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Analysis of Forward Scattering Data for Microwave Breast Imaging 
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Abstract  —  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. Success of these methods relies on the 
quality of the forward data such that the tumor inside the breast 
volume is well illuminated. In this paper, a numerical study of 
the forward scattering data is conducted and the potential use of 
full polarimetric data is investigated.    

Index Terms — Microwave Imaging, Breast Cancer Detection, 
Ultra Wideband, Polarization, Inverse Problem. 

I. INTRODUCTION 

In the last two decades, extensive studies have been 
contributed to breast cancer detection using microwave based 
technology. Compare to X-ray mammography which is 
widely used in hospital nowadays for breast cancer detection, 
microwave is a non-ionizing radiation which is safer to 
patient. Early studies (e.g. [1]) have reported that there is a 
huge 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 [2]-[3] have reported that the contrast 
is much lower. This has raised 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 on microwave breast cancer detection 
can be divided mainly into two main groups, namely the 
radar-based imaging approach (e.g. [1]) and the inverse 
scattering approach [4]-[6]. Here we mainly focus on the 
inverse scattering approach. The objective of inverse 
scattering is to reconstruct the unknown dielectric profiles of 
the target, i.e. the breast volume. First, the multi-static 
measurement from the breast volume is taken as reference. 
Based on numerical solutions of the Maxwell’s equations 
(e.g. Finite-Difference Time-Domain (FDTD) [7]), the entire 
volume can be spatially discretized into a number of variables 
with unknown dielectric properties (Yee cells for FDTD). 
The corresponding forward problems with the same 
transmitter/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 data sets is defined [4]-[5]. 
The cost function is then minimized in an iterative manner by 
changing the dielectric properties in each Yee cell in the 
modeling domain using a gradient-based optimization. 
Assuming that the global minima is reached at the end of the 
optimization, i.e. 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 [4]-[5].  

Image reconstruction process is an ill-posed multi-
dimensional optimization problem that the number of 
unknown variables ( ( ) ( )zyxzyxr ,,,,, σε ) depends mainly on 

the physical size, required spatial resolution, dielectric 
properties of the geometry and the frequency of interest of the 
problem. 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 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 early studies in the literature [8] that compares 
the mono-static Ultra Wideband (UWB) response from the 
breast volume with and without tumor, it is found that the 
differences between the co-polarized 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 co-polarized response, but the contrast is more 
apparent if the cross-polarized response is considered.  

The use of polarization diversity has been widely used for 
radar imaging applications. The transmitters and receivers are 
located in the far-field region such that higher-order 
interactions between the target and the transmitters as well as 
targets and receivers can be ignored. Mutual coupling 
between transmitters and receivers antennas can be also 
ignored in the forward scattering scenario and thus the 
measured response is purely target dependent. In microwave 
breast imaging scenario, the breast volume is surrounded by 
an antenna array in the near-field region and thus mutual 
coupling between antenna elements as well as higher order 
interactions between the breast volume and the antennas are 
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 high such that higher-
order interactions are attenuated. Due to the above 
complexities in the near field region, polarimetric microwave 
breast imaging has not been well exploited. In most cases, the 
co-polarized responses of the breast volume under linear 
polarization basis are considered in the image reconstruction 
process. 
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In this paper, the possibilities of using polarimetric 
information for microwave breast imaging are considered. In 
particular, the forward scattering data of the two cases, i.e. 
breast volume with and without tumor, under different 
polarization basis 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 
optimization process could be reduced. To simplify the 
analysis, homogenous breast volume together with scattered 
far-field under different polarization basis is considered. The 
motivations behind the simplified models and setup are given 
as follows. 
i) We would like to see if the scattering problem itself under a 
different polarization basis can result in better contrast of the 
data that can be used for solving the inverse problem. This is 
the most fundamental data as it is purely dependent to the 
target i.e. the breast volume. If antenna elements are included, 
higher-order interactions cannot be ignored and such 
interactions vary as a function of frequency, antenna positions 
and the choice of antenna elements, which is difficult to 
analyze.  
(ii) Traditionally, polarization is treated in the far-field region 
in frequency domain. Although the corresponding near-field 
components in the Cartesian or polar coordinates can be 
computed, the concept of polarization in the near field region 
is not well defined. 

II.UWB SCATTERING OF BREAST VOLUME UNDER 
DIFFERENT POLARIZATION STATES 

 
Fig. 1. The Breast volume under plane wave illumination  
 
Here, we would like to mimic the microwave breast imaging 

setup as described in [4]. The breast volume is placed inside a 
circular array with 14 to 18 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. Image 
reconstruction is performed based on these data sets. 

Regarding the operation frequency, a UWB approach is 
taken.  
The breast volumes shown in Fig. 1 are considered. It is a 

hemisphere with radius of 6cm. The entire breast volume is 
illuminated from 23MHz to 3GHz with 128 samples in 
frequency domain. The relative permittivity of the breast 
tissue is 5=rε  is used which are taken from the Cole-Cole-4 
model of fat tissue presented in Gabriel et al. [9]. To simulate 
the breast imaging scenario without using actual antenna 
elements which would complicate the entire electromagnetic 
problem, the elevation angle of °=105θ is considered 
( °= 0θ  corresponds to the positive z axis) and the incident 
plane wave together with the corresponding scattered far-field 
at 18 different directions are equally spaced within the circle 
(i.e. °20  separation). Both forward and back scattering are 
considered. For instance, for the plane wave excitation 
coming from °=105θ , °= 40φ  ( °= 0φ  corresponds to the 
positive x axis), the scattered far field at the directions of 

°=105θ , °= 0φ , °20 , °40 , °60 ,…, °320  and °340  are 
determined. The computation is done using commercial 
moment method solver FEKO in frequency domain [10]. 
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Fig. 2. Monostatic response from breast volumes in frequency 
domain at °=105θ °= 80φ . (a) VVS ; (b) HHS , (c) 

HVS = VHS  (d) LLS , (e) RRS  and (f) RLS = LRS  
 
As an example, the monostatic amplitude responses of the 

breast volume at °= 80φ in frequency domain under different 
polarization states are shown in Fig. 2 in blue lines (Ref, but 
mostly overlapped with red lines, see below), which are the 
reference case in this study. Both linear and circular 
polarization states are considered. The results in Fig.2 are 
essentially the components scattering matrix as a function of 



frequency, i.e. [ ] ( ) ( )
( ) ( )=

fSfS
fSfS

S
yyyx

xyxx , where the first 

subscript (x or y) in each term in the matrix corresponds to 
the transmitting polarization state and the second subscript 
corresponds to the receiving polarization state. Vertical (V) 
and horizontal (H) are utilized for linear while Left-Handed 
(L) and Right-Handed (R) are used for circular polarization 
basis. Under monostatic configurations, HVVH SS =  and 

RLLR SS = . Due to the geometrical symmetric nature, 

HVVH SS =  and they are null. To simulate the case with a 
tumor, a dielectric sphere with the relative permittivity of 

50=rε , centres at the position of ( mm15 , mm15 , mm30 ), 
is introduced. Three cases with different radius of the spheres, 

mm5 , mm10  and mm15  are considered and the 
corresponding amplitude responses plotted in red, cyan and 
black respectively in Fig. 2.  
At frequencies below 1GHz, it is observed in Fig. 2 that the 

amplitude responses for the 4 breast volumes are similar for 
the two linear co-polarized and the four circular polarized 
states. It is apparent that for the case with 15mm tumor, the 
amplitude response is different to the other three cases for 
frequency above 2GHz. For the case with 10mm tumor, there 
are larger amplitude differences at ~2.5GHz for VVS , VHS , 

LLS  and RRS  than HHS and LRS  when comparing with the 
5mm tumor case and no tumor case. The results for the case 
with 5mm tumor (red) are almost the same to the reference 
data which is difficult to distinguish by looking the frequency 
responses. Overall, the results indicate that the amplitude 
responses could be more distinguishable in some polarimetric 
states than the other. 
 Consider the configuration that involves a large amount of 

data ( 18== rxtx NN  and 8 polarization states), visual 
inspection is not feasible in practice. In view of this, we 
quantify the percentage differences of the amplitude response 
when a tumor is introduced with respect to the reference case 
without tumor. The relative difference between each 
frequency sample can be given by 

( )
( ) ( )

( )
%100

,,

,,,,
,,

,

,,
, ×

−
=

rxtxfS

rxtxfSrxtxfS
rxtxfS

refxy

tumorxyrefxy
diffxy . (1) 

To quantify the difference of the data at different 
transmitter/receiver configurations, the “mean differences” of 
the data at each transmitter and receiver directions, xyMD , 
can be given by 

( ) ( ) NrxtxfSrxtxMD
fN

ff
diffxyxy =

Δ

Δ=

,,, , .         (2) 
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Fig. 3. xyMD  for different transmitter/receiver combination. 
The comparison is made between the reference data (no 
tumor) with the case with 5mm tumor. (a) VV, (b) HH, (c) 
HV,  (d)VH, (e) LL, (f) RR, (g) RL and (h) LR. The vertical 
and horizontal axes correspond to the aspects of the incidence 
( φ = °0  to °340 ) and the aspects of the scattered far-field 
(φ = °0  to °340 ). 

 
The results for comparison between the cases of 5mm 

tumor with the reference data are shown in Fig. 3(a) to (h). It 
can be observed that xyMD  vary as the transmitter/receiver 
configurations change. The MD s for VV, HH and the 
circular polarization basis are less than 4% and more than 
100% of MD s are observed for the VH and HV. Such high 
values for VH and HV are due to the fact that the cross 
polarized components for the case without tumor is almost 
zero due to the geometrical symmetry. In reality, due to the 
heterogeneous nature of human tissue, such high values 
cannot be achieved. On the other hand, it is interesting to 
observe that high values of MD  occur at the diagonal axis, 
which corresponds to the back scattered direction. 

Lastly, to get an overall picture about the differences of the 
amplitude response for each polarization states, the mean 
values of xyMD , denoted as xyMMD  , can be given by 
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Fig. 4. xyMMD  for different polarization states with (a) 
5mm, (b) 10mm and 15mm tumor 
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The corresponding results are shown in Fig. 4 (a) and (b) 

for 5mm, as well as 10mm and 15mm tumor respectively. It 
is found that the xyMMD  values are relatively small (<2.5%) 
for the case of 5mm tumor, and increase as the tumor 
becomes larger (15 to 55%). It is interesting to see that larger 
difference can be found when the VV, RL and LR 
polarization states are considered. While not shown in Fig. 4, 
the results for the two cross-polarized components, HV and 
VH, are more than 1000% for all cases. Once again this is 
due to the null cross polarized response for the case without 
tumor and in practice such values cannot be obtained. 

III. DISCUSSION AND CONCLUSIONS 

UWB forward scattering data from breast volumes with 
different tumor sizes are studied. Based on the configurations 
in this paper, several points can be summarized. To achieve 
good contrast of the amplitude responses between the cases 
with and without tumor, the excitation frequency should be at 
least 1GHz as the lower frequency components correspond 
mainly to the scattering from the entire breast volume. 
Second, it is also found that there are higher contrast in the 
back scattered direction in general. Furthermore, the forward 
scattering problems under different polarization states and 
basis are studied. As expected, the VH and HV components 
have the highest contrast due to the geometrical symmetry 
when there is no tumor inside the breast volume. Regarding 
other polarization states, the LR, RL and VV states give 
better contrast than the LL and RR states. Potentially, cross-
polarized components in both linear and circular polarization 
basis can be employed to obtain data with higher contrast.  

This work presented here opens the door for further 
investigations of better data sets for the microwave breast 
imaging by considering different polarization states and basis. 
Although the setup is relatively simple and ideal with lossless 
homogenous breast volume and high contrast between tumor 
and tissue (10 times), surprisingly it is found that the 
existence of small tumor (r=5mm) is not highly revealed in 
the forward data. Better contrast could be obtained with 
higher excitation frequency, but the conductivity of breast 
tissue increases which cannot be ignored [11]. This work 
essentially is the first step and future work needs to focus on 
practical issues such as the choice of polarization states, 
antenna elements, array configurations and matching liquid, 
and at the same time taken into consideration of realistic 
breast model that takes care of the heterogeneous nature of 
the tissue and the contrast between the tumor and breast 
tissue. 
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