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Abstract—Despite the numerous advancements in the field of 

microwave measurement systems and techniques for biomedical 

and industrial applications, the development of cheap and 

reliable microwave imaging devices is still a challenge. In this 

contribution, a tomograph prototype specifically designed for 

medical imaging is presented. An array of custom antennas is 

placed in contact with the target, and the scattered field data are 

collected by means of a computer-controlled switching board 

connected to a vector network analyzer. The acquired data are 

then processed with a combined qualitative/quantitative 

inversion scheme, whose final goal is to retrieve a spatial map of 

the dielectric properties of the sample. After the description of 

the developed system and an outline of the adopted inversion 

method, preliminary experimental results are shown in order to 

validate the effectiveness of the approach. 

Keywords—microwave systems; nonlinear inversion, 

biomedical applications 

I. INTRODUCTION

In the last years, there has been a growing interest in using 
microwave imaging techniques in biomedical applications, for 
both therapy and diagnostics [1]–[10]. In general, microwave 
imaging systems are composed by some radiating elements 
used to “illuminate” the body under test and one or more 
receiving elements able to collect the field scattered by the 
body. Since microwaves can penetrate inside dielectric 
materials, information concerning the internal structure of the 
body under test can be retrieved from the measured scattered-
field data.  

Biological bodies are however difficult to inspect at 
microwave frequencies since they are highly inhomogeneous, 
lossy, and dispersive structures. As a result, the signal is 
significantly attenuated during the propagation and, due to 
multiple reflections, the information about the material is 
contained in a complex way into the field that can be 
measured by the probes. Despite such difficulties, microwave 
imaging techniques can directly provide the maps of the 
dielectric parameters (i.e. the dielectric permittivity and the 
electric conductivity), which is a feature that cannot be 
obtained by using more consolidated diagnostic techniques, 

such as X-rays or ultrasounds. To this end, proper data 
processing algorithms should be used for retrieving the 
distributions of the dielectric properties of the target under test 
from the measured data. As it is well known, they are based on 
the solution of an inverse scattering problem, which suffers 
from two serious difficulties. First of all, it is strongly 
nonlinear. Moreover, it is also severely ill-posed. Therefore, 
particular care must be devoted to the development of the 
inversion algorithms, which have to provide a regularized 
solution and should avoid to be trapped in local minima, 
resulting in artefacts in the final image.  

In summary, using microwaves for diagnostic applications 
is a very challenging problem. In the last years, the research in 
this field has been mainly focused on breast and brain stroke 
imaging. Both these applications have been addressed by 
using imaging apparatuses specifically designed and realized 
[11]–[17]. Actually, they must exhibit a very high dynamic 
range, since the field levels, in a noisy environment, are very 
low. Another problem is related to the need for the accurate 
knowledge of the incident field, i.e. the field which is present 
without the target. Such information is necessary not only at 
the measurement points, but also inside the “investigation” 
domain, which is the test region, usually located inside a 
plastic or metallic imaging chamber. Concerning the inversion 
procedures, in the field of breast and brain stroke imaging, 
both qualitative [18]–[22] and quantitative procedures [23]–
[27] have been used to obtain the dielectric reconstructions. In
the first case, the aim is to retrieve only the locations, the
dimensions, or some other features of the discontinuities
present inside the bodies. These discontinuities may be
represented, for instance, by a tumor in the breast, blood in
hemorrhagic stroke, or a necrotic mass in the ischemic stroke.
On the contrary, quantitative procedures are aimed at
reconstructing the complete distributions of the dielectric
properties inside the target. This information can be directly
related to the presence of dielectric discontinuities, allowing a
direct observation of the effects of the pathology. Usually,
quantitative procedures are more expensive from a
computational point of view, which results in longer times for
a complete diagnosis.
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In this paper, a prototype of an imaging system, equipped 
with a set of custom antennas specifically developed for 
biomedical applications, is presented. A hybrid inversion 
algorithm, which combines a qualitative and a quantitative 
inversion procedure, is applied to estimate the distributions of 
the dielectric properties of the region of interest. In particular, 
the data collected by the tomograph prototype are firstly 
processed by means of a delay-and-sum radar-based method 
[4], [21], in order to produce a qualitative reconstruction of the 
target. After that, a Gauss-Newton inversion algorithm [28]–
[32], which is able to exploit the information found in the 
qualitative step, is adopted to obtain the full distributions of 
the dielectric properties [33]. 

The paper is organized as follows. In Section II, the 
various parts of tomographic imaging system are described, 
whereas Section III outlines the developed nonlinear inversion 
algorithm. The experimental setup and some preliminary 
results are then reported in Section IV. Conclusions follow. 

II. AUTOMATED TOMOGRAPH 

The developed imaging system is based on a fully 
automated tomograph prototype intended for breast or other 
in-vivo tissues analysis. Fig. 1 shows the block diagram of the 
system. A personal computer (PC) is in charge of managing 
the active antenna pair, set/get vector network analyser (VNA) 
measurements, and run the reconstruction algorithms. The 
switching control board and the RF switch boards have been 
specifically designed in order to allow to independently drive 
16 antennas located around the inspected target.  

 

 

Fig. 1. Block diagram of the automated tomograph prototype. 

 

A. Antenna array 

An array composed by 16 antennas is used to illuminate 
the sample under test (SUT) and to collect the scattered 
electric field data. In order to avoid strong signal reflections 
due to the mismatch between the antennas and the SUT and to 
optimize the microwave propagation inside the inspected area, 

ad-hoc antennas have been specifically designed. They are 
folded quasi self complementary antennas (FQSCA) [34]. 
Such antennas allow operating directly in contact with the 
SUT, maintaining a reasonable operating bandwidth from 1.5 
GHz up to 6 GHz and having the main lobe in the direction of 
the analyzed object. 

The antennas are mounted on a plastic 3D printed frame 
(Fig. 6(a)). In particular, they are equally spaced on a circular 
ring of radius equal to 60 mm around the SUT with angular 
separation of 22.5°. The material used for the 3D prototype 
presents a relative dielectric constant �� of 2.97 and a loss 
tangent � of 0.02 at 2.45 GHz. The effects of the plastic 
support have been preliminarily simulated by using 
commercial software based on the finite element method 
(FEM). The results of the simulations showed that the 
presence of this structure marginally affects the measured 
electric fields. 

B. Switching board 

The RF switching electronics has been developed to allow 
the 16 antennas to be independently commutated in order to 
obtain all the possible element pair combinations (240 
couples). Each antenna can be used in transmitting (TX) or 
receiving (RX) mode. When a pair of antennas is used, the 
remaining 14 ones are left inactive thanks to the use of 
absorptive RF switch components. As described in [35], the 
use of terminations reduces the reflection of the signals 
received by inactive antennas in the array.  

The switching network is composed by a combination of 
two different switching boards (1:4 and 2:4) as schematically 
shown in Fig. 2. Both topologies have been developed by 
using Peregrine Semiconductor’s PE42441 SP4T absorptive 
RF switches able to operate in a frequency band from 10 MHz 
up to 8 GHz. 

 

Fig. 2. Switching network block diagram. 

 

In order to reduce the development time and ensure the 
same performances for all the boards, the same chip has been 
used for both switching parts (1:4 and 2:4). Fig. 3 shows the 
principle electrical schematics and a picture of the PCB of the 
developed 1:4 board. In order to reduce RF signal attenuation 
and electrical parameter variations, a Rogers RO4350B 
substrate has been used. 
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(a) 

(b) 

Fig. 3. (a) Switching board connection schematics and (b) picture of the 

developed PCB. 

(a) 

(b)  

Fig. 4. Examples of the (a) attenuation and (b) phase shift introduced by the 

switching block. 

The RF switching block is composed by several coaxial 
cables of different length. Also due to the different paths in the 
switching boards, signals are unevenly attenuated and phase 
shifted in function of the selected antenna pair. Fig. 4 shows 
two examples of the attenuations and phase shifts introduced 
by the switching block (for two different active antenna pairs). 
A calibration is therefore mandatory, in order to compensate 
both amplitude and phase variations due to the switching 
block and cables. In the present work, manual through 
measurement without antennas have been performed and 
saved for each combination. The corresponding attenuation 
and phase shift are then subtracted from the measurement with 
the SUT.  

III. RECONSTRUCTION ALGORITHM

A combined qualitative-quantitative nonlinear inversion 
scheme has been adopted for processing the measured data, in 
order to obtain a reconstruction of the dielectric properties of 
the region of interest � (in the following denoted as 
investigation domain) in which the target is assumed to be 
located. The target is characterized by its relative dielectric 
permittivity ����� and its electric conductivity ����, with � 	
�. Considering a known reference structure with relative

dielectric permittivity ��
������ and electric conductivity

������� (e.g., an empty imaging chamber), the following

contrast function can be defined

��� � ����� � ��
������ � �
���� � �������

���
(1) 

The data available for the inversion procedure, collected in 
the observation domain �, are the measurements of the total 
field with the target ������� and of the field due to the 

reference structure �������, � 	 �. The scattered field ��� �

���� � ����, is related to the contrast function  by a nonlinear 

relationship, i.e., 

��� � ��� (2) 

where � is the nonlinear scattering operator described in [33]. 
Since the problem of retrieving  (or, equivalently, �� and �) 
given the scattered field ��� is also ill-posed [36], a particular 
attention should be paid to the selection of proper inversion 
methods. In this work, a hybrid approach similar to the one 
proposed in [33] is tested for the first time for biomedical 
applications. As schematized in Fig. 5, it is based on the 
combination of a qualitative method with a quantitative 
inversion procedure. In more details, in the first step a delay-
and-sum algorithm [4], [21] is used to produce a first 
qualitative tomographic image of the investigation domain �, 
denoted as ����, � 	 �. Subsequently, a quantitative Gauss-
Newton inversion scheme is used, by taking advantage of the 
previously found qualitative map to focus the reconstruction in 
the regions of � in which the targets are located. The Gauss-
Newton method iteratively performs a linearization of (2), 
obtaining, at the �th step, the linear equation 

���
�  ! � ��� ���!� (3) 

� � � � � � � �
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where ! is the value of the unknown function  at the �th 
iteration, and ���

�  is the Fréchet derivative of the operator � 

at !. Then, (3) is solved by using a regularizing truncated 
Landweber algorithm. After that, the solution  ! found in the 
inner Landweber loop, weighted by the qualitative map �, is 
utilized to update the unknown function as !"# � ! $ � !. 
Since the qualitative map has normalized values in the range 
between 0 and 1, all the cells of the investigation domain are 
iteratively updated, but the ones in which the delay-and-sum 
indicator function has found significant discontinuities with 
respect to the background (i.e. where � is close to 1) are 
weighted more than the others. In this way, the proposed 
algorithm allows to improve both the reconstruction accuracy 
and the computational efficiency.  

In summary, the whole inversion method is structured as 
follows: 

1. Retrieve a first qualitative map ���� of the 
investigation domain by applying the delay-and-sum 
algorithm [4]. 

2. Solve the nonlinear operator equation (2) by means of 
the iterative Gauss-Newton method (� indicates the 
iteration number), starting with an empty initial guess: 

a. Compute the first-order approximation of (2) 
around the current estimate of  (i.e., !), which 
leads to (3). 

b. Solve (3) by applying the regularizing truncated 
Landweber method, obtaining the increment  ! 
to be used to update the solution. 

c. Update the unknown function as !"# � ! $
� ! (� being the qualitative map found in step 
1) and iterate from step a. until convergence is 
reached. 

Additional details about the implementation of both the 
qualitative and quantitative steps of the proposed procedure 
can be found in [33]. 

 

Fig. 5. Block scheme of the combined inversion procedure. 

IV. MEASUREMENT SETUP AND RESULTS 

The preliminary tests of the proposed system have been 
carried out by considering the measurement configuration 
shown in Fig. 6. In particular, the target is composed by an 
outer Plexiglas cylinder of external diameter % � &'()**, 

filled by a mixture of oil, water, and salt (relative dielectric 
permittivity �� + ,-., electric conductivity � + (-,)/0* at 2 
GHz). The liquid mixture occupies a vertical depth of 90 mm. 
A plastic tube of diameter %1 � 2)**, centered at �
 3� �
��'(
 '(�)**, and filled with a different mixture of the same 
components (relative dielectric permittivity �� + .', electric 
conductivity � + .-4)/0*) has been also included. 

The data acquired with the developed system have been 
processed by using the combined qualitative/quantitative 
method outlined in the previous Section. The investigation 
domain � has a circular cross section of diameter % � &')5*, 
and it has been discretized into 6� � &'.( square cells of 
side length 7-&')**. The reference structure is the imaging 
chamber filled with a mixture of oil, water and salt, 
characterized by relative dielectric permittivity ��
��� � ,-. 

and electric conductivity ���� � (-,)/0*. The qualitative map 

of the investigation domain, which clearly shows the presence 
of the inclusion, is reported in Fig. 7. Moreover, Fig. 8 shows 
the reconstructed values of the relative dielectric permittivity 
at 1.9 GHz. As can be seen, the inclusion is correctly located 
and the dielectric properties of the inspected domain are 
retrieved with acceptable accuracy. 

 

(a) 

 

 

(b) 

Fig. 6. Measurement configuration used to test the imaging prototype. (a) 

Photograph of the system. (b) Schematic representation of the target. 
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Fig. 7. Qualitative map provided by the first step of the inversion procedure. 

Fig. 8. Reconstructed distribution of the relative dielectric permittivity 

provided by quantitative inversion algorithm. 

V. CONCLUSIONS

In this paper, a prototype of microwave imaging system 
for biomedical applications is presented. It is composed by an 
antenna array and a computer-controlled measurement 
apparatus that includes a vector network analyser and a 
switching block. The acquired data have been inverted by 
using a hybrid qualitative-quantitative reconstruction 
algorithm. Some preliminary experimental results, aimed at 
testing the functionalities of the system and at validating the 
effectiveness of the proposed inversion algorithm, have been 
reported. Further developments will include an extensive 
experimental validation in presence of more complex 
situations and realistic scenarios, involving inhomogeneous 
media, irregular shapes, and smooth discontinuities, as well as 
the extension to three-dimensional configurations. 
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