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As a supplement to X-ray mammography, microwave 
imaging is a new and promising technique for breast 
cancer detection. Through solving the nonlinear inverse 
scattering problem, microwave tomography (MT) creates 
images from measured signals using antennas. In this 
paper, we describe a developed MT system and an 
iterative Gauss-Newton algorithm. At each iteration, this 
algorithm determines the updated values by solving the set 
of normal equations using Tikhonov regularization. Some 
examples of successful image reconstruction are presented. 
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I. Introduction 

While the death rates from breast cancer have been 
decreasing continuously since the 1990s, the number of breast 
cancer patients is increasing, especially in North America and 
westernized countries [1]. X-ray mammography is the standard 
method for breast cancer detection, but it uses harmful 
radiation. There are many other methods for the detection of 
breast cancer that have improved the identification of small 
tumors, such as CT, MRI, and PET, but they are expensive. 
Microwave imaging (MI) is regarded as a challenging 
alternative method for cancer diagnostics, one that is safe, non-
invasive, sensitive, and inexpensive [2]-[9]. The higher 
sensitivity of MI in breast-cancer detection is based on the fact 
that breast tumors have considerably higher contrast at the 
microwave frequencies than during X-ray examinations [2]-[9]. 

There are two types of active MI techniques for breast cancer 
detection: microwave tomography (MT) [2]-[6] and ultra-
wideband (UWB) radar techniques [7]-[9]. MT provides the 
recovery of dielectric and conductive profiles of the breast 
while the goal of the UWB MI system is building the image of 
scatterers distribution only. The UWB MI systems use confocal 
microwave imaging (CMI) algorithms that provide synthetic 
focusing of scattered signals and are relatively simple. Other 
advantages of UWB MI systems are that they acquire and 
process the scattering data in a very wide frequency band that 
can be up to 10 GHz. It helps to create scattering images with 
better spatial resolution. 

In contrast to CMI, the reconstruction algorithms of MT 
systems are based on the iterative solving of the nonlinear 
inverse electromagnetic scattering problem and are 
complicated and computationally intensive. However, MT 
systems have an advantage for cancer diagnostics because the 
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dielectric/conductive images of MT carry more information 
than the scattered images of UWB. It is essential to note that 
MT was not adequately developed until now because of the 
high cost of hardware and insufficient computing power [10]. 
Only recent technological progress in technology has given 
MT an opportunity for further research and development for 
breast cancer diagnostics and other clinical applications. The 
main trends in progress of MT are in the improvement of the 
sensitivity and spatial resolution of imaging, decreasing 
computation time, and development of a more convenient and 
effective antenna system. 

The most advanced prototype of an MT system was 
developed by the Dartmouth College research group [2], [3], 
[6]. Originally, they studied MI technology for breast cancer 
detection using a two dimensional (2D), nonlinear, inverse-
scattering-based reconstruction algorithm. 

In this paper, we describe the ETRI MT system for the 
detection of breast cancer, which is an advanced modification 
of the system described in [6]. The operating frequency band is 
from 500 MHz to 3 GHz. The developed MT system is a high-
technology preclinical prototype, which is convenient for trials 
of patients and phantom measurements. This system has a 
simple and convenient circular array of 16 transmitting-
receiving (TRx) antennas that can be shifted in a vertical 
direction by a programmed system controller. The antennas are 
placed into an imaging bath with matching liquid. The TRx 
device has high sensitivity, and the microwave switch (SW) 
matrix has high channel-isolation. The MT system applies 
software for the microwave image reconstruction that 
computes accurate numerical solutions for the nonlinear 
inverse electromagnetic scattering problem. This allows 
reconstructed images to be more reliable and informative than 
images obtained by approximated algorithms, such as CMI.  

II. MT System Design 

1. Overview and Specifications of ETRI MT System 

The ETRI MT system for breast cancer detection is 
presented in Fig. 1. The patient lies down flat on the bed and a 
breast is placed into the MI bath under the bed. The imaging 
bath includes a circular array of 16 monopoles (see Fig. 2). 
Each monopole consists of a semi-rigid coaxial cable from 
which the outmost 24 mm of the outer conductor has been 
stripped, as shown in Fig. 3. Therefore, the monopole radiators 
for operating frequencies of 500 MHz to 3 GHz are small in 
relation to their wavelength in the air. However, it is not small 
in the liquid medium of an MI bath. Indeed, 24 mm is close to 
a quarter wave for the permittivity 10 and frequency     
1,000 MHz. The antennas were placed into a tank filled with 

 

Fig. 1. ETRI MT system.  
 

 

Fig. 2. MI bath filled with coupling liquid.  
 

 

Fig. 3. Photo of monopole antenna.  
 

 

Fig. 4. Geometry of microwave imaging bath. Indexed circles are 
locations of monopole antennas. 
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Fig. 5. Photos of internal views of (a) TRx device and (b) switch
matrix. 

(a) (b) 

 
 

 

Fig. 6. Structure of TRx device and SW matrix. 
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coupling liquid with dielectric properties similar to that of the 
human breast. The coupling liquid, a solution of propylene 
glycol in distilled water, reduces reflections from the breast 
surface. The monopole array can move in the vertical direction 
with 20 mm steps in order to examine a breast at different testing 
planes. There are a total of 7 imaging planes. The diameter of the 
imaging zone is 14 cm inside the antenna arrays (see Fig. 4). 

Each of the 16 antennas is used for signal transmission, and 
15 of them are also used for signal reception. Therefore, the 
total amount of transmit-receive data is 240 coherent 
measurements at each frequency for each imaging plane. 

The internal views and structure of the TRx device and its 
switch matrix are presented in Figs. 5 and 6. The transmitter-
receiver device and the switch matrix have the following 
parameters: the operating frequency band of 500 MHz to  
3,000 MHz, the minimum detectable level of –110 dBm, the  

 

Fig. 7. Flowchart of image reconstruction algorithm. 
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switch matrix isolation of 110 dB, and the data acquisition time 
of 15 s per slice at 13 frequencies. The transmitting power is  
10 dBm for each antenna that is at 23 dB smaller than peaks of 
transmitting power of cellular phones. More specifically, the 
FCC limits cellular phones’ SAR level to 1.6 W/kg [11]. Hence, 
10 dBm power is acceptable to expose 6 g of human tissue and 
is definitely safe for heating the human body.  

2. Reconstruction Algorithm of ETRI MT System 

A. Overview of Reconstruction Algorithm 

The nonlinear inverse scattering reconstruction algorithm 
includes a 2D finite-difference time-domain (FDTD) forward 
solver and Gauss-Newton iterative reconstruction. The Gauss-
Newton algorithm performs the following three steps at each 
iteration, as shown in Fig. 7: 

Step 1. It solves the forward problem using a 2D FDTD 
method: calculation of the electromagnetic (EM) fields, 
received signals, and Jacobian matrix for the given distribution 
of permittivity and conductivity in the imaging zone. 

Step 2. It solves the linear matrix equation using Tikhonov 
regularization to determine the Newton steps [3], [6] needed to 
update the parameters. 

Step 3. It updates the distribution of permittivity and 
conductivity in the reconstruction area using the Newton steps. 

The measured and simulated signals are used in their 
logmag-phase formulation, that is, they are represented in the 
form of logarithm magnitudes and phases rather than as  
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Fig. 8. Dual meshes for solving forward (rectangular mesh) and
inverse (triangular mesh) problems.  

 
complex values [2], [3], [6]. In addition, we use the simple 
spatial filtering of the reconstructed parameters in the iteration 
loop, shown in Fig. 7, to reduce the noise influence and 
stabilize the reconstruction. 

To reduce the time and consumption of the computer 
resources, the ETRI 2D MI algorithm reconstructs parameters 
in a limited size imaging zone and uses dual meshes for the 
reconstruction, which can be seen in Fig. 8. The geometry of 
the imaging zone and entire MI bath are presented in Fig. 4 
where the numbering of antennas is also shown.  

The dual meshes consist of a fine mesh for the forward 
problem (forward mesh) and coarse mesh for the inverse 
problem (parameter mesh). The forward mesh has 40×40 node 
grid, and the parameter mesh can have 126 nodes, 281 nodes, 
or 473 nodes. The finer parameter mesh cannot help to 
overcome the diffraction limit of the spatial resolution (see 
(11)) but can increase noises in the image. We use a cubic 
interpolation of the data to transfer the reconstructed 
parameters between the dual meshes, as shown in Fig. 8. The 
estimated computational complexity of the ETRI 2D MI 
algorithm is 108 flops per iteration. 

B. Computational Speed of Reconstruction Algorithm 

The reconstruction algorithm was developed in a MATLAB 
environment1) using MEX files (MATLAB executable 
subroutines that are written in C/Fortran) for the acceleration. 

The older variant of the reconstruction program (without the 
MEX files) took 1 min and 16 s for one iteration, and 15 min 
and 39 s for ten iterations, of the reconstruction. The new 
variant provides one iteration every 8 s, and ten iterations in   
1 min and 27 s. 

The GUI of the MI program is presented in Fig. 9. It makes it 
easy to access the measured data, setup the reconstruction  
                                                               

1) MATLAB R2008a version 7.6 without any additional Toolbox. 

 

Fig. 9. MATLAB GUI for image reconstruction program.  
 
parameters, and plot the reconstructed images. 

C. Forward Solver, Jacobian, and Updating Equation 

The forward EM scattering problem can be written as [3] 
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where E(r) is the electrical field amplitude, k2(r) is the wave 
number of the material distributed in the imaging zone (Fig. 4), 
and j(r) are currents in the transmitting antennas. Time 
dependence exp(jωt) is assumed. Also, k2(r) stores the 
unknown permittivity and conductivity distributions in its real 
and imaginary parts, respectively. Once k2(r) has been 
reconstructed, the permittivity and conductivity distributions 
can be obtained simultaneously by 
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It is important to recognize that the relationship between the 
measurements in E(ri) and the unknown parameters k2(r) is 
nonlinear, as can be seen in (1). After the discretization of (1), 
we obtain the following matrix equation:  

2( ) ,=A k E b  

where ( ) ( ) ( ){ }1 2, ,...,=E r r rNE E E is the discretized field 
vector over spatial points{ } 1

N
i i=r , 2( )A k  is an N×N matrix, 

and ( ) ( ) ( ){ }2 2 2 2
1 2, ,..., Pk k k=k p p p denotes the complex  

dielectric parameters over point set{ } 1
P

i i=p . It should be noted 
that the relationship between vectors E and k2 is still nonlinear. 

The image reconstruction algorithm operates using a relative 
change in phase and amplitude, a so-called logmag-phase 
formulation [3], [6], rather than with changes in the complex 
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field values. In the logmag-phase formulation, the measured 
and calculated data is represented using the logarithm of the 
amplitudes and the unwrapped phases. The data in the logmag-
phase formulation is composed of the difference in the 
amplitudes and phases between an empty bath and the bath 
with target (breast): 

( ) ( )
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In a similar way, the calculated data is reconfigured by 
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In this expression, the empty bath corresponds only to the 
presence of a bath filled with coupling liquid. 

To find vector k2 of the complex dielectric parameters, the 
minimization problem can be solved by 

( ){ }2 meas calc 2 2
lp lp 2arg min= −k E E k .         (5) 

This nonlinear least square problem is solved using an 
iterative Gauss-Newton method. At each step of the iteration, 
the normal equation that corresponds to (5) is solved using 
Tikhonov regularization. Updating the values of the complex 
dielectric parameters provides two steps. At the first step, we 
solve the following normal equation with the Tikhonov 
regularization: 

( ) ( )( )meas calc 2
lp lp ,+ λ ⋅ = −J J I d J E E kT T

T n n     (6) 

where dn is the Newton step at the n-th iteration, I is the 
identity matrix, and J is the Jacobian of the logmag-phase 
representation [2], [3], [6]. Notice that the Tikhonov parameter 

Tλ in (6) is normalized by the norm 
2

TJ J of the matrix JTJ 

[12]. 
The Jacobian J can be represented by  
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is the Jacobian for a complex amplitude representation [3], [6]. 
At the second step, we update vector k2 using   

2 2
1 ,+ = + αk k dn n n n                 (10) 

where coefficients nα  are called Newton parameters.  
For the stability of the convergence of the iteration process, 

smaller Newton parameters, for example, 0.1, should be 
chosen during the first iterations, and larger Newton parameters, 
for example, 0.5, should be chosen at the last iterations [6]. 

III. Spatial Resolution of Reconstructed Image 

1. Spatial Resolution 

The spatial resolution of MI characterizes a minimal 
diameter of the reconstructed image of a small dielectric 
inclusion (point scatterer). The conception of the spatial 
resolution originated in optics, and it relates to the minimal 
focusing spot. There is a so-called diffraction limit in the optics 
for the spatial resolution Dmin, which is defined as half-
wavelength in the media: 

min 0/ 2, /D = =λ λ λ ε .           (11) 

Equation (11) states that we cannot obtain an optical focus 
smaller than a half-wavelength. As the MI and optics are both 
related to the nature of electromagnetic fields, the diffraction 
limit is also valid for the case of MI. However, this is true when 
the receiving antennas are placed in the far-field area of the 
testing object. The diffraction limit can be exceeded by 
exploiting the potentially higher spatial resolution of the 
evanescent waves. The evanescent waves can be detected if we 
receive the near-fields. Processing the data with near-field 
information can help to overcome the diffraction limit in (11), 
as this takes place when using a near-field scanning optical 
microscope [13]. 

The half-wavelength dipole (or equivalent monopole) has 
the radius of the far-field zone equal to half-wavelength (in the 
media). In the case of the ETRI MT system, the distances 
between antennas are more than a half-wavelength in the bath 
media. Hence, we can assume that the circular array antenna 
receives mostly far-field signals, and the diffraction limit 
expressed as (11) is valid. Figure 10 shows the dependence on 
the frequency of the calculated values of spatial resolution Dmin 
using (11) for a PG85%, that is, a propylene glycol 85% 
solution in distilled water material (see Table 1). In particular, 
one can find that at 1,700 MHz 
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Fig. 10. Diffraction limit for PG85% material in frequency band 
from 900 MHz to 3,000 MHz. 
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Dmin = 29 mm.                  (12) 
The limit in (11) can be achieved only in the case of small 

signal noises and high measurement precision. Another 
requirement is the acquisition of enough information to 
reconstruct the image. The last requirement includes the 
number and distance between antennas and the number of the 
measured signals for each frequency. In the ETRI MT system 
under consideration, period d of the circular array is 29 mm. As 
was described before, the total number of measured complex 
signals is 240. However, only half of them can be regarded as 
independent due to the reciprocity property of the antennas. 

2. Spatial Resolution Estimation for ETRI MT System 

Let us first estimate spatial resolution Dmin based on the 
distances between antennas. We can regard array period d as 
the interval of the spatial sampling and apply the Nyquist-
Shannon sampling theorem [14]. This theorem states that 
information in the sampling data with spatial period d permits 
reconstructing the image in which the spatial spectrum has a 
maximal spatial frequency of 1/(2d) only. This means that the 
best possible value Dmin of the reconstructed image cannot be 
smaller than approximately d, that is  

min m≅ =D d 29 mm.             (13) 

A more precise estimation of the spatial resolution Dmin can 
be provided from the Jacobian analysis in (6). In this case, it is 
very convenient to apply the singular-value decomposition 
(SVD) of the Jacobian, or more exactly, of product JTJ in the 
normal equation in (6). The bigger indexes of the singular  
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Fig. 11. Spectrum of singular values of matrix JTJ for the PG85% 
material at 1,700 MHz.  

 
values iσ of JTJ correspond to components of the 
reconstructed image that can improve its spatial resolution. 
Therefore, the truncation of singular values at some index n 
provides a smoother reconstructed image (a bigger value of 
spatial resolution Dmin). 

The calculated spectrum of the normalized singular values 
iσ  of the matrix JTJ in (6) for the PG85% material and 1,700 

MHz frequency is demonstrated in Fig. 11. We can see that the 
singular values rapidly decrease as their index increases. Also, 
most sharp breaks take place at a value of 240. This fact is in 
agreement with the previous conclusion that only 240 out the 
total of 480 measured values can be regarded as independent 
data, which means that we can eliminate 240 measured 
amplitudes and phases from the reconstruction program 
without losing information. 

Based on the SVD, we can easily estimate the best spatial 
resolution Dmin that we can obtain from the measured data. It is 
very significant that in this approach we can take into account 
noises of receiver measurement errors, which can be regarded 
as additional noises in the data. An easy way to estimate the 
noise floor is to use the optimal value of the Tikhonov 
parameter, which must be proportional to the noise level. As 
was shown in [15], the Tikhonov regularization is equivalent to 
the filtering of the spectrum of the singular values of the 
inverse matrix 1( )T −J J  with the filtering function 

( ) .=
+

i
i

i T
f

σ
σ

σ λ
                 (14) 

In particular, it was found that for PG85% bath material and 
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Fig. 12. Selected part of spectrum of singular values of matrix JTJ
for PG85% material at 1,700 MHz. 
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a frequency of 1,700 MHz, the optimal value of parameter 

1Tλ σ  is equal to 0.05.  
For our estimation, we can replace the smooth filter function 

in (14) with a sharp filter function that truncates the spectrum 
of the singular values, as shown in Fig. 12, at the cut level 

.σ = λk T                    (15) 

This means that all singular values of 1( )T −J J with indexes 
bigger than k are replaced with zeros, an approach that is 
known as the truncated SVD regularization method [15]. The 
circle in Fig. 12 marks the truncating edge k.  

Then, combining (6) for 0Tλ =  with (10) for 1n =α , we 
can get the following linear approximation of the image 
reconstruction equation: 

( )2 2 1 meas 2
bath lp( ) ,−− = ⋅k k J J J E kT T

k        (16) 

where the truncated matrix 1( )T
k

−J J  has exactly rank k, that 
is, only k rows are linearly independent in this matrix. 
Therefore, we can select exactly k/2 linear independent 
solutions of parameter pairs ,ε σ  in some k/2 points of the 
imaging zone only. The parameters in all other points of the 
imaging zone can be found using a linear combination of the 
k/2 independent solutions, that is, a certain interpolation based 
on values at k/2 reference points. Let us choose these reference 
points as the nodes of the square mesh in the reconstruction 
zone with period dm. Taking into account the smoothing 
property of the interpolation, likewise for the sampling theorem 
[14], we can conclude that the spatial resolution Dmin of the 

reconstructed image is approximately equal to period dm.  
The plot in Fig. 12 shows that, based on (15) and for cut 

level 1 0.05,Tλ σ =  the effective numerical rank k=38. 
Therefore, there are 19 linear independent solutions of ,ε σ  in 
any 19 reference points of the imaging zone only. Let us 
choose the reference points as nodes of a square mesh of our 
imaging zone. Then, period dm of this mesh is equal to 

m 0
2 ,⋅

=
kd D

π
              (17) 

where D0 = 140 mm is the diameter of the imaging zone of the 
MT system, shown in Fig. 4. Therefore, the estimated value of 
Dmin calculated by (17) is equal to 

 min m≅ =D d 29 mm.            (18) 

Let us note that this value is equal to the 29 mm value that 
was estimated in (13), which corresponds to the distances 
between antennas. The measured spatial resolution Dmin of the 
real reconstructed images in Figs. 14 to 16 is about 24 mm. It is 
interesting that this value lies between the diffraction limit 
value of 22 mm (11) and the value of 29 mm (18) estimated 
from the SVD analysis. 

IV. Breast Phantom Experiments 

Experimental acquisition of the antenna signals with the 
ETRI MT system was provided using cylindrical phantom of 
the breast and cylindrical (or spherical) phantoms of tumors 
(see Fig. 13). The five thin-wall plastic pipes displayed here are 
filled with the liquid of complex permittivity similar to a real 
tumor (see Table 1).  

Examples of microwave image reconstruction using the 
ETRI MT system are presented in Figs. 14 to 16. In the cases 
shown in Figs. 14 and 15, we used the breast and cylindrical 

 

Fig. 13. Breast phantom, including five cylindrical tumors
(marked with arrows). It is inserted into bath.  
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Table 1. Dielectric properties for bath, breast, and tumor phantoms.

Bath 
(PG 85%) 

Breast 
(PG 100%) 

Tumor 
(Distilled water)Frequency 

(MHz) 
rε  σ (S/m) rε  σ (S/m) rε  σ (S/m)

900 24.9 0.75 11.7 0.49 78.6 0.2 

1,100 22.0 0.93 10.3 0.54 78.7 0.3 

1,300 19.9 1.08 9.4 0.58 78.2 0.41 

1,500 17.9 1.21 8.6 0.62 78.5 0.54 

1,700 16.4 1.32 8.1 0.65 77.9 0.69 

 

 

Fig. 14. Reconstructed images for breast phantom with cylindrical
tumor (10 mm diameter pipe) at 1,700 MHz: (a) breast
without tumor, (b) with tumor at center, and (c) with
tumor 30 mm right of center. Marked circles are real
boundaries of breast (big circles) and of tumor (small 
circles). 

(a) (b) (c) 

 
 
tumor phantoms that were described in the previous section.  

In the case shown in Fig. 16, we examined a 5 mm spherical 
tumor phantom in the bath (without breast). The materials and 
its dielectric properties for the bath, breast, and tumor 
phantoms are presented in Table 1.  

Figure 14(a) shows reconstructed images of a breast without 
a tumor, and Figs. 14(b) and 14(c) present images of a single 
cylindrical tumor at the central and shifted positions.  

A more complicated case of the reconstructed images of five 
identical cylindrical tumors is presented in Fig. 15. It is possible 
to conclude that the reconstruction has a fine quality for all 
frequencies of examination from 900 MHz to 1,900 MHz. 

The scattered signals from the small spherical tumor are 
much smaller than in the case of the cylindrical tumor. Hence, 
the image reconstruction in this case is a finer problem due to 
measurement errors described in section II. 

However, Fig. 16 demonstrates an example of successful 
reconstructions of the image of a spherical tumor phantom  

 

Fig. 15. Reconstructed images for breast phantom with 5 
cylindrical tumors (5 mm diameter pipe). Marked 
circles are real locations of tumors. 

(a) 900 MHz (b) 1,100 MHz (c) 1,300 MHz 

(d) 1,500 MHz (e) 1,700 MHz (f) 1,900 MHz

 
 

5 mm in diameter filled with distilled water at 1,300 MHz. 
Here, the tumor was placed in the 4th layer of the MI system, 
and the circular array scanned vertically through seven layers 
positioned at 20 mm vertical increments. 

V. Conclusion 

The presented 2D MT system demonstrates good sensitivity 
and reasonable spatial resolution of the reconstructed images of 
the breast and tumor phantoms. Moreover, the MT system 
proves the ability to reconstruct images for small spherical 
tumors. 

The next generation of the MT system will be based on the 
3D reconstruction algorithm. However, the computational 
complexity of the 3D MI algorithm is 1010 flops per iteration. 
That is considerably more than 108 flops per iteration for the 
2D MI algorithm. 

To reduce computational time and improve the quality of the 
reconstructed image, the new MT system will have two 
parallel GPU accelerators, programming in C/Fortran for the 
3D reconstruction algorithm, and the application of an 
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Fig. 16. Results of reconstruction of microwave images for 5 mm 
spherical tumor at 1,300 MHz at each layer. Layer 
spacing is 20 mm. Tumor is placed in 4th layer (L4) of
seven layers and marked circle is real location of tumor.

(L1) 

(L2) 

(L3) 

(L4) 

(L5) 

(L6) 

(L7) 

 
 
advanced reconstruction algorithm. We also plan to improve 
the hardware of the MT system by increasing the real isolation 
between channels, reducing the noise floor, and modifying the 
antenna system. 

The main purpose of the technology of the MT is to improve 
the spatial resolution of the images down to 5 mm and increase 
the sensitivity of the system to recognize 2 mm tumors. Hence, 

the future antenna system and the TRx device must be more 
sensitive for receiving near-fields, and its maximal operating 
frequency should be increased. The other requirement is a 
development antenna system that is more compact and 
convenient for clinical trial. 
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