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Abstract— Using the microwave imaging technique for
mammographic imaging is an interesting application and a
growing research field. Compared to X-ray mammography
there is potentially a significant benefit in using microwaves
in the diagnosis of breast cancer tumours due to the high
contrast in the dielectric properties between tumour and
surrounding tissue.

In this paper a tomographic microwave imaging ex-
periment using transient time domain field data for the
reconstruction process. A 2D iterative gradient based al-
gorithm based on the FDTD-method (Finite Difference
Time Domain-method), is used for the image reconstruction.
The reconstructions have been performed using air as the
background medium. To simulate more tissue like conditions
the antennas have also been immersed in water and different
objects immersed in the water have been imaged. Two
different antenna models in the computations have also been
tested. The results are promising and encourages further
research on this method.

I. I NTRODUCTION

Worldwide breast cancer is the second most common
form of cancer with about 1.05 million new cases diag-
nosed in year 2000. A relatively favourable prognosis,
compared to other cancer forms, results in about 370
000 yearly deaths, [1]. That is a figure that motivates
researchers all over the world in various fields of tumour
detection, diagnostics and treatment. In the process of
diagnosing malignant breast cancer, imaging has come to
play an important role. Especially X-ray mammography
is used extensively even though it has some problems,
mainly due to the contrast between the tumour and the
surrounding tissue which could often be as low as a few
percent. It is also well established knowledge that ionising
radiation in itself might induce cancer in a healthy body.
Therefore it is of great interest to develop alternative or
complimentary imaging techniques.

It has been proposed that one could use microwave
imaging techniques for this purpose. There are several
potential advantages with this compared to X-ray mam-
mography: Due to the high contrast in dielectric properties
between the normal and malignant tissue, the specificity to
distinguish between the tumour and normal tissue is high,
therefore it may also be possible to detect smaller tumours
at an earlier stage than with conventional mammography.
Microwave imaging uses non-ionising radiation and the
microwave radiation levels needed are well within safety
standards. Finally the patient comfort is higher since no
breast compression is required.
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Fig. 1. The principal antenna configuration of the imaging experiment.

On illuminating the breast, microwave radiation is
both scattered and absorbed due to the spatial varia-
tion in the dielectric permittivity and conductivity of
the breast tissue. Measurement of the scattered radia-
tion (amplitude and phase) are taken at several different
transmitter/detector locations surrounding the breast. In
these experiments the medium under consideration is sur-
rounded by an array of transceivers. The principal antenna
configuration used in these experiments can be seen in
Fig. 1. From these measurements one attempts to unfold
the dielectric properties of the scattering medium using
appropriate inverse methods. On the other hand there
are also several problems with the microwave imaging
method. The image reconstruction process is very com-
putationally intensive and with todays computers it might
be difficult to reconstruct the images in real time. A more
fundamental problem is that in order to do high resolution
images one want to use as high frequency as possible.
On the other hand the conductivity of biological tissues
are increasing with increasing frequency. This leads to
an increasing attenuation of the signal with increasing
frequency. At some point the loss will be to big and the
signal to noise ration will be to low making it impossible
to perform the reconstruction. Taking these properties into
consideration one has to design the imaging experiment.

II. T HE RECONSTRUCTION ALGORITHM

The algorithm we use for this work is similar to what
has been published earlier, [2], [3]. It is a 2D algorithm



and it can be described in the following way: Assume a
time domain measurement of a transient pulse has been
conducted. For each transmitter location,m, a set of
electric fields on the receiver locations has been acquired
in receiver positionxn,

E(m)
m (ε, σ,xn, t). (1)

In the reconstruction procedure an initial dielectric dis-
tribution, ε(x), σ(x), is assumed and arbitrarily set. It is
further assumed that the material is non-magnetic with
µ = µ0, which is true in general for biological tissue,
and that the propagation of the field is simulated using the
same source field as in the measurement. The objective
of the image reconstruction procedure is to minimise the
functionalJ ,

J(ε, σ) =
∫ T

0

M∑
m=1

N∑
n=1

Φ(t)(
|Em(ε, σ,xn, t) − E(m)

m (ε, σ,xn, t)|2
)
dt, (2)

whereEm(ε, σ,xn, t) is the calculated field correspond-
ing to the measurementE(m)

m (ε, σ,xn, t). Φ(t) is a
weighting function,M is the number of transmitters and
N is the number of receivers. To minimise the functional
a gradient based search algorithm is used. To derive the
gradients a small increment in the dielectric profile is
considered,ε + δε, σ + δσ, and the corresponding change
in the functional is derived. That is done by solving
the adjoint problem of Maxwell’s equations, using the
difference between the measured and the simulated fields
on the boundary as source. Thus the Fréchet derivative of
the functional can be written as

J ′(ε, σ) = 〈Gε(x), δε〉 + 〈Gσ(x), δσ〉 (3)

where the inner product is defined as the following surface
integral over the area under reconstruction∫ ∫

S

a(x)b(x)dS. (4)

The gradient can be written as

Gε(x) = 2
M∑

m=1

∫ T

0

Ẽm(x, t) · ∂tEm(x, t)dt (5)

Gσ(x) = 2
M∑

m=1

∫ T

0

Ẽm(x, t) · Em(x, t)dt, (6)

whereẼm(x, t) is the solution to the adjoint problem.
A search in the negative direction of the gradient is

performed in order to find the minimum of the functional.
Different types of regularisation is added to the solution
and the process is iterated until convergence.

III. T HE EXPERIMENTAL SETUP

The objective of the experimental part of the microwave
tomography experiment is to measure the multistatic data
matrix. Basically this means that one measures the reflec-
tion and transmission coefficients between the transmitters
and the receivers. Monopole antennas are used in these
first series of experiments. Each antenna is a transmitter

Fig. 2. A photograph of the experiment setup.

as well as a receiver, which leads to a square multistatic
data matrix. A network analyzer (VNA) is used as the
transmitting and receiving module. The multistatic matrix
is recorded by the experiment equipment and the same
situation is modelled in the reconstruction algorithm. The
transmitted signal has to be accurately calibrated both in
phase and amplitude in order to match the FDTD model
of the system. To be able to fully control the experiment
from a computer a two to 32 switch multiplexer module
is used to automatically connect and disconnect the trans-
mitting and receiving antennas to the network analyzer.

For these measurements 12 monopole antennas were
used placed on a circle with a radius of 80 mm and an
angular separation of 30 degrees. A common groundplane
was also used. The resonance frequency of the monopoles
was 7.2 GHz. The experiment setup can be seen in Fig.
2.

IV. A NTENNA MODELS

In the FDTD computations two different antenna mod-
els have been used. The first method used is the most
simple and has been used to reconstruct the images made
with air as background. The transmitter has been modelled
as a hard source,i.e. the E-field has been assigned to
the position corresponding to the transmitter location. On
the receiver positions the E-field has been sampled with
no attempt to model the effects from receiving antennas.
The second antenna model used for comparison in the
measurements with water as background is an attempt to
model also the properties and influences of the antennas.
The diameter of the radiation element of the antenna is 1
mm, which in the FDTD computations has been modelled
by setting the corresponding E-field component to zero.
Thereby a perfectly conducting radiating element has been
modelled. The source is modelled by assuming a current
in the antenna that causes a H-field circulating the antenna
which is set in the computations. On the receivers the
current in the antenna is computed by Amperes law from
the H-field circulating the antenna. Since the current and
E-field is related by Ohms lawJ = σE it is assumed that
the currents computed in the antennas can be used in the
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Fig. 3. The principal shape of the illuminating signal.

reconstruction process and compared to the measurements
with the VNA.

V. CALIBRATION OF MEASURED DATA

Since the measurements are done using a VNA, that
measures transmission and reflection coefficients at dis-
crete frequencies, the time domain pulse used in the
FDTD has to be synthesised from a range of frequency
data.

The main source of error in the measurement compared
to the computation is the fact that in the measurement
the radiation from the antenna are strictly 3D. For the
computations on the other hand we try to model the
3D reality with a 2D model. A calibration procedure
suggested by Meaney et al., [4], is used to take the
measured 3D data and turn it into a 2D representation,
suitable for use in the imaging algorithm. The validity
and accuracy of such a calibration has been shown, [5].

In short the calibration procedure consists of one ref-
erence measurement of the background. The logarithm
of the reference measurement is subtracted from the
logarithm of the measurement with the object being
imaged present. The difference is further added to a
FDTD computation of the logarithm of the corresponding
reference signal. Thus a signal can be created where all
the 3D effects due to the radiation patterns of the antennas
have been removed.

VI. RESULTS

Here the results of the imaging experiments are pre-
sented.

A. Reconstructions in air

Using a Gaussian signal with a carrier frequency of
7.2 GHz and a bandwidth of 300MHz different objects
made by plastic cylinders have been imaged. The plastic
cylinders have a relative permittivity ofεr = 3 − 4 and
a conductivity close to zero. The principal shape of the
illuminating signal is shown in Fig. 3.

A reconstruction of the relative permittivity and the
conductivity of an plastic cylinder with a diameter of 20
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Fig. 4. Reconstruction of one 20 mm plastic cylinder in air.

mm centred in the positionx = 50mm y =50mm can
be seen in Fig. 4. The coordinate system is defined in
the same figure. The white points indicate the position of
the antennas. A reconstructed object can clearly be seen
in the correct position. Also the value of the permittivity
is well reconstructed. The corresponding reconstruction
of the conductivity does only show some low contrast
artifact objects. Sine the conductivity was around zero
this is in good agreement with the true object. In Fig. 5
the convergence of the reconstruction algorithm is shown
by a plot of the objective functional value, given in Eq. 2,
as a function of the iteration number. The reconstruction
procedure has converged quite nicely and is stopped after
10 iterations.

A few more examples of reconstructed images is shown
in Fig. 6 where an object having a diameter of 15 mm
placed in positionx = 110mm, y = 70mm. Again
the relative permittivity is accurately reconstructed, al-
though a few artifact objects appear in the reconstruction.
Especially in front of two of the antennas. Again the
reconstruction of the conductivity shows no significant
objects, only some low contrast artifacts.

Another example of two reconstructed 10 mm cylinders
are shown in Fig. 7. Again the permittivity is well



Fig. 5. Convergence plot of the reconstruction in Fig. 4. The
objective functional value is plotted as a function of the iteration in
the reconstruction algorithm.
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Fig. 6. Reconstruction of one 15 mm plastic cylinder in air.
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Fig. 7. Reconstruction of two 10 mm plastic cylinders in air.

reconstructed in the correct positions and the conductivity
shows some low contrast artifacts.

B. Reconstructions in water

To simulate more tissue like conditions, as in the
case of imaging the female breast, measurements and
reconstructions have also been done of objects immersed
in water. Deionised water has been used as background
medium in an experiment. The frequency used was 1
GHz and the bandwidth 300 MHz. At 1 GHz the water
was measured to have a relative permittivityεr = 78.0
and conductivityσ = 0.15 S/m. The object used was a
thin walled plastic cylinder, diameter 5 mm, filled with
deionised water to which some sugar and some salt was
added in order to increase the conductivity and reduce
the permittivity. In Fig. 8 the reconstructions using the E-
field source is presented and in Fig. 9 the reconstruction
using the current/H-field source. It can be seen that about
position x = 60 mm, y = 60 mm the object has been
reconstructed in the correct position. The permittivity of
the object is correctly imaged having a lower value than
the surroundings. The reconstruction of the conductivity
is however not successful, the addition of salt to the
deionised water causes a higher conductivity than the
surroundings, instead a lower conductivity than the sur-
roundings is imaged. No significant difference due to the
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Fig. 8. Reconstruction of a 5 mm object in a background of sugar
added water. The antenna model used was the E-field model.

different antenna models between the two reconstructions
can be seen.

In another experiment sugar was added to the deionised
water used as the background medium, the permittivity
was thus reduced significantly and it was measured to
be εr = 62.0 at 0.9 GHz. The conductivity was not
changed significantly due to the sugar. The object used
was the same 5 mm thin walled plastic cylinder filled
with deionised water now with some salt added. In this
experiment 200 MHz bandwidth and a carrier frequency
0.9 GHz was used. Two different reconstructions has been
made with the two antenna models described. In Fig. 10
the reconstructions using the E-field source is presented
and in Fig. 11 the reconstruction using the current/H-
field source. As seen in Fig. 10 an object has correctly
been reconstructed about positionx = 50 mm, y = 90
mm. Apart from the object also some artifact objects
can be seen especially in the conductivity profile. In the
reconstructions where the antennas have been modelled,
Fig. 11 the reconstructions look similar apart from that the
artifacts has been significantly reduced in the conductivity
profile. A few problems also has to be pointed out in
these reconstructions. The diameter of the reconstructed
object is somewhat larger than the expected 5 mm. The
object consisted of deionised water with some added
salt and thus the reconstructed conductivity of the object
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Fig. 9. Reconstruction of a 5 mm object in a background of sugar
added water. The antenna model used was the current/H-field model.

should be higher than the background, which it is. The
permittivity of the object should also be higher than the
background, which it is not, instead a lower permittivity
is reconstructed. The reason for this is yet unclear and
has to be further investigated.

VII. C ONCLUSIONS

In conclusion we have implemented a microwave imag-
ing experiment utilising a time domain gradient based
reconstruction algorithm based on FDTD modelling of
the field propagation. Objects have successfully been
reconstructed in a background medium of air. Objects
has also been reconstructed in a background consisting
of deionised water and deionised water with added sugar,
which reduces the permittivity. A few problems with the
reconstruction arises. The appearance of artifact objects in
the reconstruction of the permittivity when reconstructing
the objects in air. In the experiments made in water
the most significant problem is the fact that the objects
are not always reconstructed with the correct permit-
tivity/conductivity. The attempt to model the antennas
however shows an improvement in the reconstruction in
Fig. 11.

In conclusion it requires some more research to under-
stand the problems in the reconstructions described ear-
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Fig. 10. Reconstruction of a 5 mm object in a background of sugar
added water. The antenna model used was the E-field model.

lier. We believe this is a good initial step with promising
results which encourages the next step of constructing
breast and tumour phantoms to make more realistic tests.
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