight into the breast
composition and aid in interpreting results.
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