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Abstract. In this paper, the relevance of the non contact RF evaluation of the 

complex permittivity of organic material is addressed by means of a computational 

approach. The authors consider a simple configuration constituted of a single loop 

RF antenna interacting with a dielectric material mimicking a typical organic 

tissue (the electrical conductivity is 0.6 S/m and the dielectric constant is 80) 

which includes a buried inclusion (e.g. a tumor featuring a conductivity of 0.2 to 

1.6 S/m and a dielectric constant ranging from 20 to 160). First a three 

dimensional semi analytical model (DPSM) is implemented in order to evaluate 

the sensitivity of such an antenna to the complex permittivity of the buried 

inclusion. Then, the inverse problem which consists in evaluating the complex 

permittivity, the size and the location of the inclusion is addressed by means of an 

artificial neural network (ANN) approach. For the considered configuration (5 mm 

radius antenna, 40 mm radius spherical inclusion buried at a 5 to 20 mm depth 

within the tissue, antenna operated at 135 MHz), the main conclusions are that the 

complex permittivity and the depth of the inclusion can be fairly estimated 

(estimation error smaller than 5%), even in the case of antenna positioning 

uncertainties, providing the ANN is adequately trained. Also, a double antenna 

configuration significantly enhances the estimation of the location and size of the 

inclusion.  

Keywords. RF inductive sensor, complex permittivity characterization, non-

contact and non-invasive tissue evaluation, DPSM, artificial neural network.  

1. Introduction 

The dielectric properties (DP) of materials are due to and informative about the 
composition and structure of materials. As a result, in medical applications, the DPs are 
considered as valuable indicators to assess the physiopathological state of biological 
tissues. They are found very useful to evaluate changes in the state of tissues, in order 
to monitor e.g. the ageing of skin, the healing of wounds, or to detect tumors [1]. 
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Indeed, for example, breast tumor DPs are reported as exhibiting more than 70% 
changes relatively to those of sound tissues at around 100 MHz [2]. The DPs are 

quantified by the complex relative permittivity ε* such that: 

                          *

0 0
j

ε σ

ε

ε ωε

= +   (1)

where ε is the dielectric constant of the material, σ is its electrical conductivity, ω = 2πf 

is the angular frequency and f is the frequency, 1j = −  and ε0 is the dielectric constant 

of vacuum. Various dielectric characterization techniques have been developed for the 
estimation of the DPs of organic materials, which are mostly based on the use of 
electrodes, transmission lines or coaxial probes [3]–[5]. These measurement techniques 
are possibly implemented in a large frequency bandwidth in order to provide spectral 
information about the material complex permittivity. However, due to the necessity of 
a contact between the probe and the material, they suffer from possible loss of accuracy 
and might be found too invasive in some applications [6]. To overcome the limitations, 
microwave (MW) techniques based on the use of transmit and receive antennas and 
inspired from Radar imaging techniques have been considered for tissue 
characterization [7]. These techniques benefit from being non contact and non invasive. 
Moreover, since these systems operate in a high frequency range (i.e. over tens of GHz), 
the antennas are considered as radiating in a far field mode, which simplifies both the 
experimental implementation and the processing of the experimental data. These MW 
techniques are sensitive to the material dielectric constant changes, resulting from a 
change of the amount of water in the tissue, e.g. due to the increased vascularization of 
the tumors [8]. However, the presence of tumors is also characterized by a change of 
the electrical conductivity  [2].  

This is why non-contact inductive techniques operating at lower frequencies (e.g. 
in the kHz to tens of MHz bandwidth) have been also considered for the evaluation of 
organic materials. These so-called magnetic inductive spectrometry (MIS) techniques 
are theoretically able to sense both the dielectric constant and the electrical 
conductivity [9]. However, in practice, they are hardly sensitive to the dielectric 
constant, possibility because of a lack of sensitivity of the used sensors [10]. However, 
recent works have experimentally shown that it is possible to implement non contact 
RF inductive sensors, based on the use of resonant antennas operating in the 
radiofrequency (RF) range (tens to hundreds of MHz), to monitor the changes of the 
complex permittivity of organic materials in an easy to implement scheme [11].  

In this study, the authors aim at evaluating the relevance of such non contact RF 
dielectric evaluation scheme, for the sensing of an inclusion buried in a media 
mimicking a tissue which includes a tumor. To do so, the authors consider a 
computational approach. In section 2, the used case-study configuration is presented. In 
section 3, the interactions between the antenna and the media are modeled using a 
semi-analytical mesh-free method. The computation method is briefly presented and 
the sensitivity of the antenna to the complex permittivity changes of the inclusion 
buried within the media is studied. In section 4, the inverse problem, which consists in 
estimating the complex permittivity, the position and size of the inclusion starting from 
the antenna impedance changes, is addressed by means of an artificial neural network 
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approach for various configurations including a double antenna configuration.  Section 
5 is on conclusion.  

2. Studied configuration  

A simplified configuration is considered in this study as depicted in Figure 1.a. The 

tissue is modeled by a semi-infinite homogeneous dielectric material of conductivity σ2 

and relative permittivity εr2 = ε2 /ε0. A spherical inclusion of radius r featured by 

conductivity σ3 and relative permittivity εr3 is used to model a tumor, and a single loop 

circular antenna of radius a is used as a transmit and receive inductive sensor (antenna 
1). The inclusion is buried at a depth d2 within the tissue and at a distance d3 of the 
revolution axis of the antenna. A second antenna (antenna 2) is possibly placed at a 
distance d4 from antenna 1. In addition, an experimental test bench was set up 
according to this configuration (Figure 1.b.).  

 

Figure 1. a) Basic configuration considered in this study and b) associated experimental test bench  

The test bench is constituted of a 20 liter glass tank (length × width × height = 37 × 25 

× 22 cm3) filled with a NaCl solution prepared so that σ2 = 0.6 S/m and εr2 ≈ 80 [12], 
these dielectric parameters being close to those of typical organic tissues [1]. A r = 40 
mm spherical plastic container is used to constitute the inclusion. The container is filled 

with NaCl solutions of various concentrations leading to σ3 = 3 10-3, 1, 4.5 and 8 S/m 

(and εr3 ≈ 80).  The container is placed within the tank and maintained against the wall 

of the glass tank so that d2 = 40 mm. A printed board circuit circular antenna of radius 
a = 20 mm is placed against the tank wall so that d1 = 4 mm. The dimensions of the set 
up are chosen large enough so as to minimize mispositioning issues, and the size of the 
antenna is chosen small enough so that the tank can be considered as semi-infinite 
comparatively to the magnetic field radiated by the antenna. The impedance changes 
are read out at the ends of the antenna by means of a HP4195A vectorial network 
analyzer equipped with a 41951A impedance analyzer kit. The set up is implemented at 
frequencies f = 11, 19 and 27 MHz.  

3. Modeling the antenna / media interactions using the DPSM 

The aim of the computation is to numerically determine the impedance changes 

occurring at the ends of the antenna interacting with the tissue, defined by ∆Z  = Z0 -
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 Zload, where Z0 is the antenna impedance in the air and Zload is the impedance in 

presence of the tissue. To do so, the distributed point source method (DPSM) [13] was 

used. This mesh-free semi-analytical modeling method is based on the use of discrete 

current sources which radiate as Green’s functions in the whole workspace, and to 

compute the impedance of the antenna starting from the numerical integration of the 

magnetic flux flowing across the loop section [13]. 

3.1. Basic principle of the DPSM modeling  

To compute the distribution of the magnetic flux density at any point of interest, Ns 

elementary current sources Js are used to model the antenna, and 2×NA virtual current 

sources JA are used to map the air / tissue interface, and 2×NB other virtual sources JB 

are used to map the tissue / tumor interface. To be more specific, NA virtual current 

sources (JA1) are distributed above the air / tissue interface, and radiate in the tissue; NA 

virtual current sources (JA2) are distributed under the air / tissue interface, and radiate in 

the air (Figure 2.a). In the same way, virtual sources JB model the tissue / tumor 

interface: sources JB1 are distributed around the “outer” face of the tumor and radiate 

within the tumor, while sources JB2 are distributed along the inner face of the tissue / 

tumor interface, and radiate into the tissue. The intensity of the current sources Js are 

arbitrarily chosen to be equal to 1 A. The intensities of the virtual sources are 

numerically determined so as to satisfy the Helmholtz equation and the boundary 

conditions that apply on the magnetic vector potential A at each interface included in 

the workspace [13]. 

 
a)                                                                                 b) 

Figure 2: a) DPSM modeling of the antenna / material interactions and b) comparison between computed and 

experimental data  

Finally, A is determined at the points of interest from the radiation of all current 

sources considered in the workspace, and the magnetic flux density is computed from 

A. The DPSM was fully described in [13]. It is chosen here since it allows any kind of 

interface shape to be considered, and the accuracy / time of computation trade-off of 

the modeling can be easily adjusted by choosing the convenient number of current 

sources in the workspace. Here, the DPSM is validated against experimental data 
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provided by the experimental test bench. To do so the DPSM workspace was adjusted 

to meet with the experimental configuration described in Section 2 and with Ns = 100, 

NA = 1000, NB = 250. The air / tissue interface is a L×L square surface with L = 400 

mm, and the tissue / tumor interface is a sphere of radius r = 40 mm. Also, the 

impedance change of the antenna is computed from the distribution of the magnetic 

flux flowing across the antenna section computed at 10 000 observations points 

distributed in the antenna plane. This DPSM set up enables the impedance change of 

the antenna to be computed with Matlab in less than 100 s using a 12 core 96 Go RAM 

workstation. As an example, the real part of the measured and computed impedance 

change ∆Z, denoted Ri, is presented in Figure 2.b. for 3 different frequencies and 4 

values of the inclusion conductivity. Error bars are relative to the standard deviation of 

the data estimated from a set of 10 measurement data. One can note the good 

agreement between computation and measurements. Discrepancies may be attributed to 

an inaccurate positioning of the elements constituting the test bench (antenna, 

inclusion…), as well as to the use of a limited set of sources in the DPSM computations. 

3.2. Sensitivity of the antenna to dielectric property changes of the inclusion.  

 

 

Figure 3. Real part Ri and imaginary part Xi of the antenna impedance changes ∆Z versus dielectric 

parameters of the inclusion.  

 

In this section, the DPSM is used to study the sensitivity of the antenna to the 

dielectric parameters of the inclusion. To do so, the configuration of Figure 1 is 

considered with antenna 1 only. The used parameters are a = 5 mm, r = 40 mm, 

d1 = 2 mm, d2 = 45 mm, d3 = 0 mm, σ2 = 0.6 S/m, εr2 = 80, and the dielectric properties 

of the inclusion are σ3 which ranges from 0.4 to 0.8 S/m and εr3 which ranges from 40 

to 120. The frequency used for the computations is chosen so that the loss factor, which 

is defined by:  

                                             2

2 0

tan
2

r
f

σ
δ

π ε ε
=

, (2) 

is equal to 1 in the sound tissue, i.e. f = 135 MHz. This frequency is chosen since it is 

expected to provide equal sensitivity to the dielectric constant and to the conductivity 

of the material  [11]. Computations results provided by the DPSM are presented in 

Figure 3. One can note that both the real Ri and the imaginary part Xi of the antenna 

impedance change are affected by both dielectric parameters, and one can conclude that 
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the inclusion can be sensed by the antenna. Further computations showed that these 
results are strongly affected by the position (d2, d3) of the inclusion relatively to the 
antenna, and of the size (r) of the inclusion. As a result, these parameters should be 
taken into account in the solving of the inverse problem which is considered in the next 
section.    

4. Evaluation of the dielectric inclusion using an artificial neural network 

approach 

In order to estimate the inclusion parameters starting from the values of the antenna 
impedance changes, a model-free estimation technique based on the use of an artificial 
neural network (ANN) is considered. More precisely, a feed-forward neural network 
(FFNN) is used [14] and implemented using the Matlab neural network toolbox [15]. 
The inputs of the FFNN are the real and imaginary parts of the antenna impedance 
changes, and the outputs are the wanted inclusion parameters. To do so, impedance 
data relative to various antenna / tissue configurations are computed using the DPSM. 
Some white noise is added to the data so that the signal to noise ratio is 40 dB, close to 
that of actual experimental data. The noisy data are then divided into three data sets: the 
learning database, which includes the training database and the validation database, and 
the test database. These data sets are used to separately optimize the weights, the biases 
and the size of the FFNN (number of neurons of the hidden layer). The training 
database is used to feed the network during the training process, and the network 
parameters are adjusted according to the estimation errors observed in known 
configurations. The validation database is used to measure the network generalization 
ability and to halt the training process when generalization stops improving [15]. The 
testing database is used to provide an estimation of the network performances during 
and after training. In what follows, the sound tissue is assumed to be known and such 

that σ2 = 0.6 S/m, εr2 = 80. All data are computed at f = 135 MHz.  

4.1. Estimation of the dielectric nature and depth of the inclusion 

We firstly consider the problem of estimating the dielectric parameters and depth of 
the inclusion buried within the sound tissue. To do so, four different antenna / tissue 
configurations are considered and described in Table 1 (cases 1 to 4). The estimation 
results obtained using the FFNN scheme are presented in Figure 4.a., in the form of a 
root mean square error of estimation (RMSE), expressed in % relatively to the 
parameter actual values. In case 1, only the dielectric properties of the inclusion are 
unknown. They are estimated by the FFNN with a RMSE lower than 5%. In case 2, the 
depth d2 of the inclusion is unknown, and the FFNN is trained so as to estimate d2 in 
addition to the dielectric properties of the inclusion. Here, all parameters are correctly 
estimated, even if the RMSE is higher than in case 1. In case 3, an error in the 
positioning of the antenna relatively to the inclusion (d3) is introduced between the 
learning and the testing procedure (Table 1). As a result, the RMSE is significantly 
increased, especially regarding the estimation of d2. In case 4, the FFNN is trained 
taking into account the uncertainty of the position of the antenna (d3). On can note that 

in this case, the estimation errors for σ3, εr3 and d2 are significantly reduced (lower than 

8%), compared to those of case 3 (up to 16%, Figure 4.a.).  
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Table 1.  Considered antenna / tissue configurations 

  σ3  

(S/m) 
εr3 r 

(mm) 

d1 

(mm) 

d2 

(mm) 

d3 

(mm) 

d4 

(mm) 

Case 1 
Learning 1-1.7 20-160 40 2 45 0 - 

Test 1.2-1.6 30-150 40 2 45 0 - 

Case 2 
Learning 1-1.7 20-160 40 2 40-60 0 - 

Test 1.2-1.6 30-150 40 2 43-55 0 - 

Case 3 
Learning 1-1.7 20-160 40 2 40-60 0 - 

Test 1.2-1.6 30-150 40 2 43-55 40 - 

Case 4 
Learning 1-1.7 20-160 40 2 40-60 0-60 - 

Test 1.2-1.6 30-150 40 2 43-55 40 - 

Case 5 
Learning 1.7 160 30-40 2 40-62 0-60 60 

Test 1.7 160 32-38 2 43-61 20 60 

Case 6 
Learning 1.7 160 30-40 2 40-62 0-60 60 

Test 1.7 160 32-38 2 43-61 20 60 

 

  

                           a)                                                                                b) 

Figure 4. a) Estimation of the dielectric parameters and depth of the inclusion. b) Estimation of the location 

and size of the inclusion for single and double antenna configurations.  

4.2. Localization of the inclusion using a single and double antenna scheme  

Finally, the problem of localizing and sizing an inclusion of known dielectric 
properties is addressed using a single or a double antenna configuration (Figure 1.a.). 
The considered configuration parameters are gathered in Table 1, and the estimation 
results are presented in Figure 4.b. One can note that the estimations of the depth d2, 
the radius r and the position d3 of the inclusion is significantly enhanced using a double 
antenna configuration (case 6) compared to the single antenna one (case 5).       

5. Conclusion 

In this study, the authors aimed at evaluating the relevance of a non contact RF 
dielectric evaluation scheme, for the sensing of an inclusion buried in a media 
mimicking a tissue including a tumor. To do so, the authors consider a computational 
approach. First, a DPSM modeling is considered to study the sensitivity of an RF 
antenna to the complex permittivity of a dielectric inclusion buried within a sound 
tissue. Then, a FFNN approach is used to evaluate the inclusion starting from the 
antenna impedance changes. The main conclusions are as follows: firstly, we found 
that the complex permittivity and the depth of the inclusion can be correctly estimated 
from the antenna impedance changes. Moreover, the antenna positioning uncertainties 
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can be compensated with appropriate training of the FFNN. Secondly, the depth and 
size of an inclusion of known permittivity can be correctly estimated with a single 
antenna. The addition of a second antenna provides enhanced estimation and 
localization results. These preliminary results open the way to the design of efficient 
inclusion characterization schemes based on inductive RF sensor arrays. Further works 
will consider a wider range of inclusion sizes and depths, and focus on the evaluation 
of such approach with some actual experimental data.  
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