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DETERMINATION OF THE DIALECTRIC PERMITTIVITY OF
BIOLOGICAL ENVIRONMENT ON THE BASIS OF A FLAT DOUBLE-
LAYER MODEL

The paper deals with the method for determining dielectric permittivity of biological objects using
frequency dependence of the voltage reflection coefficient on the flat double-layer medium. It is shown that
the dielectric constant of the half-space depends not only on the frequency, but also on the type of
polarization and the electromagnetic wave incidence angle. This method can be used in the diagnosis of
neoplastic diseases of the human body.
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Introduction

The first and main task in the field of radio-wave control of the composition and properties of
materials is the dielectric permittivity measurement. The most widely used are microwave
techniques that have found application in construction, agriculture and medical diagnostics.

The problem of magnetic field interaction with living organisms attracts attention of scientists by
the possibility of its application in medicine, especially in the remote identification of the biological
object structure, simulation of artificial objects with electrodynamic characteristics that are
maximally approximated to those of real biological objects.

One of the physical quantities, that characterizes the property of environment to absorb
electromagnetic waves propagating in it, is complex dielectric constant. The value of this quantity
depends on the physical nature of the medium [1]. Most studies are related to measuring absolute
values of the dielectric constant of materials and liquids. Thus, determination of the real and
imaginary parts of dielectric permittivity of biological fluids and objects is an important task in the
study of their structure and characteristics.

Review of the sources

In recent decades, intensive research has been carried out on propagation of electromagnetic
waves in forest cover. These studies have acquired particular relevance with the development of
remote sensing of the Earth surface. This is due to the significant influence of forests on the
parameters of electromagnetic radiation of virtually all ranges that determine the characteristics of
wave propagation near the earth surface.

In [2] the method for finding dielectric permittivity of the vegetation environment is considered
for the low-frequency part of the very-high frequency range (VHF). According to its electrophysical
characteristics, the forest environment is similar to a non-ideal dielectric, so the processes of
reflection and refraction of waves at the upper edge of the forest depend mainly on the real part of
its dielectric permittivity. The method is based on carrying out direct measurements of the field
attenuation in the forest. It was believed that in this frequency range the forest medium is isotropic.
Then determination of its dielectric permittivity was reduced to independent measurements of the
real and imaginary parts of the scalar value.

During the last forty years GPR technology is increasingly used for a wide range of tasks on
assessing the state of the rock mass. This is a technology that uses radar principles for the
underground space studies (it is actively developed in the United States, France, Sweden, Russia,
etc.). The method of electromagnetic pulse (EMP) ultrawideband (UWB) sensing has been applied
in engineering geology and the construction industry as a method of GPR due to the increased depth
of the research.

Papers [3 - 4] present a method of subsurface EMP UWB sensing, which is implemented using
generators based on drift diodes with a sharp recovery of the reverse voltage for the emission of
electromagnetic waves. Considerable depth of signal propagation is caused by the emergence of
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low-frequency dispersion of the dielectric constant in the medium, the presence of which can be
determined by polarization with dipole relaxation mechanism that describes the behavior of moist
soil under the influence of strong electromagnetic pulse field.

In the process of low-energy electromagnetic irradiation of biological tissues ionization of a
substance molecules and formation of radical pairs occur. Thus, external low-energy
electromagnetic fields affect the molecular structure of biological substances and, hence, also their
electrophysical properties — the real and imaginary parts of the dielectric constant. These changes
lead to the changes in the characteristics of the object under study.

Paper [5] deals with the ultrahigh-frequency electromagnetic field influence on biological objects
in agricultural production. Assessment of the state of biological objects was performed using the
dielectric radiospectroscopy method. By the level of the biological environment ionization the
tendencies in the dielectric constant variations were determined. In this regard, a probabilistic
model of the processes occurring in biological media under the influence of external
electromagnetic fields was considered, which has made it possible to determine the quantitative
changes in electrophysical characteristics of biological tissues.

Paper [6] presents the method of resonance angle and the method of phase measurements of the
reflection coefficient, which are used for finding dielectric parameters of biological objects. Also, a
sensor is designed for analyzing the composition of biological media. High sensitivity of such
sensors is determined by resonance dependence of the sensor output values on the parameters of the
medium. The intensity, incidence angle and phase of the reflected wave are used as informational
parameters. In the biosensor design a three-layer model was used, namely: medium 1 was a glass
prism, medium 2 — a glass or a silver layer with the depth d, medium 3 — a biological medium under
study that was assumed to be a semi-infinite space. The method is shown to be a universal one in a
wide range of dielectric parameters of the objects under study.

However, in spite of high sensitivity of these methods, there are certain limitations as to their
application: high complexity of the optical circuit for realizing phase measurements of the reflection
coefficient, which can be implemented only in the conditions of specialized laboratories..

Near-field location of the ultrahigh frequency (UHF) range is an effective method for
investigation of the materials and media with various physical natures and is widely used in
microelectronics, material science, defect detection and medical diagnostics. High sensitivity of the
antenna to the changes in the dielectric constant of the medium allows performing diagnostics at a
certain distance of the area under study from the probe aperture. An important characteristic in this
case is a probing depth — a distance inside the object where the changes in the dielectric constant of
the medium are still noticeable. In [7, 8] it is shown that the probing depth values for a near-field
location could reach several centimeters. Also, a possibility is considered of using the near-field
location of UHF range for identification of the malignant formations in biological tissues.
Theoretical results are obtained using the theory of plane-layered media. The work presents an
electrodynamic model for diagnosing strongly inhomogeneous layered media.

In [9] the effects of radiation interaction during near-field diagnostics of biological tissues are
considered. Calculations were performed on the basis of the theory of a plain-layered medium near-
field location. The theory was used to determine the probe complex impedance that was changing
with the changes in the dielectric constant of biological tissue.

It is known that the emergence and development of many musculoskeletal system diseases of
children and adolescents are related to deterioration of the main processes of the living organism
activity regulation. Quality of life processes (normal or pathological) changes the electrodynamic
parameters of the body, especially the dielectric permittivity of tissues. From this it follows that the
dielectric constant estimation can be an indicator of the functional activity of the body.

In [10, 11] the possibility to determine electrodynamic parameters of biological tissues using the
remote method is considered. The principal possibility of using such methods for non-invasive
diagnosis of biological objects is shown and the capabilities of high-frequency near-field probing
are investigated on specific examples connected with the musculoskeletal system of adolescents by
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measuring the dielectric constant of the living tissue.

Analysis of differences in the properties of biological tissues to absorb and dissipate
electromagnetic field is the basis of the waveguide electromagnetic probing method [12 - 14]. The
results of the research with the use of this method make it possible to estimate spatial distribution of
the biological object dielectric permittivity and to make a conclusion about the degree of the
electromagnetic field power absorption in biological tissues. The mathematical model of the method
is based on solving the problem of electromagnetic field diffraction on the absorbing object placed
into a waveguide. The corresponding boundary value problem is reduced to a Fredholm integral
equation of the second kind. The advantage of the method of integral equations is the ability to
obtain an overview of the field throughout the volume which includes dielectric inhomogeneity.

In [15] the problem of determining the diffraction pattern of the field using a heterogeneous
dielectric sample, simulating a biological object, is considered. Waveguide electromagnetic probing
method was used to investigate the effect of electrodynamic and geometric characteristics of the
sample on distribution of the scattered electromagnetic field. Also simulation of electromagnetic
waves on a layered heterogeneity in the waveguide was performed. Numerical calculations were
carried out by the example of a plane waveguide containing a three-layer model of the biological
environment. The dielectric constant of the outer layers was assumed to be equal to the dielectric
constant of muscle tissue, and that of the inner layer — to the bone tissue

Results of the research on the dielectric properties of weak solutions of glucose in water and
saline solution in MM range as well as that on the dielectric properties of the blood and skin are
presented in [16]. Investigations were performed using a specially developed method for measuring
the complex dielectric constant of a medium with considerable losses, which does not require phase
measurements of the complex reflection coefficient. The method makes it possible to determine the
level of glucose in blood in real time with a single drop of blood.

Problem statement

Early diagnostics of breast tumors is now one of the most pressing problems. Changes of
dielectric constant and temperature are usually observed before the occurrence of structural changes
that are determined by standard methods of breast cancer investigation - ultrasonography,
mammography.

Therefore, the problem of determining the complex permittivity of biological tissues is a
prerequisite for diagnosing structural changes in the human body and, namely, for the tumor process
localization. Therefore, the development of a new method for determining the dielectric properties
of biological tissues is an important task in diagnosing tumors. The novelty of this radio
engineering method lies in finding complex permittivity of biological media using voltage reflection
coefficient in the range of frequencies.This method is also improved by introducing a mathematical
model of "antenna - biological environment" near-field interaction[17].

Antenna

Air h,

A

Skin £

Fig. 1. Simulation of the human body biological environment using a double-layer model, #, — height of the antenna
location over the structure
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Paper [18] presents a method for finding dielectric parameters of the plane three-layer model
(including air) of a biological medium with relative dielectric permittivity of the layers ¢, €,, ¢, by

analyzing the frequency dependence of reflection coefficient R ( f ) in the range of 1,4 ... 1,6 GHz.

Double-layer models of media is a special case of plane three-layer models where biological
medium is considered as a dielectric half-space (Fig.1).

In this case the dielectric permittivity of biological environment has the following depth
dependence:

g =1,0<y<h,
e(y)=
£,y > h,.

The aim of the work is to consider the method for determining complex dielectric constant of
the medium through analyzing the frequency dependence of the function of the radio wave voltage
reflection coefficient R( /). To do this, let us consider the case of the electromagnetic wave (EMW)
incidence on the double-layer structure.

Arbitrary incidence of EMW with perpendicular polarization
Let us consider the case of arbitrary incidence of EMW with perpendicular polarization on the
double-layer structure (Fig. 2).
Considering only absolute values of the vectors of EMW components, i.e. projections of EMW
vectors on Oy axis, let us write expressions for the incident and reflected waves in the first medium:
O o yveosa ,

] 1m
1

E =E, " H, =

1m

__COoS

E2 = Ezme—}’lycosa' , [—[2 _—’a]E‘zme—}’]ycosaI ,
Z]
. ' | vy
where E, 1s a complex amplitudes of the electromagnetic field vectors, y, =——— -
propagation constant for the first medium.
y=0 =0
E, i
y=h, i
vy o

Fig. 2. Incidence of EMW with perpendicular polarization at ~ Fig. 3.3. Incidence of EMW with parallel polarization at
an arbitrary angle a / to the media interface an arbitrary angle a / to the media interface

where y,,7, are complex constants of propagation in the media, &,,&, — complex relative dielectric
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. Z . .
constants of the media, Z= \/L, Z,=377 Ohm — free-space wave resistance, /, — the height of
g,

the antenna location above the medium.
Electromagnetic field inside the first layer is determined by the incident and the reflected waves
in the following way:

_ _ 71yC0s a —¥1yC0s a
EN)=E+E,=E """ +E, e,
coSa coSa
_ _ 1 y1ycosa 1 —71ycosa
H(l)_Hl_HZ_TE]meI ‘——,EZme ! '
1 1

Electromagnetic field inside the second layer is determined only by the presence of the
penetration wave, namely:

EQ)=E, = E,,e”",

cosa,

H(2)=H, =

72) €08 a4y
—FE,,e .

2
Using the boundary conditions of the electromagnetic field continuity at the media interface [19]

g E(l) =&,E(Q2),

for y=h, {H(l) _H(Q). 1)

let us write the equation system for the complex amplitudes of the electromagnetic field of the first
and the second media:
71hy cos a —yihgcosayy _ ¥2hycosa
g(E, e+ E, e )= E, "™,
cosa cosa
1 71hg cos a —yihgcosay\ 2 ¥2hycos a
, (E]melo ‘—E2me I ])_ , E3mezo g
1 2

2

Solving system (2) for the ratio of the complex amplitudes E,, /E,, of the electromagnetic field,
we obtain the following expression for the complex reflection coefficient:

:EZm :\/g_a\/g_] 2y,hy cos q)
Repe e, 3

c 2
cosa, . . sin“a
where a = 2 is a real number, ¢, — the incidence angle, a, = arccos_|1- :
cosa |g |

1 2

the refraction angle.

Taking into account ¢, =1 (air is the first medium) and the propagation constant, relation (3) is
written in the following way;

47y f cos a,
& —a V=4
R=Y2—¢ < . 4)
\E, +a
From expression (4) we find the complex relative dielectric permittivity ¢, of the medium
_4nhyf cos a; 2
e ¢ +R
82 = a2 W . (5)
e ¢ =R

As R, g, are complex values, from expression (5) it follows that the real and imaginary parts of
the complex numbers are equal. Thus, let us write the equation system for finding the real and
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imaginary parts ¢, =&, +ig,

2 2

_4nhyfcosa _4nhy fcosa
e ° +R e ° +R
r_ 2 "__ 2
g =Reja 4y fcos ay » €7 = Im| a 47y [ cosay
e ¢ —=R e ¢ -—R

Arbitrary incidence of EMW with parallel polarization

Let us consider the case of the arbitrary incidence of EMW with parallel polarization on the
double-layer structure (Fig. 3).

Expressions for the incident and reflected waves in the first medium will have the following
form:

E
— 71y C0s a4 — “lm_ ,nycosq
E, =cosaE, e , H =—"e¢ ,

1

E
— “nycosq — 2m ,TNycosq
E,=cosaE,, e , Hy=—""¢ .

1

Electromagnetic field inside the first layer is determined by the incident and the reflected waves
as follows:

E()=E, —-E, =cosa,E,, """ —cosa,E,, e ",
E E - cosa
H(l)=H, +H, = /"™ 4 2m g /e,
Z] Z]
Electromagnetic field inside the second layer is determined only by the penetrating wave in the
medium

_ _ Y2y cosa
E(2)=FE, =cosa,FE,,e>"™",

E
H(2)=H,=—>2me™"",
ZZ
Using the boundary conditions of the electromagnetic field continuity at the media interface (1),
we write the equation system for the complex amplitudes of the electromagnetic field in the media.

yihgcosay —yihgcosay\ _ ¥2hy cos a,
g cosa (E, e E, e )=¢,cosa,k, e ,

2m

6
L(E] e}’lhocosal + E2 e_ylhOCOSGI) _ E3m e}fzhocosa2 ) ( )
Z! m m Z’
! 2

Solving system (6) for E,, /E,, , we obtain the following expression for the complex reflection

1m >

coefficient:

R= \Y g] —da 82 eZylhocosal (7)
1&8] +(11l82

For ¢, =1 relation (7) we write in the form of

1- _Anhy f cos a,
R = a—\/g e ¢ . 8)

_1+a\/g

From expression (8) we find complex dielectric permittivity of medium &,
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_4nhyf cos g
e Y ¢
&= 3 _4mhyf cos ay

a
e ¢ +R

Thus, the system for finding the real and imaginary parts &, = &} +ig;, we write in the form of

2 2

_4nhyf cos a, _4nhyf cos a;
l|e ¢ —-R 1|e Y ¢
r_ e =R "__ e —_n
g =Re a2 _47hy f cos ay » &)= Im a2 _47hyf cos ay
e ¢ +R e ¢ +R

Incidence of EMW with perpendicular polarization at right angle

Let us consider the case of incidence of EMW with perpendicular polarization at right angle on a
two-layer structure (Fig. 4).

y=0 y=0

y:hO yzho

T

E;

vy A |

\

Fig. 4. Incidence of EMW with perpendicular polarization at ~ Fig. 5. Incidence of EMW with parallel polarization at
right angle to the media interface right angle to the media interface

Let us write the expression for the incident and the reflected waves in the first medium
E] :E] e}’l)/’ H] — Elm e}’l)/’
m Z!
1
B )
E‘2 — Ezme—}’l)/’ H2 — 2m e—}’l)/.

’
1

Electromagnetic field inside the first layer is determined by the incident and the reflected waves
in the first medium

E()=E+E,=E, " +E, e,
H(l) :H] _H2 :E_]l:’leyly _ E2m e_}’ly.
Z] Z]’
Electromagnetic field inside the second layer is described by the expression for the penetrating
wave in the second layer
EQ)=E,=E, e,

10
HQ2)=H, :%ew. .

2
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Using the boundary conditions of the electromagnetic wave continuity (1), we write the equation
system for the complex amplitudes of the electromagnetic field:
& (Elmeylho + Ezme_ylho) = 32E3mey2h0 >
1 1 (11
. E e}’lho _E e—}’lho :_E e}’zho.
Zr ( 1m 2m ) Z, 3m

1 2

Solving system (11) for £, / E, , we obtain the expression for the complex reflection coefficient

e

For ¢, =1 we write expression (12) as follows:

4””0/
V&;_ 13)

2
82+1

From expression (13) we find relative dielectric permittivity €, :

2

_47zh0f

e ¢ +R
&2 7| "amr

e ¢ —R

Thus, the equation system for finding the real and the imaginary parts ¢, = &) +ig, we write in
the form of

2 2

_4nhyf _4mhyf
e ° +R e ¢ +R
r_ "__
& =Re B , & =1m R
e ¢ —R e ¢ —R

Incidence of EM'W with parallel polarization at right angle

Let us consider the case of incidence of EMW with parallel polarization on the double-layer
structure (Fig. 5).

Expression for the incident and the reflected waves in the first medium is determined by the
equality (9). Electromagnetic field inside the first layer is determined by the incident and the
reflected waves in the first medium as follows:

EW)=E -E,=E " -E,e",

’
1 1

H(l)=H,+H, _IZ W+E LS

Electromagnetic field inside the second layer is determined by the expression (10).
Using boundary conditions of the electromagnetic field continuity (1), we write the equation
system for the complex amplitudes of the electromagnetic field:

7 “nhoy — 72k
g(E,e™—E,e I")—gE e,

14
%(E]me}’lho +E2me—}’|ho) E e}’zho ( )

1 2
Solving system (14) for E, /E

coefficient
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\/\/iz e, 15)

4”hof
\/g . (16)

From expression (16) we find relative dielectric permittivity &, in the following way:

2

dhf
e ¢ =R

&= A f
e ¢ +R

Then we write the equation system for finding the real and imaginary parts ¢, =€, +ig, as

2 2

_Amhf _4ahf
e ¢ —R e ¢ —R
r_ "__
g =Re|| | | &,=Im | —7—
e ¢ +R e ¢ +R

Thus, with a given value of the reflection coefficient and the corresponding frequency we have
found complex relative dielectric permittivity &, .of the medium.

Conclusions

The paper proposes a mathematical model of the method for restoring the parameters of
biological media according to the function of the radio wave reflection coefficient. Frequency
dependence of the reflection coefficient has been investigated on the basis of considering the
double-layer model of the biologic medium for four cases of the electromagnetic wave incidence on
the media interface.

For the case of a double-layer model, determination of dielectric permittivity of the medium is
shown to be possible for the known frequency value. From the relationships presented above it is
evident that value of the complex reflection coefficient for the voltage depends not only on the
parameters of the medium under study, but also on polarization and on the electromagnetic wave
incidence angle.

This method can be applied in the diagnosis of tumors as it does not require surgery and is
completely safe. In the future we plan to develop a mathematical model of the method for
determining the temperature distribution in biological tissue, where the results of this study will be
used.
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