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Abstract: In the article the function and the scale for the entropy evaluation of the current state  

of extremely high frequency (EHF-) sensors quality in the various technical systems which fits the 

requirements of universality and maximal independency from the human factor are offered. One may see 

such EHF-sensors for the analysis of the quick transformations of the biological liquids properties. It’s 

high lighted that the available methods of the determination of technical systems’ quality have essential 

flaws which consist in both subjectivism because the dominant role in the evaluation belongs to experts 

and legitimacy of providing them properties of universality which was proved by nobody.  

The scheme of EHF-sensor is analyzed for which one may create an analytical model. The problem of the 

fields’ determination at the working region of such sensor is discussed. The presented scheme is possible 

to use for the mathematical model and just for that part of the problem which is devoted to the 

transformation of the properties of the object. The results of calculation of components of electromagnetic 

field at the working space of EHF-sensor are discussed. One may estimate the sizes of this space. The 

offered function of the quality evaluation, the parameter of which is the quantity of own information  

of the explored sensor, provides the declared universality approach according to the principles of the 

information theory. The conformity to all requirements for the functions of the evaluation of the quality: 

continuity, monotonic and smoothness over the whole range of definition regardless of the probability 

distribution function, which is measured by the random value EHF-sensor was proved. 

The proposed scale of the entropy evaluation of the quality fits to standard settings of the diagnostic  

of the technical systems and has three sub ranges which determine the state of the EHF-sensors: good 

state, up state, and down state. Unlike the existing psychophysical scales the offered scale has dynamic 

range of the evaluation so the limits of the sub ranges will automatically change depending on the 

regulatory and technical requirements for the state of the explored EHF-sensor. Such approach provides 

adaptation of the scale to specific requirements which gives a chance to evaluate the qualitative state  

of the object more reliably. The results of modeling of the qualitative state of the sensor are given. The 

possible practical application of the offered function and scale is usage in the systems of monitoring and 

diagnostic for determination of the current qualitative state of the explored technical system, as well. 
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1. Introduction 

Methods of control using electromagnetic waves of the millimetre range 

(extremely high frequency control) (EHF-control) have a number of advantages. 

These methods include non-invasiveness during the study of biological objects in vivo 

and the pace of measurement. The primary information is the complex dielectric 

permittivity ~ which largely depends on the distribution of free water and water 

linked with macromolecules [1, 2]. The velocity of creating and breaking links 

processes can be high making difficult the use of biochemical and other methods 

requiring sample preparation. EHF-methods allow to trace changes in the parameters 

of biological objects throughout the entire transformation period. This makes the task 

of adapting EHF-sensors for the study of biological objects relevant.   

The determination of the EHF-sensor’s transfer function is a very complicated 

and cumbersome task. The simplest way to solve it is to use numerical methods which 

are implemented by the modern software. These methods provide a vivid presentation 

of the mm-range electromagnetic field components’ distribution for a particular sensor 

design. However, it is difficult to trace dependencies, to find out interrelationships 

using these methods. Multiple repetitions of calculations with heuristic trend 

determination are required. Therefore, in this case, analytical methods providing 

cumbersome but readable formulas are more preferable. 

The purpose of this research paper is to search and substantiate at the qualitative 

level the type of sensor being optimal for tracing rapid transformations of biological 

objects. However, it is necessary to solve the problem of optimizing the structure  

so that it would be possible to compose its rigorous mathematical model [3]. 

 

2. Selection of EHF-sensor type 

EHF-sensors (or sensors of electromagnetic signals/mm-waves) find more and 

more wide utility in various fields [4-6]. Usually, the values of the real   and 

imaginary   parts of the complex value of investigated substance’s (biological 

object) dielectric permittivity ~ are determined with their help. The current level  

of (semiconductor) EHF-electronics development (with an electromagnetic waves 

wavelength 1...10 mm  ) makes the creation of such meters economically 

viable.The design of sensors [7–9] becomes more complicated, the methods for their 
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description [10–12] are improved. Two types of EHF-transducers are used: guided-

wave transducer and resonator transducer. The guided-wave transducer allows  

to measure in a certain frequency range (for example, 30 ... 65 GHz). This is an 

important advantage. The measurement of parameters in the frequency range provides 

information which is determined in this case by a linkage between water molecules 

and macromolecules of biological substance [1, 2]. But the sensitivity of the guided-

wave methods is significantly lower than the sensitivity of the resonator ones. 

In our opinion, the most suitable type of EHF-transducer is a quarter-wave 

resonator (QR) with a sensor in the form of open coaxial measurement instrumentation 

(aperture) (CMI) [13-15]. 

It has several advantages. A significant part of electric field energy is located 

outside the main resonating volume. Therefore, the working area can be located 

outside the resonator but with some loss of sensitivity. The link between the resonator 

field and the sample is provided via CMI which can be equipped with dielectric 

inserts, rings allowing to change the transfer function. The size of CMI can be 

significantly less than the wavelength [16-18]. Therefore, the sensor in the form  

of CMI can function in a wide range of frequencies and this allows to explore objects 

up to nanoscale ones [7, 19, 20]. Another advantage of the QR is that it allows to 

change the operating frequency in a wide range. To do this, it is enough to change its 

inductive, short-circuited part ( 0z ). This generally contributes to increasing the 

reliability of any type of indirect measurement [4, 5, 16, 21]. In this case, this 

advantage is of fundamental nature. 

The main criteria for determining the shape of the sensor's operation area can  

be the possibility of non-invasive in vivo sample diagnostics and the possibility  

of sensor parameters’ analytic presentation. They are determined using the description 

of the electromagnetic field (EMF) components available in the operation area.  

The search for analytical presentations of fields is most favourable if the operation 

area elements coincide with the coordinate surfaces. Taking into account the above 

criteria, it is most rational to create a sensor in the form of CMI in a flat screen.  

 

3. EMF-components in the operation area  

The main oscillation mode in the QR is obtained by the TEM (transverse 

electromagnetic wave) transformation of a coaxial line situated near the open end. 

Therefore, the QR has an azimuthal component of the magnetic field ( H ), a radial 

component of the electric field ( rE ) and an axial component ( zE ) amplified near the 

exit aperture. At the qualitative level, the distribution form of EMF electrical 

component in the QR, as well as its rigorous mathematical presentation in the entire 
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volume of the QR, can be obtained on the basis of well known Green tensor functions, 

Maxwell equations for cylindrical areas [22, 23]. Given the fact that the QR has only 

one component of the magnetic field, it is simple to write down the solution for it. The 

general expression is as follows: 

 

V
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with one component of the source .
М

j  Therefore, for ),( zrH


, it will be enough  

to take one transverse component of 9 components of the Green tensor function. In the 

absence of variations in azimuth, it is simplified as follows: 

),,()()(
1

),(
2

zzgr
r

r
rk

rrG nnn

nn

n 








 





                                   (2) 

where: 

)(rn  eigenfunctions,  

n norms of eigenfunctions,  

nk  eigenvalues,  

ng  axial component of Green function.  

The Oz axis passes along the main axis of the CMI.  

 

The eigenfunctions are presented by linear combinations of Bessel-Neumann 

functions: 
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where:  

R- area border. 

 

If the area is not limited, then the kn series become continuous: .0  k   

If in this construction the EMF penetrates only through cross-sectional surfaces, 

then the magnetic currents 
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where:  

i  ordinal number of the biological substance’s intermediate layer monitored using 

the EMF-sensor.  

 

In the general case, the axial components of Green functions ng  are as follows:  
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where:  

i  longitudinal constants of propagation.  

 

For the case of unlimited area ,~ 2
0

2 kk ii    where 0k propagation 

number in a free space, i
~  complex dielectric permittivity constant of the i area’s 

filling material. (For a limited area, kn is used). 

The expression for H  in the i unlimited area is as follows:  
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where:  

0   vacuum dielectric constant,  cyclic frequency. 

 

If the sample is a multilayer structure, then on the layers’ borders, all sources 

can be brought to the source at the aperture. To do this, it is necessary to write H  

above and below of each border and equate them on the basis of border conditions 

.21  HH   Based on  21 EE  , the sources at the borders are equal. The limits  

of integration and eigenfunctions   are also similar. Therefore, the integrands  

for )0,( 1 izrH and ).0,( izrH must be similar. Based on this, we obtain  

the linking coefficients between ),( 1 ir zrE and ),( ir zrE  in the form of a “ladder” 

structure:  
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As for the aperture, you can set the distribution ),( 1zrEr   

as ,)( 1
0

 rUEr where the voltage is linked as ),/ln(/ 120 RRUU a with the 

voltage between the conductors forming the aperture aU  and this will allow  

to determine the value of the equivalent capacitance CMI, and hence, the transfer 

characteristic of the sensor [24]. This will be sufficient in most practical applications.  

It is possible to use more rigorous, but more cumbersome approach, which 

includes solving an integral equation with respect to ),( 1zrEr   [25]. ),( 1zrEr   [25]. 

But in both cases, the field inside the sample is calculated according to the above 

procedure.  

 

4. Analysis of EMF distributions in the CMI 

A layered sample can be an approximate presentation of a biological object 

during the period of its properties’ transformation due to the physical or chemical 

factors’ effects acting from the side opposite to the screen. But to create a rigorous 

mathematical model, it is necessary to eliminate the influence of processes at the 

edges of the sample. To do this, the radial size of the sample must be substantially 

larger than the area where the main energy of the aperture’s electromagnetic field is 

concentrated.  

At a qualitative level, the distribution visualization of EMF components near 

the aperture will allow to evaluate insert’s required dimensions. To do this,  

the simplest version of the calculation specifying the field sources in the aperture 

plane .)()( 1
01

 rUzEr is used. In this case, the expressions for the distributions 

rEH , and zE are simplified to integrals with respect to wave numbers: 
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The simplest conditions are chosen for calculations: aperture dimensions 

,2,1 21 mmRmmR   voltage ,10 VU   QR’s operating frequency 

,102 10GHz   insert’s dielectric permittivity .001,03~
1  i  The sample size is 

substantially bigger than the aperture size.  

The calculations made using a PC showed that the distributions of the 

electromagnetic field’s magnetic component ),( zrH and the radial component of the 

CMI’s electric field ),,( zrEr comply with the following laws: 1) the main energy  

of the fields is concentrated in the area adjacent to the aperture of 1 ... 2 mm; 2)  

the electric field’s radial component is more concentrated. The electric field’s axial 

component ),( zrEz in the radial direction damps also rapidly, but this process  

is slower along the Oz axis.  

As the dielectric permittivity effect on the resonator’s EMF is transmitted 

through the electric field component, the external impact on the sample from the side 

opposite to the screen can be evaluated at the distance of 0.8 ... 1.0 of the aperture’s 

outer radius.  

In general, it can be concluded that the effective interaction area dimensions 

correspond to the aperture dimensions. The reduction of the aperture dimensions has 

no theoretical limitations, so the sample dimensions, and hence, (in the case of the 

outer factors’ influence) the velocity will be limited only by the technological 

capabilities and properties of the biological object.  

 

5. Entropy approach to the biological objects’ physiological signals      

analysis 

The most part of the biological objects’ physiological signals (PS) include 

deterministic, stochastic and chaotic components. At the same time, traditional 

spectral and correlation methods for analyzing the PS allow to evaluate only 

deterministic and stochastic processes. In this regard, during the last ten years, 

neurocognitive researches are increasingly turning to the mathematical 

instrumentation for the nonlinear dynamics evaluation, in particular, to the use of 

entropy for the evaluation of normal and pathological neurodynamic systems [28, 30, 

34].  

An unequivocal definition of the term “entropy” does not exist, but more often 

it is considered as measure of indeterminateness, measure of chaos in a dynamic 

system. Lately, a number of different evaluations has been implanted for a quantitative 

evaluation of the time series’ entropy. These approaches can be represented by two 

groups: spectral entropy and insertion entropy. The spectral entropies (SpE) evaluate 

changes in the amplitude component of the PS’s energy spectrum (determined using 
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the EHF-sensors) using the amplitude components at each frequency of the power 

spectrum as calculations of entropy probabilities. On the other hand, the insertion 

entropy provides the information on how the PS oscillates with time comparing the 

time series with themselves at certain time delay intervals [34] and making possible  

to study the PS from the point of view of the nonlinear dynamics theory.  

In neurocognitive studies, the most common types of entropy calculated for PS are 

Kolmogorov-Sinai entropy, approximate entropy, selective entropy and multiscale 

entropy.  

Spectral Entropy (SpE) is calculated for the spectrum of the signal obtained 

using the discrete Fourier transform. Then, using the Shannon function, a set of values 

is determined corresponding to the obtained frequency components of the PS’s power 

spectrum. The greater the Shannon entropy, the more distant is the system’s ordered 

state, the maximum Shannon entropy being reached when the probabilities  

of all frequency components occurrence are equal, in other words, the system states 

are equiprobable [28]. SpE is used to evaluate the functional state. Based  

on the assumption that a biological object being at rest (in other words, the object is in 

the unexcited state), the PS’s power spectrum becomes narrower compared  

to its spreading during an active excitation of the biological object. As a consequence, 

it is expected that structures with a high level of activity will be characterized by  

a high level of Shannon entropy. Today, spectral entropy is most prevalent in PS’s 

automated monitors and is used to determine the different stages of biological objects’ 

de-excitation.  

Shannon static entropy is extended to a dynamic system in the form  

of Kolmogorov-Sinai Entropy (KSE), which is defined as the rate of loss  

of information about the state of the dynamic system over time and is considered  

as one of the most important characteristics of deterministic chaos. KSE values set the 

evaluation of the information loss rate allowing to interpret it as measure of the 

system’s “memory” or a measure of the rate of “forgetting” the initial conditions.  

The smaller KSE value is, the more deterministic system is and vice versa, the bigger 

KSE values are, the bigger system's stochasticity is and as a result, the prediction of its 

future states is poor. The role of KSE for nonlinear systems is similar to the role of the 

autocorrelation function for linear systems. In particular, KSE is associated with 

Lyapunov exponents characterizing the dynamic system’s stability [27]. The formula 

for calculating KSE is based on Shannon entropy formula, in other words, 

Kolmogorov-Sinai entropy is defined as asymptotic increment of uncertainty for  

an infinitely small size partition. But in practice, KSE is usually evaluated using 

Lyapunov exponents, or it is evaluated as approximating К2 value through the 

correlation integral [29]. The KSE evaluation algorithm provides for stationary long 

time series (35 - 45 seconds of artifact-free PS fragments with a sampling frequency 
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 of at least 400 Hz), therefore KSE has a limited application for analyzing the PS  

of biological objects of various nature in the monitoring mode of these PS.  

That is why a modified KSE evaluation algorithm known as Approximate 

Entropy (ApEn) is proposed. It can be calculated for short PS’s fragments (1000 

samples) and is noise-resistant. The ApEn is a measure of the 

irregularity/predictability of finite-length time series [32]. However, ApEn values 

sharply decrease with the PS’s fragment length increasing. In order to overcome this 

deficiency, the Sample Entropy (SampEn) was developed which is also KSE, but is 

determined on the basis of correlation entropy and not using Shannon entropy [33]. 

The above types of entropy quantitatively determine only the regularity 

(predictability) of time series on a single scale. However, there is no direct correlation 

between regularity and complexity. So, not fully predictable (for example, periodic) 

signals with the minimal entropy or completely unpredictable (for example, 

uncorrelated random) signals with the maximal entropy are really complex because 

they can be described very compactly. There is no single definition of the dynamic 

system’s complexity. Intuitively, the complexity is due to a significant structural 

variety including correlations on several space-time scales. This system complexity 

can be quantitatively determined using the Multiscale Entropy (MSE) which  

is calculated on the SampEn basis and takes into account correlations appropriate  

for the PS on several time scales. The MSE allows to differentiate a noise and 

significant complexity of a signal and is also able to detect temporal correlations over 

long distances allowing to determine the presence of “memory” effects in the 

dynamics of the main signal and the complexity of the space-time systems  

of neurocognitive processes [31].  

The entropy approach offers to the neuroscience a wide range of tools for 

determining brain’s neurodynamic systems but it requires further development of the 

physiological interpretation of the obtained results. 

Taking into account the importance of dielectric materials in the microwave 

equipment (microwave range), a wide variety of methods for measuring the dielectric 

permittivity is used. The resonance method is considered as the most common and 

accurate [35], but its use is limited to the centimeter wavelength range. During the 

transition to the millimeter and sub-millimeter range, quasi-optical methods are used. 

Devices built on various interferometer modifications basis [36, 37] provide basically 

high accuracy but they are excessively complex for solving problems.  

The method of dielectric plate’s transmission and reflection coefficients 

measuring has a moderate accuracy and sufficient simplicity [38]. During the 

formation of the reflected wave, the interference of reflections from the front and rear 

edges of the dielectric plate takes place. As a result, the reflection curve depends  

on such parameters (except the angle of incidence), such as the radiation frequency, 
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plate thickness. Moreover, this dependence is nonmonotonic due to interference. Such 

nonmonotonicity occurs if the plate thickness (d) is much less than the absorption 

length, i.e.
 

10  dk  , where k – wave vector, ''

0  – the dielectric susceptibility  

of the plate material in the longitudinal direction (i.e. the direction of electromagnetic 

wave propagation in the plate). The fig. 1 shows the rated dependences  

of the monochromatic wave’s reflection coefficients on the dielectric permittivity with 

the plate thickness d = 1,0 mm and d = 2.0 mm and frequency ν = 78 GHz. 

 

 
Fig. 1. The dependence of the reflection coefficients on ε with the frequency ν = 78 GHz: a - 

plate thickness d = 1.0 mm; b - plate thickness d = 2.0 mm 

 

The curves are calculated using formula: 
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where: 

ν – radiation frequency (GHz),  

ζ – cosine of the angle of incidence;  
2 21       when the polarization of the electric intensity vector on the 

plane is perpendicular to the plane of incidence.  

 

The presented graphs shows that for materials with the value of ε ~ 7…10, it is 

better to use for the first “adjustment” measurement a plate of smaller thickness  

(for larger thicknesses, the multiple-valuedness may occur when calculating the 
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dielectric permittivity with respect to reflection coefficient). In gradually increasing 

the thickness of the plate, the accuracy of determining the dielectric permittivity can 

be increased (due to a sharper dependence of the coefficient when larger thicknesses 

are used). If the dispersion is small ( ( ) 1k d        = ), then the value of ε 

can be determined by measuring the reflection coefficients for different frequencies 

using the same plate thickness.  

Thus, it is obvious that the method for determining the dielectric permittivity 

using quasi-optical method with the possibility of varying the measurement accuracy 

by choosing the steepest sections of the dependence gives sufficient/acceptable 

accuracy for application in the problem of determining bound water layers (ε ≈ 2…6) 

in capillary-porous colloidal environment.  

The fig. 2 shows the dependence of r (ν) in the frequency range (55 ... 78) GHz 

for plates with the thickness (1...2) mm. Experiments confirm this dependence 

obtained by theoretical calculations.  

 

 
Fig. 2. The dependence of the reflection coefficient (r) on the frequency of a monochromatic 

electromagnetic wave of millimeter range (ν) incident on the plate with the thickness             

d = (1…2) mm. 

 

Conclusions 

1. The performed analysis corresponds to real resonator transducers and has  

a practical value. The analytical presentation enables to quantify the basic parameters 

of the sensor already at the preliminary design stage. This is necessary to simplify  

the stages of specific meters modeling and designing.  

2. For an analytical model of the biological substance transformation process, 

the selected sensor circuit allows to completely carry out all the stages of theoretical 

calibration of the EHF- sensor. 
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3. The model evaluation was carried out for operating frequencies of 10 ... 60 

GHz. It is to be noted that the reduction of the operating frequency will not have  

a fundamental impact on results. Therefore, it is useful to evaluate the operating area 

for a frequency close to the free water relaxation frequency. The linkage between the 

water and macromolecules of biological substance will result in decreasing of the real 

part of the dielectric permittivity and relaxation frequency. In this case, the change  

of quality factor and frequency of these parameters is no less important informative 

parameter than the shift of the operating frequency. Together, these factors will 

provide the most informative measurements and high-quality operational 

characteristics of EHF-sensors.  

4. Biological objects’ physiological signals obtained using EHF-sensors include 

deterministic, stochastic and chaotic components. The entropy approximation allows 

to determine and quantify such signals as non-linear dynamics signals. An overview  

of the main types of entropy evaluations used, in particular, in neurocognitive 

researches of biological objects is presented. The following types of entropy are most 

productive and informative: Spectral Entropy, Kolmogorov-Sinai Entropy, 

Approximate Entropy, Sample Entropy, Multiscale Entropy. A physiological 

interpretation of various types of entropy for neurocognitive researches of biological 

objects (brain) is given.  
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