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Abstract: A method for calculating holograms for volumetric objects based on the 
representation of  objects in the form of  ensembles of  virtual point sources distributed 
on a set of  parallel planes has been proposed. The proposed method is the development 
of  the well-known method in which objects are represented as ensemble of  real point 
scatterers. The possibilities of  the proposed method are demonstrated by calculating a 
hologram of  a fragment of  a sphere, on which 1000 points are randomly selected, at which 
radiation emanating from the center of  the sphere is scattered. The choice of  a fragment 
of  a sphere as an object under study is due to the fact that when calculating its hologram, 
phase errors inherent in approximate calculations are most pronounced. The calculations 
were performed for the frequency range of  2...100 GHz, the sphere radius of  0.5 m, a 
two-dimensional hologram size of  0.65×0.65 m, and a pixel count of  512×512. It is shown 
that, in comparison with the known method, the proposed method makes it possible to 
calculate the amplitude of  a hologram with satisfactory accuracy if  virtual sources are 
placed on parallel planes in an amount of  more than 64 pieces. In the case of  objects that 
require representation in the form of  an ensemble of  point scatterers in the amount of  
more than 1000 pieces, the calculation of  their holograms by the proposed method turns 
out to be much more efficient than the known method.Keywords: radio holograms, virtual 
point sources, parallel planes, sphere.
Keywords: computer modeling, radio holograms, volumetric objects, point scatterers, virtual 
point sources, parallel planes, sphere
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1. INTRODUCTION
Radio holography is one of  the methods for 
solving such radar problems as detection, 
determination of  the coordinates of  the 
location and shape of  objects [1]. Obtaining 
radio holograms by experimental methods 
involves measuring the fields scattered by 
real objects, which is usually quite difficult. 
In some cases, an alternative method may 
be the calculation of  radio holograms based 
on computer simulation of  the scattering 
of  electromagnetic waves by objects with 
desired properties.

Until now, there is no analytical solution 
of  the problem of  wave scattering by an 
object of  arbitrary shape. In the general 
case, the field, scattered by an object, is 
calculated using the Kirchhoff  theorem 
[2-5]. Another method for modeling radio 
holograms is a calculation based on the 
representation of  an object as a set of  point 
scaterers [6]. In the case, if  these scatterers 
lie on the same plane, one can use the 
property of  Fourier transform to convolve 
image and use the fast Fourier transform 
(FFT) to perform the calculations [1]. 
However, if  the objects are not flat, then 
using the FFT is difficult.

The aim of  this work is to develop a 
method for calculating radio hologram of  
volumetric objects, which is based on objects 
representation in the form of  a set of  point 
scatterers.

2. THE METHOD OF AN 
ENSEMBLE OF POINT 
SCATTERERS (THE METHOD 1)
Let us represent the volumetric object under 
investigation in the form of  an ensemble 
of  point scatterers and place the radiation 
source at point I as shown in Fig. 1. Let 

the scattered field be measured within the 
rectangle ABCD with center H on the OZ 
axis.

The field at the point (xh, yh, zh) can 
be estimated using the Huygens-Fresnel 
approximation [1]:

1
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0

exp( | |) exp( | |)( ) ( ) ,
| | | |
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I n h n

h n
n I n h n

ik r r ik r rE r E r
r r r r
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− −∑
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where M is the number of  point scatterers;   
, ,I n hr r r  

 – vectors of  the coordinates of  the 
position of  the source, the n-th scatterer and 
receiver, accordingly; E0 – the amplitude of  
the source; ( )nrβ   – coefficient of  reflection 
(scattering) of  the n-th scatterer [1].

3. THE METHOD OF VIRTUAL 
SOURCE ON THE SAME PLAIN 
(THE METHOD 2)
Let each point scatter of  an object be 
correspond to a virtual source of  a spherical 
wave in the PQRS plane as shown in Fig. 2. 
The x, y coordinates of  the point scatter and 
the virtual source coincide, and the phase 
of  the wave of  the virtual source is adjusted 
taking into account its change in the distance 
from the point scatter to the virtual source. 

RADIOELECTRONICS

Fig. 1. Scheme for measuring a hologram of  an object 
presented as an ensemble of  point scatterers.

VALERY A. GOLUNOV, VADIM.A. KOROTKOV
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The field at the point (xh, yh, zh) on the ABCD 
plane is determined taking into account the 
phase correction of  the virtual sources with 
respect to the corresponding point scatterers 
using the following relation similar to relation 
(1):

1
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where nr
  is the coordinate vector of  

the n-th virtual source, | | | |n n o nr r z z′ − = −
   

is the distance from the plane 
ABCD to the n-th point scatterer, 

2 2 2| | ( ) ( ) ( )h n h n h n h or r x x y y z z′− = − + − + −
   is 

the distance from the receiver to the n-th 
virtual source.

Expression (2) can be calculated using the 
FFT.

4. THE METHOD OF VIRTUAL 
SOURCES ON A SET OF PARALLEL 
PLANES (THE METHOD 3)
When a size of  the object along the OZ axis 
is significant, the errors in the calculation 
of  the hologram, as follows from (2), will 
increase in comparison with the method 1.

To reduce the errors, we have designed 
point scatters that make up the object on 
a series of  parallel planes, for example, on 
three planes P1Q1R1S1, P2Q2R2S2, P3Q3R3S3, as 
shown in Fig. 3, so that on each plane there 
are virtual sources corresponding to the 
nearby point scatterers.

Then the field at the point (xh, yh, zh) can 
be estimated taking into account the above 
phase correction as follows:

1
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where | | | |np n op nr r z z′ − = −
 

 is the distance from 
the PpQpRpSp plane to the n-th point scatterer,   

2 2 2| | ( ) ( ) ( )h np h np h np h opr r x x y y z z′− = − + − + −
 

is the distance from the receiver to the np-
th virtual source, which is the projection 
of  the n-th point source on the PpQpRpSp, 
Np и Mnр are the number of  planes and the 
number of  virtual sources on each plane, 
respectively.

RADIOELECTRONICS METHODS FOR CALCULATING RADIO 
HOLOGRAMS OF VOLUMETRIC OBJECTS

Fig. 2. Scheme for measuring a hologram of  an object in 
the form of  an ensemble of  virtual sources on the PQRS 

plane when they are irradiated from point I.

Fig. 3. Scheme for measuring a hologram of  an object in 
the form of  an ensemble of  virtual sources on the planes 
P1Q1R1S1, P2Q2R2S2, P3Q3R3S3 which are irradiated 

from point I.
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5. COMPARATIVE ANALYSIS OF 
THE RESULTS OF CALCULATION 
OF RADIOGOLOGRAMS BY 
METHODS 1, 2, 3
To compare the efficiency of  calculations of  
radio holograms by the methods considered 
above, we choose a part of  the metal sphere 
as a test object which, as shown in Fig. 4, is 
irradiated by a spherical wave from a point 
lying in the center of  the sphere.

The choice of  such a test object is due 
to the property of  the sphere to focus the 
waves emitted from its center in its center. 
Therefore, as a criterion for the effectiveness 
of  the application of  the compared methods, 
one can take their ability, as a result of  
calculations, to provide high-quality focusing 
of  the scattered radiation.

Next, we perform calculations for a 
radiation wavelength of  λ = 0.0025 m, the 
sphere radius R = 0.5 m, a two-dimensional 
hologram size of  0.65×0.65 m with a 
number of  pixels 512×512. We choose the 
scattering fragment of  the sphere in such a 
way that its projection onto the measurement 
plane of  the hologram coincides with it in 
shape and size. Let 1000 point scatterers 
be randomly selected on the surface of  a 
sphere fragment.

In the calculations, we used the 
transformation of  the back projection 
algorithm to the form of  a two-dimensional 
FFT developed in [4].

Let us compare the root mean square 
deviations (RMSD) between the amplitudes 
of  the holograms calculated by methods 1 
and 3, depending on the number of  planes 
with virtual sources in method 3.

RADIOELECTRONICS

Fig. 5. Sections of  the surface of  the amplitude of  the hologram along the OX axis at y = 0 (a) and the graph of  the 
dependence of  the RMSD in the center of  the hologram (b) depending on the number of  planes with virtual sources.

                                               a                                                                          b

Fig. 4. Scheme for measuring a hologram on the ABCD 
plane when a fragment of  a sphere is irradiated from its 

center I.

VALERY A. GOLUNOV, VADIM.A. KOROTKOV
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Fig. 5a shows sections of  the hologram 
amplitude surface along the OX axis at y = 
0, and Fig. 5b shows the RMSD diagram at 
x = y = 0 depending on the Np number of  
planes with virtual sources. Note that the 
center of  the hologram and the center of  
the sphere have the same coordinates x = 
y = 0 for different values of  z.

When log2Np > 6 (i.e., Np > 64), the 
amplitude is stabilized as shown in Fig. 5a, 
and the standard deviation becomes less 
than 0.01 (i.e. it is negligible) as shown in 
Fig. 5b. In this regard, in the future, applying 
method 3, we will use 64 planes with virtual 
sources.

Next, we consider the dependences of  
the amplitude calculated by methods 1, 2, 3 
at the center of  the hologram (i.e., at x = y 
= 0) on the distance to the object along the 
OZ axis. Fig. 6 shows sections of  the surface 
of  the hologram amplitude along the OX 
axis at y = 0, depending on the distance z 
from the hologram plane to the surface of  
the sphere.

It can be seen that the holograms 
calculated by both methods 1 and 3 have 
pronounced peaks in its center that are not 
observed in the hologram calculated by the 
method 2. More accurate quantitative data of  

these dependences are presented in Fig. 7, 
which shows graphs of  the dependences of  
the hologram amplitudes at the central point 
x = y = 0 on the distance z.

From a comparison of  these graphs, it 
follows that, firstly, the results calculated 
by both the methods 1 and 3 practically 
coincide, and, secondly, the focus of  the 
hologram calculated by the method 2 is 
absent.

Next, we consider the dependence of  
the hologram amplitude on the radiation 
frequency.

For this purpose, dependences of  
the hologram amplitude at y = 0 were 
computed on both x and the frequency in 
the range 2-100 GHz using methods 1, 2, 

RADIOELECTRONICS METHODS FOR CALCULATING RADIO 
HOLOGRAMS OF VOLUMETRIC OBJECTS

                       a                                                         b                                                        c
Fig. 6. Sections of  the hologram amplitude surface along the OX axis at y = 0, depending on the distance z from 

its plane to the surface of  the fragment of  the sphere, calculated by methods 1 (a), 2 (b), and 3 (c).

Fig. 7. Amplitudes of  holograms at x = y = 0, 
depending on the distance to the surface of  the sphere 
fragment, calculated by methods 1 (solid line), 2 (dashed 

line), and 3 (dotted line).



434

No. 4 | Vol. 12 | 2020 | RENSIT

3. The computed data are shown in Fig. 
8a, 8b, 8c.

Comparing the data in Fig. 8a, 8b, 
8c, it follows that the results computed 
by method 2 at high frequencies differ 
significantly from those computed by 
methods 1 and 3. To compare method 1 
with method 3, graphs of  the frequency 
dependence of  the amplitudes at the 
center point of  the hologram coinciding 
with the center of  the sphere are shown 
in Fig. 9. It is seen that method 3, with a 
total number of  planes equal to 64, makes 
it possible to calculate the amplitudes of  
holograms of  volumetric objects with an 
acceptable error in comparison with the 

calculation results obtained by the known 
method 1.

6. COMPARATIVE ANALYSIS 
OF THE COMPUTED TIME 
OF HOLOGRAMS BY VARIOUS 
METHODS 
From (1) it follows that the time of  direct 
calculation t1 of  a hologram of  size N×N 
and an object consisting of  M scatterers is 
estimated as
t1 ~ M×N×N        (4)
that is, it is proportional to the number 
of  scatterers. Since the total number of  
scatterers in the object under study is 1000, 
and the number of  pixels in the hologram 
512×512 = 262 144, then, for example, 
when using a computer with a Pentium 
E5400 processor, calculations by method 
1 will take several tens of  hours.

Since expression (2), as noted above, 
can be calculated using the FFT, so 
method 2 requires less the computation 
time t2 which does not independent on the 
number of  scatterers M and is determined 
as follows
t2 ~ N×N×log2N.        (5)

RADIOELECTRONICS

Fig. 8. Sections of  the amplitude surface of  the holograms along the OX axis at y = 0 as a function of  x and 
frequency f  computed by methods 1 (a), 2 (b) and 3 (c).

                           a                                                      b                                                       c

Fig. 9. The frequency dependences of  the amplitude in 
the center of  the hologram computed by methods 1 (dotted 

line), 2 (dotted line) and 3 (solid line).

VALERY A. GOLUNOV, VADIM.A. KOROTKOV
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Method 3 requires computation time t3 
which is Np longer than method 2:
t3 ~ N×N×Np×log2N.      (6)

If  the number of  scatterers making up 
the volumetric object under study is equal 
to M >> (Np×log2N), then it follows from 
a comparison of  (4) with (6) that method 3, 
which is a method of  virtual sources on a 
set of  parallel planes, significantly reduces 
the computation time as compared to the 
known method 1.

7. CONCLUSION
In this paper, a method for calculating 
holograms for volumetric objects based 
on the representation of  objects in the 
form of  ensembles of  virtual point 
sources distributed on a set of  parallel 
planes has been proposed.The proposed 
method is the development of  the known 
method in which objects are represented 
as ensemble of  real point scatterers.

The possibilities of  the proposed 
method are demonstrated by the example 
of  calculating a hologram of  a fragment 
of  a sphere, on which 1000 points are 
randomly selected and those scatter 
radiation emanating from the center of  
the sphere. The choice of  a fragment of  a 
sphere as an object under study is due to 
the fact that when calculating its hologram, 
phase errors inherent in approximate 
calculations, are most pronounced.

The calculations were performed 
for the frequency range of  2...100 
GHz, the sphere radius of  0.5 m, 
a two-dimensional hologram size 
of  0.65×0.65 m, and a pixel count 
of  512×512. It is shown that, in 
comparison with the known method, 
the proposed method makes it 

possible to calculate the amplitude of  
a hologram with satisfactory accuracy 
if  virtual sources are placed on parallel 
planes in an amount of  more than 
64 pieces. In the case of  objects that 
require representation in the form of  
an ensemble of  point scatterers in the 
amount of  more than 1000 pieces, the 
calculation of  their holograms by the 
proposed method turns out to be much 
more efficient than the known method.

REFERENCES
1. Zverev VA. Radiooptika [Radiooptics]. 

Moscow, Sovetskoe radio Publ., 1975, 304 
p.

2. Razevig VV. Modelirovanie processa 
registratsii radiogologramm ob’ektov 
slozhnoy formy radiolokatorami maloy 
i sverhmaloy dal'nosti [Simulation of  
recording the microwave holograms of  
complex objects by the near range radars]. 
Nauka i obrazovanie, 2014, 6:336-349 (in 
Russ.).

3. Razevig VV, Bugaev AS, Chapursky 
VV. Sravnitel'nyy analiz fokusirovki 
klassicheskikh i mul'tistaticheskikh 
radiogologramm [The comparative 
analysis of  classical and multistatic 
microwave holograms focusing]. 
Radiotekhnika, 2013, 8:8-17 (in Russ.).

4. Krainy VI, Semenov AN, Chapurskiy 
VV. Fokusirovka mnogochastotnykh 
mul'tistaticheskikh radiogologramm 
metodom neekvidistantnogo BPF 
[Multi-static multi-frequency image 
reconstruction based on non-uniform 
FFT]. Nauka i obrazovanie, 2015, 11:292-
300 (in Russ.).

5. Razevig VV, Chizh MA, Chapursky VV, 
Ivashov SI, Zhuravlev AV. Numerical 

RADIOELECTRONICS METHODS FOR CALCULATING RADIO 
HOLOGRAMS OF VOLUMETRIC OBJECTS



436

No. 4 | Vol. 12 | 2020 | RENSIT

comparison of  mono-static and multi-
static array performance in personnel 
screening systems. Proc. PIERS-2016, 
Shanghai, China, 8-11 Aug, 2016, N.Y., 
IEEE, 2016:2137-2141.

6. Suhanov DYa, Zav'yalova KV. 
Beskontaktnaya radiotomografiya 
cherez neploskuyu granitsu razdela 
sred v priblizhenii fazovogo ekrana 
[Non-contact radiotomography across 
a non-planar interface in the phase 
screen approximation]. Estestvennye i 
matematicheskie nauki v sovremennom mire, 
2014, 18:81-90 (in Russ.).

RADIOELECTRONICSVALERY A. GOLUNOV, VADIM.A. KOROTKOV



437

RENSIT | 2020 | Vol. 12 | No. 4

coNteNts

1. iNtroductioN (437)
2. optimizatioN of dimeNsioNs of a 

polarizatioN Nephelometer (438)
3. optimal meter of the matrix d(φ, l

s
, l) 

aNd its calibratioN (442)
4. source of radiatioN (447)
5. coNclusioN (450)
refereNces (450)

1. INTRODUCTION
The scattering matrix (Dmn), m,n = 1,4 , relates the 
Stokes vector of  the incident radiation Ss to the 
Stokes vector S of  the radiation scattered by a 
small volume dv at an angle φ with respect to the 
incident radiation (Fig. 1). The scattering matrix 
for radiation of  the optical wavelength range is 
used in problems of  optical wave propagation, 
laser sensing, polarization filtering, and others. 
In the general case of  a nonisotropic medium, it 

is impossible to predetermine identical and zero 
elements of  the scattering matrix. That is why all 
16 elements of  the matrix (Dmn), m,n = 1,4 ., are to 
be determined. The importance and complexity 
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Fig. 1. Block diagram of  goniometer of  the polarization 
nephelometer.



438

No. 4 | Vol. 12 | 2020 | RENSIT

of  making a device that automatically measures 
the matrix (Dmn), m,n = 1,4 ., were indicated in 
[1]. This problem is solved methodologically in 
[2, 3]. An optimal meter of  the scattering matrix 
needs in the proper calibration. The modulation 
method of  measuring the scattering matrix, 
which was used, for example, in [4, 5], cannot be 
applied in the laser sensing. Theoretical studies 
have shown that in the case of  an isotropic 
medium, identical and zero elements of  the matrix 
D can be predetermined. The measurements 
of  the matrix D in [4, 5] employ these results. 
Consequently, the technique [4, 5] is applicable 
only in isotropic media. The technique for 
measuring the matrix of  any medium that was 
proposed in [2, 3] is applicable to laser sensing 
as well. The achieved level of  development of  
microprocessor technology makes it possible to 
accomplish completely the task specified in [1].

The scattering volume of  a polarization 
nephelometer and an optical beam incident on 
the scattering volume should be elementary. 
However, only qualitative definitions of  
these terms are known. That is why the paper 
considers the approximation of  the actual 
scattering volume and the actual optical beam by 
the elementary ones.

A monochromatic source with high spectral 
intensity required for polarization measurements 
can be created using high-brightness LEDs. 
The analysis of  parameters of  the polarization 
nephelometer will allow improvement of  its 
accuracy and size characteristics.

2. OPTIMIZATION OF 
DIMENSIONS OF A POLARIZATION 
NEPHELOMETER
Write the Stokes vector S of  radiation in the 
form 
dS = (IQUV)T,          (1)
where Т is the transposition sign. Then, the 
Stokes vector dS = (dI(i)dQ(i)dU(i)dV(i))T of  
radiation scattered by the small volume dv 
(Fig. 1) being at some point i of  the scattering 

medium at the observation point spaced by r(i) 
from the scattering volume is [1]

2

1( ) ( ( ), ( ), ( )) ( ) ,
( ) s sd i D i i i i d

r i
ϕ ν=S I I S  (2)

where Ss(i) = (Is(i)Qs(i)Us(i)Vs(i))
T is the Stokes 

vector of  the optical beam incident on the 
volume dv; this beam propagates within the small 
solid angle dΩs(i) and its axis is described by the 
direction vector Is(i); S(i) is the Stokes vector 
of  the optical beam of  scattered radiation; it 
propagates within the small solid angle ΔΩ(i) 
and its axis is described by the direction vector 
I(i); φ(i) is the angle between the vectors Is(i) and 
I(i). We adhere to the notation of  the parameters   
I,Q,U,V of  the Stokes vector S as in [2,3].

In the case of  a non-isotropic medium, 
the elements of  the matrix D(φ(i), Is(i), I(i)) 
are functions of  the position of  the scattering 
plane described by the vectors Is(i) and I(i) 
and the angle φ(i). To measure the matrix 
D(φ, Is, I) in the open range φ = (0°, 180°), 
the polarization nephelometer constructed 
by the goniometer scheme [4,5] (Fig. 1) is 
used. The radiation source generates an 
optical beam with the diameter ds (diameter 
is understood as the maximal cross section 
size) and divergence ΔΩs. In the course of  
propagation, the radiation passes successively 
the polarization unit (PU) of  the radiation 
source. The polarization unit consists of  a 
polarizer and a phase element. The radiation 
should be maximally monochromatic for 
the optical path difference of  its orthogonal 
components at the exit of  the phase element 
to be constant. A photodetector with the 
entrance pupil diameter dr and the field-of-
view divergence ΔΩr receives the radiation 
upon the successive passage of  the PU phase 
element and polarizer. The symmetry axes of  
the optical beam emitted by the source and 
the photodetector field of  view are given by 
the direction vectors Is and I, respectively. 
The symmetry axes intersect at point 1. The 
photodetector should turn around the axis 
passing through this point and perpendicular 
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to the plane defined by the vectors Is and 
I. The angle φ between the vectors Is and I 
defines the scattering angle of  the matrix D(φ, 
Is, I), while the vectors themselves define the 
scattering plane. In [6,7], a single photodetector 
rotating around the axis is replaced with five 
photodetectors installed at different angles φ.

The sum of  the distances between the points 
1, 2 (Ar) and 1, 3 (As) is called the nephelometer 
base A.

Examples of  some nephelometers used in 
experiments in the isotropic atmosphere are 
given in Table 1.

As can be seen from Table 1, the nephelometers 
differ widely in the values of  the parameters A, 
dr, and ds. The ranges of  applicability of  these 
nephelometers with respect to atmospheric 
parameters are discussed insufficiently. The issue 
of  optimization of  nephelometer parameters 
from the viewpoint of  improvement of  its 
accuracy characteristics has received insufficient 
attention as well.

The descriptions of  nephelometers often 
include the concepts of  the elementary volume 
Vse1(φ) and the elementary optical beam, which 
are some idealizations of  the actual volume Vs(φ)   
and the actual beam. However, the accuracy of  
approximation of  the actual parameters by the 
elementary volume Vse1(φ) and the elementary 
beam was not discussed yet.

The scattering volume Vs(φ) (Fig. 1) is 
bounded by the lateral surfaces of  the optical 
beam emitted by the radiation source and the 
photodetector field of  view. It is characterized 
by the cross-section diameters of  the optical 
beam as and the photodetector field of  view ar.

For the small volume dv at point 1, Eq. (2) 
has the form

2

1 ( , , ) .s s
r

d D d
A

ϕ ν=S I I S  (3)

Introduce the right coordinate systems XYZ 
and X'Y'Z' with the axes X,Z and X',Z' lying in 
the scattering plane determined by the vectors Is 
and I, which are at the same time the direction 
vectors of  the axes Z' and Z, respectively. The 
vectors Ss and dS will be determined relative to 
the axes X' and X, respectively.

The main task of  a polarization nephelometer 
is to determine matrix D(φ, Is, I) elements (in 
absolute units) satisfying Eq. (3). The volume   
should be large enough for we can believe that 
it includes the complete set of  all particles 
characteristic of  this medium. In the case 
of  well mixed “clear” air containing aerosol 
particles with the size of  few micrometers near 
the Earth’s surface, the volume   can be taken 
equal to few cubic centimeters. The same is also 
true for moderately dense, but stable stratiform 
clouds. However, in the case of  dense cumulus 
clouds, the volume of  1 cm3 is sufficient to 
determine reliably the size distribution function 
and concentration of  particle [8]. The small 
volume   is a volume of  the scattering medium 
containing the general set of  particles.

Let the volume Vs(φ) contain N small 
volumes dv and let every i-th volume dv have 
some point i, the right coordinate systems X(i)
Y(i)Z(i) and X'(i)Y'(i)Z'(i) are anchored to. The 
axes Y(i) and Y'(i) are perpendicular to the 
scattering plane at the point i of  the i-th volume 
dv, which is determined by the vectors Is(i) and 
I(i) coinciding with the axes of  optical beams 
of  the incident and scattered radiation of  the 
i-th volume dv, respectively. The directions of  
the axes Z(i) and Z'(i) coincide with those of  
the vectors I(i) and Is(i). The vectors Ss(i) and 
dS(i) of, respectively, the incident and scattered 
radiation of  the i-th volume dv are determined 
relative to the axes X'(i) and X(i).

The distance Ar should always exceed (no 
less than fivefold) the diameter of  any cross 

RADIOELECTRONICS OPTIMIZATION OF A POLARIZATION NEPHELOMETER

Table 1
Parameters of nephelometers
Parameter Reference

[4] [6] [7]

Base А, м 8 0.58 0.58

ds, м 0.2 0.03 0.03

dr, м 0.1 0.03 0.03
Divergence of optical beam emitted by source 40' 40' 40'
Divergence of photodetector field of view 2÷4° 3° 3°
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section of  the volume Vs(φ) by the plane 
perpendicular to the axis of  the photodetector 
field of  view [12]. In addition, the photodetector 
PU should not fall within the volume Vs(φ). The 
requirement for the distance between points 1 
and 6 of  the volume Vs(φ)  to be no larger than 
Ar at the angle 

min min

min

,  at <10 , 
10 ,   at  10 ,
ϕ ϕ

ϕ
ϕ

= 
>



 

 

where [φmin, φmax] is the angular range of  
measurement of  the matrix D, satisfies this 
condition. Consequently, the following condition 
should be true:

,
2 2r
drA ctg ϕ>  (3a)

where

min min

min

,  at <10 , 
10 ,   at  10 ,
ϕ ϕ

ϕ
ϕ

= 
>



 

 

It is assumed that for Vs(φ) ≤ Vse1(φ) at the 
distance Ar fulfilling Eq. (3a) with allowance 
made for Eq. (3), we can write with a small error 

2
( )

2

1 ( , , ) ( )

1 ( , , ) ( ),

s

s s
r V

s s s
r

S D i d
A

D V
A

ϕ

ϕ ν

ϕ ϕ

= ≅

≅

∫ I I S

I I S
 (4)

where D(φ, Is, I) is the scattering matrix of  
the volume dv, Ss(i) is the Stokes vector of  the 
optical beam incident onto this volume, and Ss is 
the Stokes vector of  the optical beam irradiating 
the volume Vs(φ).

Equation (4) is valid when the intensity of  the 
radiation incident on the volume Vs(φ) remains 
practically constant within this volume. In the 
volume Vse1(φ), the amount of  the absorbed and 
scattered radiation is proportional to the volume 
[9]. The propagation of  radiation in a scattering 
medium is accompanied by multiple scattering. 
In the radiation incident on the volume Vs(φ), 
the fraction of  the multiply scattered radiation 
should be negligibly small in comparison with 
the direct radiation. An isotropic medium can be 
characterized by the extinction coefficient kλ = 

α + σ, where α is the absorption coefficient, σ is 
the scattering coefficient. In this case, the optical 
thickness τ(As) = kλAs and τ(as) = kλar  should 
not exceed 5 to 6 [1].

Consider the approximation of  the volume 
Vs(φ) of  an isotropic medium by the volume 
Vse1(φ).

The optical flux Φs of  unit power upon the 
propagation of  the path l decreases by Φext equal 
to

( )

2 3

1
( ) ( ) ( ( ))( ) ...
2! 3! !

( ) ( ),

l
ext

n

e
l l ll

n
l l

τ

τ τ ττ

τ τ

−Φ = − =

−
= − + − − =

= − 

 (5)

where

2 3

( ) ,
( ) ( ) ( ( ))( ) ... .
2! 3! !

n

l k l
l l ll

n

λτ

τ τ ττ

=

−
= − + +

 

It follows from Eq. (5) that if  the optical 
thickness τ(ar) (Fig. 1) of  the volume Vs(φ) fulfills 
the condition

( ) ( ),r ra aτ τ  (6)
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Fig. 2. Extinction of  optical beam of  unit power by an 
actual volume Vs(φ) (1) and an elementary volume Vse1(φ) 
(2), relative error Δrel(%) of  approximation of  the actual 

volume by the elementary volume.
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then it can be considered as the volume 
Vse1(φ) with some error. Fig. 2 demonstrates 
the extinction of  the optical beam Φs of  unit 
power by the volume Vs(φ) (line 1) and by its 
approximation by the volume Vse1(φ) (line 2). 
The relative error of  this approximation Δrel can 
be determined as

,ext ext
rel

ext

Φ −Φ
∆ =

Φ



 (7)

where  extΦ  = τ(l)  is the extinction of  unit-power 
flux by the volume Vse1(φ).

The thickness ar of  the volume Vs(φ), whose 
optical thickness if  τ(ar) = 0.05, can be taken as 
that of  the volume Vse1(φ) with the error Δrel = 
2.5%.

This criterion allows us to determine ar = 
0.05/kλ. The volume, whose thickness ar for the 
optical beam is
ar < 0.05/kλ,         (8)
can be taken as the volume Vse1(φ).

Practically any volume Vs(φ) of  the sufficiently 
homogeneous medium contains the large number 
of  scattering and absorbing centers. Therefore, 
the condition of  statistical representativeness of  
an elementary volume, whose optical thickness is 
τ(ar) = 0.05, is always fulfilled with high accuracy. 
That is why the thickness ar of  the volume dv 
can be much smaller than 0.05/kλ.

Using the Koschmieder formula, we can 
rewrite Eq. (8) as
ar  = 0.013LMVR,         (9)
where LMVR is the meteorological visibility range.

ASSUMPTION 1. Matrix mnD , m,n = 1,4  , 
measured by the polarization nephelometer is 
the matrix (Dmn), m,n = 1,4 , of  the medium, if  
in the volume Vs(φ) the scattering planes of  all 
small volumes dv determined by the vectors Is(i) 
and I(i) are parallel and the angles φ(i) between 
them are identical.
Assumption 1 is satisfied, if  Items 1 or 2 are 
satisfied.
1. The scattering volume Vs(φ) is contracted to 

the volume dv at point 1.

2. The optical beam emitted by the radiation 
source at the length ar can be approximated 
by the elementary beam with a small error, 
and the photodetector 2 field-of-view angle 
αr in the scattering plane is small.
The optical beam with the small value of  

relative change in the brightness at the distance   
ar can be substituted by the elementary optical 
beam with a small error. If  the optical beam 
from the radiation source propagates in the solid 
angle ΔΩs, then the brightness of  the optical 
beam Ls irradiating the volume Vs(φ) at point 4 is 

2

4 ,s
s s

E IL
aπ

⊥

= =
∆Ω

 (10)

where E⊥  is the  illuminance in the cross section 
of  the beam, I is the luminous intensity.

The relative change of  brightness δLs at the 
distance ar is 

( ) 1,
( ) ( )

s s r s
s

s r s r

L L a LL
L a L a

δ −
= = −  (11)

where Ls(ar) is brightness of  the optical beam at 
the distance ar from point 4.

With Eq. (10), we can write a decrease in 
brightness δ = Ls/Ls(ar) in the form

2

2

2( / 2 )
( )

2 21 1 ,

s s r s

s r s

r s r
s

s s

L a a tg
L a a

a tg a tg
a a

αδ

α α

+
= = =

 
= + + 

 

 (12)

where 2Ls  is the divergence of  the optical beam.
With allowance made for Eq. (12), the value 

of  δLs is

2 21 .r s r
s s

s s

a tg aL tg
a a
αδ α

 
= + 

 
 (13)

The value of  δLs characterizes the relative 
change in the brightness Ls of  the optical beam 
at the distance ar and is determined by the 

parameter  r
s s

s

aL tg
a

δ α= . The parallel optical 
beam is an ideal representative of  an elementary 
beam, and  0sLδ =  in it. At the small distance  
ar, δLs of  the beam can be neglected, and the 
beam itself  at this distance can be considered 
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as an elementary optical beam. Thus, we can 
believe that the error of  approximation of  the 
light beam of  a polarization nephelometer with 
the length ar by the elementary optical beam is 
determined by the value of  the parameter


r

s s
s

aL tg
a

δ α=  (14)

3. OPTIMAL METER OF THE MATRIX 
D(φ, LS, L) AND ITS CALIBRATION
The method employed in the optimal meter of  the 
matrix D(φ, Is, I) allows all elements of  the matrix 
to be determined from separate measurements 
of  the signal ir at the exit of  the photodetector 
without additional transformations of  the signal 
ir [2, 3]. The algorithm for control of  polarization 
elements in PUs of  the radiation source and the 
photodetector is optimal, because it provides 
the smallest errors in measuring the elements 
of  the matrix D(φ, Is, I) due to inaccuracies in 
manufacture and installation of  polarization 
elements. At the same time it is easy to implement, 
because only the position of  the fast axis (FA) of  
the phase elements in PUs of  the source and the 
photodetector is controlled, the discrete number 
is minimal, and the positions of  the fast axes of  
the phase elements in PUs of  the source and the 
photodetector are independent of  elements of  
the matrix D(φ, Is, I).

Let the volume Vs(φ) satisfy Assumption 
1 with a small error, and we can take 
( ) ( ),   , 1, 4.mn mnD D m n≅ =

If  the distance r sA a , but it influence on 
the value of  the vector S is negligibly small, then 
Eq. (4) can be written in the form
S = D(φ, Is, I)SsVs(φ),     (15)
where Ss = (IsQsUsVs)

T, S = (IQUV)T.
The measurements in the polarization 

nephelometer should satisfy Eq. (15). To 
measure 16 elements of  the matrix D(φ, Is, I), 
16 independent equations are sufficient. Every 
vector Ss corresponds to four equations in Eq. 
(15), each containing one parameter of  the 
vector S. Consequently, to determine 16 elements 
of  the matrix, it is sufficient for the source to 

generate four types of  polarization described by 
the vectors Ssj = (IsjQsjUsjVsj)

T, j = 1,4  [2,3].
These 16 equations can be written in the 

form
Sj = (IjQjUjVj)

T = D(φ, Is, I)SsjVs(φ), j = 1,4     (16)

The vector Ssj determined by the vector Sq 
and the Mueller matrices of  the polarizer and 
phase element of  PU of  the radiation source can 
be written in the form

                                         1
cos 2 cos 2( ) cos sin 2 sin 2( )

,
sin 2 cos 2( ) cos cos 2 sin 2( )
                             sin sin 2( )

sj

j j j j

j j j j

j

S

E
α α β τ α α β

α α β τ α α β

τ α β

=

 
 ′ ′ ′ ′ ′ ′ ′− + − =  ′ ′ ′ ′ ′ ′ ′− − −
 
 ′ ′ ′− 

 (17)

where E = (1/2)(I0 + Q0cos2β' + U0sin2β'), 
and I0, Q0, U0 are the parameters of  the vector 
S0 of  generated radiation (in the presence of  
a depolarizer, Q0 = U0 = 0), β' is the angle of  
orientation of  the polarizer transmission plane 
(TP), αj' is the angle of  orientation of  FA of  the 
phase element, which is measured relative to the 
axis X' (αj' corresponds to the j-th position of  
FA, j = 1, 4); τ' is the phase shift of  orthogonal 
components of  the phase element.

Separate the normalized vector Sij from the 
vector Sij given by Eq. (17)

1

                                         1
cos 2 cos 2( ) cos sin 2 sin 2( )
sin 2 cos 2( ) cos cos 2 sin 2( )
                             sin sin 2(

sj
sj

sj

sj

j j j j

j j j j

Q
S

U
V

α α β τ α α β

α α β τ α α β

τ

 
 
 = = 
 
 
 

′ ′ ′ ′ ′ ′ ′− + −
=

′ ′ ′ ′ ′ ′ ′− − −

′ ′ )jα β

 
 
 
 
 
 ′− 

 (18)

and rewrite Eq. (16) in the form
Sj = D'(φ, Is, I)Ssj, j = 1,4       (19)
where
 D'(φ, Is, I) = EVs(φ)D(φ, Is, I).

We use the parameters of  the vectors Ssj, j = 
1,4  to form the matrix W nondegenerate at any  
αj'
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1 1 1
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1      
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s s s

s s s

s s s

Q U V
Q U V

W
Q U V
Q U V

 
 
 =
 
  
 

 (20)

and then group system (19) into four systems, 
each determining a line of  the matrix D'(φ, Is, I):

1 2 3 4,   ,   ,   ,W W W WW W W W′ ′ ′ ′= = = =D I D Q D U D V  (21)

where m′D  = EVs(φ)(Dm1Dm2Dm3Dm4)
T, m = 1,4 ; 

(Dm1Dm2Dm3Dm4) – is the m-th line of  the matrix 
D(φ, Is, I);  IW = (I1I2I3I4)

T, QW = (Q1Q2Q3Q4)
T, 

UW = (U1U2U3U4)
T, VW = (V1V2V3V4)

T – are 
the vectors composed of  the parameters of  the 
vectors Sj = (IjQjUjVj)

T, j = 1,4 .
For systems (21) W, IW, QW, UW, and VW 

are input data in the meter of  the vectors 
1 2 3 4,   ,       .and′ ′ ′ ′D D D D  The inaccuracy in 

determination of  the input data in Eq. (21) 
has the smallest ef-fect on the accuracy of  
determination of  the vectors ,  1, 4i i′ =D , when 
the conditioning number CondW of  the matrix 
W is minimal [10]. The conditioning number of  
the nondegenerate matrix can be determined as 

1 ,CondW W W −=  
where ║...║ denotes the norm of  the matrix; 
W-1 is the matrix inverse to the matrix W.

The choice of  some or other particular 
norm is dictated by the requirements imposed 
on the accuracy of  solution. The choice of  the 
Euclidian norm corresponds to the criterion of  
smallness of  the root-mean-square error.

In the optimal meter, the minimal 
conditioning number CondW of  the matrix 
W obeying the Euclidian norm of  the matrix 
is equal to 4.4722 at the position of  FA of  the 
phase element deter-mined by the angles 1α′  
= 38.54°; 2α′  = 75.14°; 3α′  = 105.38°; 4α′  = 
141.857°, the phase shift τ' = 131.795°, and the 
angle of  orientation of  the polarizer TP β' = 90°. 
The parameters τ', αj', j = 1,4 , and β' should be 
measured with high accuracy, and the Mueller 
matrices of  polarization elements should differ 
only slightly from the Mueller matrices of  ideal 
polarization elements.

The photodetector can measure only the 
parameter Ir of  the vector Sr = (IrQrUrVr)

T 
through measurement of  the signal ,r ri Iψ=  
where ψ  is the photodetector sensitivity. The 
vector Sr is determined by the vector S and the 
Mueller matrices of  the phase element and the 
polarizer of  the photodetector PU.

To measure the parameters IQUV of  the 
vector S, four independent equations obtained 
through the measurement of  the parameter Ir at 
each of  the four positions of  FA of  the phase 
element of  photodetector PU are sufficient. 
These equations have the form

1 2 3 4
1 ( ),  1, 4,
2ri i i i iI m I m Q m Y m V i= + + + =  (22)

where
mi1 = 1; mi2 = cos2αicos2(αi - β) + cosτsin2αisin2(αi 
- β);
mi3 = sin2αicos2(αi - β) - cosτcos2αisin2(αi - β);
mi4 = -sinτsin2(αi - β);
i is the serial number of  the position of  FA of  
the phase element; αi is the angle of  orientation 
of  FA of  the phase element corresponding to 
the i-th position, β is the angle of  orientation of  
TP of  the polarizer of  photodetector PU relative 
to the axis X; τ is the phase shift of  orthogonal 
compo-nents of  the phase element.

The matrix ( ),  , 1, 4inm i n = , of  the system 
of  equation (22) is denoted as M. This matrix 
differs from the matrix W given by Eq. (20) by 
the sign of  the elements in the fourth column. 
Therefore, the minimal conditioning numbers of  
these matrices are CondM = CondW = 4.4722.

In the meter of  the vector S, the input 
data are Iri, i = 1,4 , and the matrix M. In the 
optimal meter of  the vector S, the minimal value 
CondM ≤ 1.53 is achieved at the position of  FA 
of  the phase element determined by the angles  

1α′  = 38.54°; 2α′  = 75.14°; 3α′  = 105.38°; 4α′  
= 141.857°,  the phase shift τ' = 131.795°, and 
angle of  orientation of  the polarizer TP β' = 90°. 
The parameters τ', αj', j = 1,4 ,  and β' should be 
measured with high accuracy, and the Mueller 
matrices of  the polarization elements should be 
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close to the Mueller matrices of  ideal polarization 
elements.

Let Irij be the value of  the parameter Ir of  
the vector Sr at the j-th position of  FA of  the 
phase element of  PU of  the radiation source 
and i-th position of  FA of  the phase element of  
the photodetector PU. Then, it follows from Eq.  
(22) that

12 ,   1, 4,j rijM i−= =S I  (23)
where Irij = (Ir1j Ir2j Ir3j Ir4j)

T, 1 ( ),  , 1, 4inM m i n− = =   
is the matrix inverse to the matrix M.

Introduce the matrix E, whose elements are 
determined by the photodetector signal rij riji Iψ=

11 21 31 41

12 22 32 42

13 23 33 43

14 24 34 44

   
   

.
   
   

r r r r

r r r r

r r r r

r r r r

i i i i
i i i i

E
i i i i
i i i i

 
 
 =
 
  
 

 (24)

Then, with allowance made for Eqs. (21), (23), 
and (24), we have

1 1
1 1

1 1
2 2

1 1
3 3

1 1
4 4

2 ,  1, 4,

2 ,  1, 4,

2 ,  1, 4,

2 ,  1, 4,

W n

W n

W n

W n

W W E n

W W E n

W W E n

W W E n

ψ

ψ

ψ

ψ

− −

− −

− −

− −

′ = = =

′ = = =

′ = = =

′ = = =

D I m

D Q m

D U m

D V m









 (25)

where 1 2 3 4 1 2 3 4( ) ;  ( )T
in i i i i i i i im m m m m m m m=m          is 

the i-th line of  the matrix M-1.
In the general case, Eq. (25) can be written as 

11 2 ,  1, 4,
( )i inW E n

K ϕ
−= =D m  (26)

where 1 2 3 4 1 2 3 4( );  ( )T
i i i i i i i i iD D D D D D D D=D  

is the i-th line of  the matrix D(φ, Is, I); 
1 2 3 4 1 2 3 4( );  ( )T

in i i i i i i i im m m m m m m m=m          is the i-th 
line of  the matrix M-1; K(φ) = EVs(φ)ψ  is the 
calibration coefficient.

The control over the discrete positions of  
the phase elements can be the following:

1. FA of  the phase element of  PU of  the 
radiation source is successively set to the 
position j = 1,4 .

2. At each position j of  FA of  the phase 
element of  PU of  the radiation source, 
the signal irij, i = 1,4 , is measured through 
discrete setting FA of  the phase element of  
the photodetector to the position i = 1, 4 .
Thus, at each position of  FA of  the phase 

element of  PU of  the radiation source, the j-th 
line of  the matrix E is determined. Execution 
of  Items 1 and 2 and Eq. (25) determines the 
matrix  ψ D'(φ, Is, I) = K(φ)D(φ, Is, I).

Using Eq. (25), we can write the element 
EVs(φ)ψ D11 necessary for the calibration in the 
form 11 11( ) ,sEV D Dϕ ψ =   where

11 11 11 11 21 12 31 13 41 14

12 12 11 22 12 32 13 42 14

13 13 11 23 12 33 13 43 14

14 14 11 24 12 34 13 44 14

2[ ( )
( )
( )
( )]

r r r r

r r r r

r r r r

r r r r

D w i m i m i m i m
w i m i m i m i m
w i m i m i m i m
w i m i m i m i m

= + + + +
+ + + + +
+ + + + +

+ + + +



    

    

    

    

 (27)

is the relative value of  the element D11 of  matrix 
D(φ, Is, I).

The matrix D can be calculated from one 
system of  16 equations, whose right-hand sides 
are the parameters Irij = irij/ψ  [3]. Let us form 
the vector

 11 14 21 24 31 34 41 44( ... ... ... ... ) .T
rij r r r r r r r rI I I I I I I I I=

These systems of  equations in the matrix 
form can be represented as:
BDmn = Irij,
where 11 14 21 24 31 34 41 44( ... ... ... ... ) .T

mnD D D D D D D D D=
and Dij are elements of  the matrix D(φ, Is, 
I); B M W= ⊗  is the Kronecker (direct) 
multiplication of  the matrices M and W.

Using the equation [10]:

,T
pE

M S M M=

where 
E

M  is the Euclidian norm of  the matrix 
M and SpMTM is the spur (trace) of  the matrix 
MTM, we can obtain

1|| || || || .E ECondB B B CondMCondW−= =  (28)

RADIOELECTRONICSVIKTOR G. OSHLAKOV, ANATOLY P. SHCHERBAKOV, 
YAROSLAV A. ILYUSHIN



445

RENSIT | 2020 | Vol. 12 | No. 4

Consequently, CondB achieves the minimum 
when CondM and CondW determined from the 
positions of  FA of  the phase elements of  PUs 
of  the source and the photodetector achieve the 
minima. The values of  CondM and CondW, which 
provide for the minimum, are independent of  the 
elements of  the matrix D(φ, Is, I) and absolutely 
optimal.

The aim of  the calibration is to determine 
the calibration coefficient K(φ) = EVs(φ)ψ  .

The method of  calibration with the use of  
a diffusively reflecting (diffusively transmitting) 
screen in the non-polarized radiation from 
a source is described in [11]. This method is 
most correct, because it takes into account the 
geometric configuration of  the volume Vs(φ) 
and irregular illuminance of  its points. In the 
optimal meter of  the matrix D(φ, Is, I), the 
source radiation is fully polarized. Therefore, the 
method [11] should be modified to be used in 
the optimal meter of  the matrix D(φ, Is, I).

The ideal diffusively reflecting (diffusively 
transmitting) screen has the following properties:

(а) all the incident radiation is reflected (or 
transmitted) by the screen surface;
(b) the screen brightness is identical in all 
directions;
(c) the reflected (transmitted) radiation is 
non-polarized in all directions.
If  the surface of  an actual diffusively 

reflecting (diffusively transmitting) screen has the 
illuminance E, then its brightness L regardless 
of  polarization of  the incident radiation is

,EL β
π

=

where β is the brightness coefficient of  the 
diffusively reflecting (diffusively transmitting) 
screen. The brightness coefficient β is understood 
as a ratio of  the brightness of  this screen in some 
direction to the brightness of  an ideal screen 
being under the same illuminance conditions. If  
a surface coated by an MgO layer is illuminated 
normally and observed at the angle ξ ≈ 30° to 
the normal, then β = 1 and the brightness is L = 
E/π (Fig. 3) [12].

Assume that FA of  the phase element lies 
in TP of  the polarizer in PUs of  the radiation 
source and the photodetector, which means 

jα β′ ′=  in Eq. (17) and αi = β in Eq. (22), and 
remains at this position as the polarizers rotate 
in the process of  calibration. The Mueller matrix 
of  PU with FA of  the phase element lying in TP 
of  the polarizer is equal to the Mueller matrix of  
the polarizer [14].

Let the angle φ be obtuse and the screen 
move from point 5 to point 6 (Fig. 1) along the 
axis Z. Set the angle 90jβ α′ ′= =   in PU of  the 
radiation source. Then the optical beam of  the 
radiation source has the vector Ss given by Eq. 
(17) equal to
Ss = (E, -E, 0,0)T       (29)
for the radiation linearly polarized along the axis  
Y'.

The light flux c
rdΦ  incident on the 

photosensitive element of  the photodetector 

RADIOELECTRONICS OPTIMIZATION OF A POLARIZATION NEPHELOMETER
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b
Fig. 3. Brightness coefficients in the scattering MgO surface 

in polar (a) and orthogonal (b) coordinates.
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from the element dA of  the screen surface A 
irradiated by the optical beam with the vector Ss 
given by Eq. (29) is equal to

1 ( ) cos cos / 2 ,c
rd C E dAβ γ γ γ π′′ ′ ′′Φ =  (30)

where C1 is the coefficient equal to zero for the 
screen points not belonging to the volume Vs(φ),   
γ' is the angle of  incidence of  the optical beam on 
the screen, γ" is the angle between the normal to 
the surface A and the axis of  the photodetector 
field of  view, β(γ") is the coefficient β (Fig. 3) 
at the angle ξ = γ", the coefficient 1/2 is equal 
to the attenuation of  the nonpolarized radiation 
by the polarizer of  the photodetector PU. At 
the angle γ" = 0, the coefficient β is minimally 
dependent on the angle γ", and the angle γ' = 
π - φ, and therefore the angle γ" = 0 is optimal.

The light flux c
rdΦ  gives rise to the signal c

rdi  
at the photodetector output

2 1 ( ) cos cos / 2 ,c
rdi C C EdAβ γ γ γ π′′ ′ ′′=

where C2 is the coefficient of  photodetector 
sensitivity to the light flux from the source at the 
point of  the element dA.

The integral signal c
ri  from the entire 

luminous surface A

1 2
( ) cos cos .

2
c
r

A

i C C EdAβ γ γ γ
π

′′ ′ ′′
= ∫ ∫
As the screen moves from point 5 to point 

6 along the axis Z, the integral signal c
rW  is 

calculated as
6

1 2
5 ( )

( ) cos cos ,
2

s

c c
r r

V

W i dz C C Ed
ϕ

β γ γ γ ν
π

′′ ′ ′′
= =∫ ∫∫∫  (31)

where dv = dAdz..
The analogous conclusions can be also 

drawn for the diffusively transmitting screen 
(thin fluoroplastic sheet) at the angle 0° ≤ φ ≤ 
10° [13].

If  we remove the screen and irradiate the 
volume Vs(φ) by the beam with the vector 
Ss given by Eq. (29), then the vector dS(i) of  
radiation scattered by the volume dv(i) is

11 12 21 22 31 32 41 422

( )

( , , , ) ( ),
( )

T

d i
E D D D D D D D D d i

r i
ν

=

= − − − −

S
 

and the vector dSr(i) of  radiation  after 
photodetector PU at αi = β = 0 (polarizer TP is 
directed along the axis X) is

11 12 21 22 11 12 21 222

( )

( , ,0,0) ( ).
2 ( )

r

T

d i
E D D D D D D D D d i

r i
ν

=

= − + − − − −

S
 

The Stokes vector dSr(i) corresponds to the 
luminous intensity

11 12 21 22( ) ( ) ( ),
2r
EdI i D D D D d iν= − + −

and the light flux dΦr(i) incident on the sensitive 
element of  the photodetector is

1

1 11 12 21 22

( ) ( )

( ) ( ).
2

r rd i C dI i
EC D D D D d iν

Φ = =

= − + −



 (32)

The light flux dΦr(i) described by Eq. (32) gives 
rise to the signal ( )ri i→

↑  at the photodetector 
output

1 2
11 12 21 22( ) ( ) ( ).

2r
C Ci i E D D D D d iν→

↑ = − + −  (33)

The Stokes vector dSr(i) of  the radiation 
scattered by the volume element dv(i) exposed to 
the incident radiation with the vector Ss  described 
by Eq. (29) after PU of  the photodetector with 
the polarizer TP along the axis Y is

11 12 21 22 11 12 21 222

( )

( , ,0,0) ( ).
2 ( )

r

T

d i
E D D D D D D D D d i

r i
ν

=

= − − + − + + −

S
 

This vector corresponds to the signal ( )ri i↑↑  
at the photodetector output equal to

1 2
11 12 21 22( ) ( ) ( ).

2r
C C Ei i D D D D d iν↑↑ = − − +  (34)

If  we irradiate the volume Vs(φ) by the optical 
beam with the Stokes vector Ss = (E,E,0,0)T (the 
radiation is linearly polarized long the axis X') 
at the angle β' = αi' = 0°, then the Stokes vector 
dS(i) of  the radiation scattered by the element 
dv(i) is

11 12 21 22 31 32 41 422

( )

( , , , ) ( ),
( )

T

d i
E D D D D D D D D d i

r i
ν

=

= + + + +

S
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and the Stokes vector dSr(i) of  radiation after the 
photodetector PU with the polarizer TP along 
the axis X is

11 12 21 22 11 12 21 222

( )

( , ,0,0) ( ).
2 ( )

r

T

d i
E D D D D D D D D d i

r i
ν

=

= + + + + + +

S

 

The radiation with this Stokes vector 
corresponds to the signal ( )ri i→

→  at the 
photodetector output equal to

1 2
11 12 21 22( ) ( ) ( ).

2r
C C Ei i D D D D d iν→

→ = + + +  (35)

The Stokes vector dSr(i) of  radiation scattered 
by the element dv(i) after the photodetector PU 
with the polarizer TP along the axis Y is

11 12 21 22 11 12 21 222

( )

( , ,0,0) ( ).
2 ( )

r

T

d i
E D D D D D D D D d i

r i
ν

=

= + − − − − + +

S

 

The radiation with this Stokes vector 
corresponds to the signal ( )ri i→ ↑  at the 
photodetector output equal to

1 2
11 12 21 22( ) ( ) ( ).

2
T

r
C C Ei i D D D D d iν↑→ = + − −  (36)

Summing up the signals ( )ri i→
↑  (33), ( )ri i↑↑  

(34), ( )ri i→
→  (35) and ( )ri i→ ↑  (36) from all 

elements dv(i) of  the volume Vs(φ), we obtain 
the signal irΣ equal to

( )

11
1 2

( )

(   )

.
2

s

s

r r r r r
V

V

i i i i i d

D C C Ed

ϕ

ϕ

ν

ν

→ →
Σ → → ↑↑ ↑↑= + + + =

=

∫∫∫

∫∫∫
 (37)

Taking into account Eqs. (31) and (37), we 
obtain

11
( ) cos cos .rD

c
r

iD
W

β γ γ γ
π
′′ ′ ′′

=  (38)

Substitute Eq. (38) into Eq. (27) and obtain the 
calibration coefficient

11( ) .
( ) cos cos

c
r

r

W DK
i

πϕ
β γ γ γΣ

=
′′ ′ ′′



 (39)

4. SOURCE OF RADIATION
The ideal source of  radiation for polarization 
measurements should be monochromatic, have 

high spectral intensity, cover a wide spectral 
range, and have high directivity of  radiation. 
Fig. 4 shows the block diagram of  a five-wave 
source of  quasi-monochromatic radiation 
of  high spectral intensity and directivity. The 
requirements for an ideal light source for 
polarization measurements can be met by a 
set of  high-brightness LEDs with small size 
of  luminous elements. High-brightness LEDs, 
whose main parameters are given in Table 2, are 
used as generators of  radiation.

In the radiation source, LED with the diameter 
of  the luminous element dle of  1 mm is set at a 
distance of  1 mm in front of  the diaphragm 0.5 

RADIOELECTRONICS OPTIMIZATION OF A POLARIZATION NEPHELOMETER

Table 2
Main LED parameters.

LED type Color λrad,
nm

Prad,
W

Upover,
V

Imax,
mA

Iav,
mA

δλ,
nm/°C

dle,
mm

IPR169А9S blue 455 0.6 3.5 700 350 0.17 1

IPR169А9L green 525 0.3 3.5 700 350 0.17 1

IPR169А9Zh yellow 555 0.15 2 700 350 0.17 1

IPR169А9Zh orange 590 0.15 2 700 350 0.17 1

IPR169А9К red 625 0.28 2 700 350 0.17 1

 

Fig. 4. Block diagram of  the source of  radiation: Ø 0.5 
diaphragm 1, depolarizer 2, GELIOS-44-2 objective 3, Т1 
– RLU120, M1– ATmega16, M2 – MAX 485, M3 – 

LMD18200.
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mm in diameter. The GELIOS-44-2 objective 
allows us to obtain the optical beam 25 mm in 
diameter with the divergence of  0.3°.

The minimal volume dv of  clear air is equal 
to few cubic centimeters. We can take dr equal 
to 25 mm. Then the minimal volume is Vs (90°) 
in our case. It is possible to obtain more than 10 
cm3. The nephelometer base A = 1.2 m and Ar = 
0.6 m can provide the measurement of  the matrix 
D at φmin = 1.8°. The optical beam parameter   
characterizing the error of  approximation of  
the optical beam by the elementary optical beam 
varies from 0.0025 at φ = 90° to 0.013 at φ = 
180°.

The emitter arrangement is shown in Fig. 5. 
LED 1 is soldered to heat sink 2 (copper plate 
0.5 mm thick), which is clamped with screws 
in the groove of  copper rod 5. Rod 5 moves 
longitu-dinally in copper cylinder 3. Cylinder 
3 moves longitudinally in caprolon insulator 
4. Radiator 6 increases the heat removal from 
LED. The power source of  the LED D2 is an 
emitter voltage regu-lator on the transistor T1 
(Fig. 6). As low voltage is applied to the input 

of  the microcircuit M1, the voltage determined 
by the divider at resistors R1 and R3 is formed 
at the emitter of  the transistor T1. Resistor R2 
provides the negative feedback for stabilization 
of  LED current. Resistor R2 is a constantan 
wire wound on an MLT (metal-film varnished 
heat-resistant)-type resistor.

The unit of  emitters is a disk 150 mm in 
diameter turning around the axis. It comprises 
of  five emitters placed in a circle (Fig. 5) and 
power sources (Fig. 6) blown from below by a 
micro-fan (Fig. 7). The required LED is placed 
against diaphragm 1 (Fig. 4) by the motor DV 
through a back-lash-free gearbox. Once the LED 
is set, the rotation of  the disk with emitters and 
power supplies can be slowed down by the stop 
of  the slider B on the rubberized disk. The angle 
of  disk rotation around the axis is measured by 
the LIR120A transducer, which reflects it by 
the number of  pulses with respect to the pulse 
R. Pulses В, А, and R from LIR120A come to 
the M4 shaper on the 555IP11 microcircuit 
and then through the X3 connector to the 
M1 AEmega16 microprocessor. The motor is 
controlled by the M3 LMD18200 driver. The 
program to the M1 microprocessor is saved 
through the X5 connector. The software of  the 
M1 microcontroller accomplishes the function 
of  a servo drive, in which the M3 LIR120A angle 
converter acts as a sensor, and the LDM18200 
driver acts as a power bridge. The servo 
feedback operates by the principle of  a PID 
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Fig. 7. Source of  radiation.
 Fig. 6. Power supply: a – 3.5 V; b – 2 V; М1 – 155LA18; 

Т1 – SC3807; D1 – 1N4148.

 

Fig. 5. Block diagram of  the emitter: LED 1, heatsink 2, 
cylinder 3, insulator 4, rod 5, and radiator 6.
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(Proportional - Differential - Integral) controller, 
which calculates the speed and direction of  
movement depending on the difference between 
the current coordinate and the required one. 
In its turn, the required coordi-nate or, more 
exactly, the variable associated with it changes by 
the mathematical law during execu-tion of  the 
movement command. This ensures a smooth 
start of  the electric drive and its smooth de-
celeration to zero speed at the finish point. The 
value of  acceleration and deceleration of  the 
electric drive is set by a separate variable in the 
microcontroller program. Smooth acceleration 
and decel-eration, as well as coordinate feedback 
with the PID controller, are provided by standard 
numerical control (CNC) mathematics.

The radiation source can be controlled both 
from a personal computer and from the control 
panel. Control commands from a personal 
computer are transferred through the X1 
connector and the M2 MAX485 microcircuit.

The control panel allows the position of  the 
emitter to be changed smoothly with three grada-
tions of  speed. High-speed gradation allows the 
drive to turn quickly to the needed angle. The 
low-speed gradation allows accurate adjustment 
of  the emitter position. There is also a command 
for the initial setting of  the emitter coordinate 
system with respect to the reference pulse of  
the output R of  the LIR120A angle converter. 
The control panel also allows us to save the 
coordinate of  a current position of  the drive 
to the internal memory of  the microcontroller 
to be able to return to this point at any time. 
The number of  recorded positions can be up to 
five. With commands from the control panel, 
it is possible to move the drive to any of  these 
recorded positions.

The PC control program has the same 
capabilities as the built-in control panel. In 
addition, with commands from the computer, 
it is possible to set the position of  the emitter 
directly to the needed angle with the accuracy 
provided by the LIR120A angle converter 
(0.009°).

A polarization unit (PU) can be connected 
in place of  the mechanical unit (Fig. 8). The 
posi-tion of  FA of  the phase element of  PU is 
controlled in the way similar to that described 
above.

The computer program allows up to five 
devices similar to the mechanical unit and 
PU to be controlled. It has three dialog tabs 
"Operation," "Settings," and "Port" (in Fig. 9). 
Two last tabs in-clude various settings, in 
particular, the communication port, positioning 
resolution (still identical for all axes of  motion), 
and limiting speed. Figure 9 shows the dialog 
box of  motion commands. In this window, 
one can see five horizontal arrays of  keys and 
text fields arranged in one line. Each group of  
elements is associated with the control of  one 
of  five devices.
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Fig. 8. Polarization unit.

 

Fig. 9. Example of  operation of  the software for control of  
five emitters.
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The computer program is written in C ++ with 
the QtCreator version 4 open source software. 
This tool includes the free GCC-4.7 compiler 
and the popular Qt free interface library version 
4. This solution opens the feasibility of  not only 
writing programs with a modern user interface, 
but also compiling them for any platform, 
including Windows and Linux, for which there 
is a compiled Qt library on the Internet. Thus, 
the program can be compiled without changes 
even for most so-called embedded industrial 
computers, if  they have the Qt-embedded 4.0 or 
5.0 library.

5. CONCLUSIONS
The material presented in the paper allows one 
to determine the main parameters of  a quasi-
monochromatic radiation source of  high spectral 
brightness being a component of  a polarization 
nephelometer that measures matrix D in the 
range φ = [φmin, φmax], as well as its design and 
operating principle. The external view of  the 
polarization unit demonstrates the structure of  
the unit for high-precision control of  the phase 
element.
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1. INTRODUCTION
A Monte Carlo simulation code is developed for 
the study of  neutron and proton-induced radiation 
damage in the materials which results from nuclear 
collision as well as reactions that create energetic 

recoil atoms of  the host material or reaction creates. 
The development of  codes for the radiation damage 
method by neutrons and protons can be highly 
useful in technology of  advanced nuclear systems, 
for energy and nuclear fusion reactors [1].

There are several codes used that are related to 
radiation damage [2-6], because radiation damage can 
be measured as a function of  displacement per atom 
(DPA), which is one of  the critical issues for high 
intensity beams, particularly, for protons. So, for the 
measurement of  the displacement per atom values 
of  the material, there is The Stopping and Range of  
Ions in Matter Code, in a short, SRIM or TRIM for 
ion transport in matter which is a one of  the types 
of  code for various physical quantities related to ion 
implantation, energy deposition and other effects of  
interaction of  ions with matter [7-9]. It is also used 
to calculate radiation damage calculation method 
exposure unit known as displacement per atom. 
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Thus, DPA has been used as a standard measure 
for computing proton induced radiation damage 
production from different radiation sources [10]. 
There are two basic types of  damage calculation: 
Quick Calculation of  damage (Kinchin-Pease 
model) (K-P) and Full damage cascade (F-C) [11,12]. 
Accordingly, this paper is mainly to investigate 
the effect of  radiation damage in materials and 
demonstrate the displacement per atom in the results 
of  the advanced Monte Carlo transport simulation 
code.

2. DISPLACEMENT DAMAGE
2.1. displacemeNts produced by a pKa
Displacement cascade, in a material can be visualised 
as a series of  elastic collisions initiated with the 
lattice atoms, where the lattice atom hit by a high 
energy particle. The initially-bombard a target 
is named Primary Knock-on Atom (PKA) [13]. 
Displacement cascade can be created by PKAs, in 
turn when an energetic incident particle, transferred 
to the PKA, is high enough, E >> Ed, the PKA 
will be able to continue the PKA process to displace 
other atoms of  the crystal, creating secondary 
recoil atom displacement. Thus, it can depend on 
the amount of  the energy and mass of  the recoil 
[14]. Fig. 1 shows collision cascade or displacement 
cascade by a PKA.

If  a lattice atom is hit by a PKA, it must receive 
energy in the collision in order to be displaced atom 
from its lattice site. This minimum energy is called 
the displacement threshold energy. It obviously 
depends on the initial direction. The lattice atom 
in collision receives energy that is less than the 
displacement threshold energy, the atom can be 
knocked out of  its position in the crystal but will 
not be displaced [13].

The average number of  displacements for a 
PKA energy E can be estimated by the following 
derivation given by Kinchin-Pease damage function 
[15]:
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where Ed is the threshold displacement energy 
and represented the energy required to generate a 
stable Frankel pair and EC is the cut-off  energy of  
discrimination of  elastic and inelastic.
2.2. displacemeNt per atom (dpa)
The most common measure of  the amount of  
radiation damage for displacement damage in a 
different type of  particles is displacement per atom 
[16]. E521 ASTM standard particle for neutron 
radiation damage simulation by charged-particle 
irradiation recommends the use of  the Norgett-
Robinson-Torrens secondary displacement model 
that allows for calculating irradiation damage and it 
also allows DPA correlations from neutron damage 
[17].

There are many different ways that have been 
developed to measure the displacement per atom. 
One of  them is the Kinchin and Pease (K-P) model; 
they were the first people to come up with a great 
process. In this model, the actual number of  point 
defects produced by an ion implantation can be 
derived from the energy, which is transferred from 
an ion to an atom of  the target materials [18].

The majority of  the authors in this field have 
tried to establish a new process for measuring DPA. 
The Norgett-Robinson-Torrens model was the 
most successful one. It developed a method in 1975 
for calculating DPA [14]. Based on this model, the 
number of  displaced atoms is given by the following 
equation:

( ) ,
2

dam
d

d

TN E
E

β
=  (2)

were β = 0.8 factor is the displacement efficiency 
which was determined from binary collision formulas 
to account for realistic scattering anisotropy in the 
screened interaction potential. Tdam is the damage 

Fig. 1. Schematic representation of  the formation of  
displacement cascade by a PKA.
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energy and represents the portion of  the PKA 
energy which is lost by elastic collisions with the 
target atoms.

Stoller et al. [19] have discussed another way for 
calculating DPA which is based on the number of  
vacancies produced. Simply summing incoming ion 
and the target atom from the vacancy.txt file provides 
the average number of  vacancies produced.

Unfortunately, the NRT-DPA is not always 
a good correlation parameter available for all 
the irradiation correlations since only the actual 
number of  atomic displacement did not control 
all the radiation effects. Particularly, the NRT-DPA 
is used merely as an irradiation dose more than an 
appropriate correlation parameter. The concept of  
the NRT-DPA is not capable of  including spatial 
fluctuation distribution [20].

3. SRIM/TRIM ANALYSIS
3.1. vacaNcies aNd damaGe calculatioN

SRIM-2013 code has used to calculate the total 
vacancy by difference energies for proton irradiation 
damage. The option of  this code was calculated 
by using Ion Distribution and Quick Calculation 
of  Damage (Kinchin-Pease model). Calculations 
were for H ion implantation into Fe and Cu for a 
range of  H ion energies using 0.5, 1.0 and 9.0 MeV 
of  PKA. The threshold displacement energy used 
in the calculations was 40 eV for Fe and 30 eV for 
Cu based on ASTM E521 Standard and the lattice 
binding energy was set at 0.0 [17,21]. Then, the 
incident ion was fixed for 5000 ions. At the end, the 
data has found in the “vacancy.txt” output files, which 
were detailing the number of  vacancies created for 
ions and recoils.

Fig. 2 shows SRIM calculation of  vacancy 
creation cause H into Fe and Cu using 0.5, 1.0 and 
9.0 MeV. In the case of  0.5 MeV H into Fe and Cu 
beams, the prediction of  the Cu is greater than the 
Fe with the total number of  vacancies per ion being 
around 12/Ion for Cu and 8/Ion for Fe.  For 1.0 MeV, 
the total number of  vacancies per ion is about 10/
Ion for Fe and 16/Ion for Cu. And it is also for 9.0 
MeV that the average number of  vacancies per ion 
is 31 for Fe and 48 for Cu. From Fig. 2, the number 
of  target vacancies increase, which is dependent on 
the ion energy. For example, for 1.0MeV H PKA in 
Fe is greater damage than the 0.5MeV H PKA in Fe 

because the ion with higher energy can transfer more 
energy to the recoiling atom.
3.2. comparisoN betweeN K-p aNd f-c
In this section, SRIM-2013 code has used to 
calculate the total vacancy. The option of  this code 
was selected by using Full damage cascade (F-C) and 
compared with Quick Calculation of  Damage (Kinchin-
Pease model) (K-P). Calculations were carried out for 
H ion implantation into only Fe for a range of  H ion 
energies using 0.5 and 1.0 MeV of  PKA. Then, the 
incident ion was also fixed for 5000 ions. At the end, 
the data has found by summing the second column 
and the third column from the “vacancy.txt” output 
files. The results of  the difference between the K-P 
and F-C models for Fig. 3 is that, the prediction of  
the full cascade (F-C) model for 0.5 and 1.0MeV 
are higher than the Kinchin-Pease (K-P) calculation 
which is independent of  the electronic to nuclear 
stopping ratio.
3.3. dpa calculatioN

Read and de Oliveira [19] has also argued about 
the damage of  radiation energy into SRIM as a 
result of  many different ways, and presented a 
different mechanism for measuring the amount 

SOLID STATE PHYSICS

Fig. 2. Number of  vacancies per incident ion versus depth for 
0.5, 1.0 and 9.0 MeV H PKA into Fe and Cu.

Fig. 3. SRIM calculation of  vacancy creation cause H PKA 
into Fe and Cu using 0.5 and 1.0 MeV ion.
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of  displacement. According to Equation (3), they 
have illustrated that Tdam is able to be calculated 
by SRIM. 

0
arg .I I

dam ions ions t etT E E E= − −  (3)

In this relation, 0
ionsE  can be the incident ion, on 

the other hand beam energy, I
ionsE  can be the beam 

energy loss to ionization and arg
I
t etE  is the atom 

energy target loss to ionization. These values ought 
to be found in the “ioniz.txt” output file.

Furthermore, for determine damT , the values 
must be found in the “phonons.txt” based on this 
equation:

arg .p p
dam ions t etT E E= +  (4)

where p
ionsE  is the beam energy lost to phonons 

which is given by the second column (in the 
TRIM output folder) and arg

p
t etE  is the target atom 

energy lost to phonons which is given by the third 
column.

The option of  this code was calculated using Ion 
Distribution and Quick Calculation of  Damage. The 
damage calculated with this option is according to 
the Kinchin-Pease (K-P) formalism which was used 
in the NRT standard model. This option is currently 
used for comparison with proton damage.  The ion 
used was Hydrogen, with ions of  energies of  0.5 
1.0, 5.0 and 9.0 MeV H PKA into Fe and copper 
Cu for 5000 incident ion. Then, data has found in 
the “phonons.txt” and obtaining Tdam by Eq. (4) and 
solving in Eq. (2) (NRT equation). The figures show 
the target depth of  the radiation induced damage in 
the units of  displacements per atoms (DPA). Fig. 4 
shows the displacements at Bragg peak can increase, 

therefore protons lose their energy on arriving at 
Bragg peak.

It can be seen from Fig. 5 that the target depth 
change with increase DPA a 0.5, 1.0, 5.0 and 9.0 
MeV of  PKA energy for Fe and Cu. The results were 
pretty satisfactory as the DPA behaviour is clear. For 
lower energy there are taller Bragg peaks which do 
not distribute their energy through the material easily 
and so have less DPA an average. For higher energy 
of  9.0 MeV in Fe have higher displacement damage, 
which is greater than those for 0.5, 1.0 and 5.0 MeV. 
The maximum damage level is about 2.85 µm depth, 
7.2 µm depth, 87.2 µm depth and 230 µm depth for 
four energies.

It clearly shows in Fig. 5 hat compared with 
damage level at 0.5 MeV for copper is lower than 
those which is at a lower energy around 3.3 µm depth 
and at higher energy around 2190 µm depth. So, it is 
clear that the penetration depth varies strongly with 
its energy. The average displacement per atoms were 
0.649 at an ion energy of  0.5 MeV, 0.351 at an ion 
energy of  1.0 MeV, 0.0639 at an ion energy of  5.0 
MeV and  0.035 at an ion energy of  9.0 MeV.

As mentioned before, the factor Td in Eq. 2 can 
be called the damage energy as well as can be EPKA. 
Fig. 6 shows the plots of  damage energy and the 

Fig. 4. Shows the Bragg peak of  proton due to H PKA into 
Fe by using 5.0 Me.

Fig. 5. Shows TRIM calculation of  DPA production due to 
H PKA into Fe and Cu by using 0.5, 1.0, 5.0 and 9.0MeV.

Fig. 6. Shows the plot of  PKA energy with the number of  
displaced atoms for H into Fe.
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average number of  displaced atoms (Nd) produced 
by a PKA of  a given energy. It was calculated for 
iron using a standard method.
3.4. damaGe calculatioNs aNd comparisoN iN 
srim
In this section, comparisons has been made with 
an international standard that the results of  DPA, 
it was calculated for two cases with SRIM model 
for 5000 incident ions. The first case, the threshold 
displacement energy used in the calculations was 40 
eV for iron and 30 eV for copper based on ASTM 
E521 Standard and the lattice binding energy was set 
at zero. The second case, the threshold displacement 
energy was 25 eV for iron and copper as well as set 
the lattice binding energy was 3 eV. The data has also 
found in the “vacancy.txt” output files.

Table 1 was compared with DPA by difference 
in the threshold displacement energy and the lattice 
binding energy for 0.5, 1.0 and 5.0 MeV H PKA into 
Fe. The average number of  DPA for second case 
result is greater than DPA for the first case result, 
which was produced by PKA directly. This is because 
the Coulomb scattering for the second case is much 
bigger than that of  the first case.

Table 2 shows DPA of  Cu target for two cases, 
the average number of  DPA for the second case is 
also bigger than the number of  DPA for the first 
case.

In addition, when comparing Table 1 and 
Table 2, the average number of  DPA of   copper are 
higher than those of  Fe for the both cases. And as 
is also shown, the number of  DPA an decrease with 
increasing incident ion energy for the both cases.

4. CONCLUSION
SRIM-2013 code was used in this work to calculate 
the total vacancy and the number of  displacement 
based on NRT by difference energies for proton 
irradiation damage. First, the option K-P model was 
chosen, and data taken from vacancy.txt file. It can 
be observed that the number of  target vacancies 
increase, which is dependent on the ion energy. 
Thus, the prediction of  the Cu for 0.5, 1.0 and 9.0 
MeV were greater than the Fe with the total number 
of  vacancies per ion. Second, using F-C option, and 
compared with the K-P option. It was found that the 
results of  the F-C model for 0.5 and 1.0 MeV into Fe 
were greater than the K-P model. So, the F-C option 
could be more accurate.

Calculations were carried out for SRIM code 
based on the NRT for determining the number of  
displacement, which was preferred in the phonons.
txt file for difference energies into Fe and Cu target 
when the K-P option was used. It can be noticed 
that for lower energy there were taller Bragg peaks 
which did not distribute their energy through the 
material easily and so had less DPA an average. So, it 
is clear that the target depth also varies strongly with 
increasing ion energy. In addition, comparison have 
been made for SRIM code based on two cases. It was 
found that the average, the number of  DPA of  Cu 
results were bigger than DPA. This is because the 
Coulomb scattering is much bigger.
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1. INTRODUCTION
Nanostructuring made possible to reveal a number 
of  fundamentally new properties of  materials; this 
was most clearly manifested by the example of  
various types of  nanomaterials (NM), consisting 

of  isolated (by various methods) nanoparticles 
(NPs) with an average diameter of  2-10 nm [1-6].
Numerous examples [7-12] have shown that a 
“simple” reduction of  a material up to nano sizes 
(2-10 nm) makes them highly defective, which 
radically changes their physical and chemical 
properties and the range of  applications.

Most real materials are defective to some extent. 
Such defects are well-studied as vacancies - anionic 
and cationic; impurity atoms of  substitution or 
insertion; dangling bonds, altered crystal lattice 
parameters; element-wise or structural separation 
(internal nanoclusters), etc. [13] In a number 
of  cases, a relationship has been established 
between structural defects and material properties. 
Obviously, materials consisting of  nanoparticles 
(NPs) 2-10 nm in size are unconditionally 
defective, but it is difficult to use the above types 
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of  defects for describing their properties. NPs 
and NMs based on them contain specific defects 
characteristic only of  them, which determine their 
unique properties [14,15].

2. NANOPARTICLES SURFACE AS A 
DEFECT
Let us consider the NP surface as an extended defect 
in the structure of  the “parent” nanomaterial, 
which determines its behavior under the action of  
external electromagnetic radiation or a magnetic 
field, which differs from the properties of  the 
initial parent material. Thus, let us assume that the 
surface of  nanoparticles is a special type of  defects 
in nanomaterials.

In order to understand how the physical 
properties of  a material (including magnetic) 
can (should) change during the transition from 
a compact (for example, basically diamagnetic) 
material to a NP system of  the same composition, 
we will conduct a mental experiment.

Let us consider the NP surface as an 
extended defect in the structure of  the “parent” 
nanomaterial, which determines its behavior under 
the action of  external electromagnetic radiation or 
a magnetic field, which differs from the properties 
of  the initial parent material. Thus, let us assume 
that the surface of  nanoparticles is a special type 
of  defects in nanomaterials.

In order to understand how the physical 
properties of  a material (including magnetic) 
can (should) change during the transition from 
a compact (for example, basically diamagnetic) 
material to a NP system of  the same composition, 
we will conduct a mental experiment.

Let's take a sample with an arbitrary crystal 
structure (Fig. 1A) (in this case, for simplicity, 

a simple cubic lattice was chosen). The sample 
is in equilibrium at room temperature, normal 
atmospheric pressure. If  you remove a cube with 
an edge of  3 nm from the middle of  this crystal, 
you will get an object (Fig. 1B) along the edges, 
vertices and sides of  which there are exposed 
atoms (ions) that were previously included in the 
crystal lattice of  the parent material. The broken 
ties sticking out are clearly visible. These can be 
vacant or filled orbitals (a pair of  electrons can 
be in an orbital, and a vacancy in a matrix). When 
they interact with each other, an electron cloud 
appears on the surface - a plasmon, which is easily 
polarized under the influence of  electromagnetic 
radiation [16].

But, for example, for the occurrence of  
magnetism when removing a cube from a "non-
magnetic" matrix, the most important is the 
homolytic breaking of  bonds inside the crystal, 
as a result of  which orthogonal surfaces appear 
on the surface of  the removed cube - orbitals 
with unpaired electrons (spins). As a result of  
exchange interactions between them, a magnetic 
domain appears, covering the NP surface, and it 
becomes magnetic [17,18]. At the band approach, 
it is assumed that an electron from the valence or 
conduction band gets to the surface level appearing 
due to the broken bond (ie, a defect). The 
electron captured by the defect, first, stabilizes the 
ferromagnetic state closed to itself, and, second, 
it self-traps in this cavity. Thus, a ferromagnetic 
region appears on the surface near the defect, 
called ferron [19–22].

Plasmon is located along, ferron - orthogonal to 
the NP surface. This orbital configuration usually 
does not hinder spin-spin exchange.

Extracting the cube from the matrix will 
remove the external pressure of  the crystal 
structure of  the compact sample, which leads to 
the transformation of  the cube into a spheroid - 
NP (Fig. 1C), consisting of  a core, in which the 
crystal structure of  the parent material and its 
physical properties are mainly preserved, and 
consisting of  a shell of  1-2 atomic layers, in 
which the crystal structure of  the parent sample 
is significantly distorted-destroyed [23,24]. Due to 
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surface decompensation of  metal polyhedra, the 
structure degraded, bond lengths, bond angles, 
and coordination polyhedra changed. A significant 
number of  vacancies - structural defects and 
impurities - are concentrated in such a shell; there 
is often structural disorder and similar changes. 
Thus, the surface (1–2 atomic layers) of  spheroidal 
NPs (2–10 nm) is a specific defect in the structure 
of  the parent material, which is responsible for 
the appearance of  properties uncharacteristic of  a 
compact material [25,26].

As the size decreases, the curvature of  the NP 
surface arises, which leads not only to an increase 
in the distance between surface atoms and a 
weakening of  electron – electron interactions, but 
also enhances the exchange interactions between 
the spins of  dangling bonds [27,28]. The system 
of  such exchange interactions covering the entire 
NP surface determines the behavior of  the NP in 
a magnetic field.

It is generally accepted that NPs consist of  a 
core and two shells (Fig. 1D) (a “green walnut” 
structure) [28,29]. Each of  the 3 parts of  a NP 
(Fig. 2) behaves in its own way in an external 
magnetic field, so that the actually measured 
magnetic quantities are always a superposition of  
at least three components.

For small particles, the contribution of  the 
surface layer to the determination of  physical 
properties can be more than 50%, but with 
an increase in the NP size, the effect of  the 
surface layer begins to rapidly decrease, and for 
particles> 100 nm, its contribution is usually 
neglected [30,31]. The set of  such NPs is the most 

rigorous and well-studied part of  the entire huge 
array of  objects which are considered today as 
nanomaterials.

NPs can be isolated from each other in gaseous, 
liquid, or solid media; in powders consisting 
ONLY of  NPs and composite materials, where 
individual NPs are dispersed in matrices - inorganic 
or polymer [32,33]. Methods for obtaining NPs 
are well developed; they are obtained both by 
dispersing compact materials by various methods 
[34,35] and using various chemical reactions in 
solutions [36]. In the first case, at the destruction 
of  the sample in the core (but not in the shell) 
of  the formed NPs, the structure of  the initial 
material is mainly retained, while in the second 
case, the composition and structure of  NPs are 
reconstructed from individual atoms or ions [37]. 
Such materials based on NPs are universal among 
other disperse systems, in the sense that a highly 
defect state can be created in them not only by 
dispersing macrosamples, but also "construct" 
them from subatomic fragments, i.e. to one 
degree or another to manage the defectiveness 
of  the created materials [38,39]. Methods for the 
synthesis of  NPs of  a certain size, composition, 
and structure, with a narrow size distribution, 
covered with a certain type of  ligands, are well 
developed [40]. In other words, the type of  defects 
and the degree of  defectiveness (and hence the 
physical properties) of  such materials can be finely 
controlled. However, when NPs are compacted, 
nanomaterials are obtained in which the idealized 
structure considered above can be distorted: the 
shells are deformed, penetrate into each other, are 
destroyed, the cores become larger, etc.

NPs have high surface energy. In a real medium 
- gas, liquid or solid - the NP surface (2-10 nm) 
is ALWAYS covered with a layer of  light atoms 
(L in Fig. 2) - specially introduced ligands. The 
components of  the real environment are also 
potential ligands for the nanoparticle surface. 
[41] Interaction with ligands makes it possible to 
partially or completely fill vacant coordination 
sites (structural defects) and makes the particle 
significantly more stable. However, such 
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Fig. 2. NP model representing the structure of  a "green 
walnut".
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coordination can hinder the spin exchange in the 
surface layer up to complete destruction.

Thus, any NP with a size of  2-10 nm consists 
of  at least three parts: 1 - a core with a slightly 
changed structure of  the parent sample; 2 - the first 
shell (1-2 nm), which has the same composition 
as the particle core, but a significantly distorted 
structure; 3 - ligand shell, usually consisting of  
light atoms (O, N, S, etc.). Each of  the three 
components behaves differently under the action 
of  electromagnetic radiation or an external 
magnetic field and contributes to the observed 
physicochemical parameters of  NPs.

NPs and NMs based on them are a typical 
example of  defective materials, the physical 
properties of  which, along with chemical reactivity, 
are determined not so much by the composition 
and crystal structure as by the type and number of  
defects in the surface layer of  NPs.

3. LIGAND SHELL
The NPs of  the sizes considered in this article are 
never "naked"; on their surface there are always 
either individual atoms from the environment, 
or specially introduced molecules (CO, P(Ph)3, 
etc.). Polymers – organic or inorganic – are in use 
as specific stabilizers. [42] All these groups are 
called ligands, meaning that their main function 
is to interact with dangling surface bonds and 
fill vacant positions in the coordination sphere 
of  surface atoms of  NPs. The ligand shell is an 
integral part of  NPs and has a significant effect 
both on the magnetic interactions in the particle 
itself  and between them. [43-46] Interaction with 
the environment also often leads to a change in the 
chemical composition of  the surface (in the most 
common variant – to oxidation), which inevitably 
affects the magnetic properties.

As a successful application of  the above 
approach, let us consider NPs of  “nonmagnetic” 
materials, the features of  magnetism of  which are 
described in detail in the review [47]. Magnetism 
still remains one of  the most mysterious properties 
of  matter. No less mysterious gravity differs in 
that its manifestations are universal – gravitational 
forces do not show any selectivity at the acting 

on a material, regardless of  its composition and 
electronic structure. [48,49] In contrast to this, 
the result of  the action of  a magnetic field on a 
material is highly dependent on its composition, 
structure, shape and other factors. Materials due 
to their behavior in an external magnetic field are 
roughly divided into two unequal groups: magnetic 
(their minority) and all the rest – "non-magnetic". 
[50,51] The latter, being as a rule diamagnets, 
are not completely indifferent to the action of  
an external magnetic field, although the general 
physical theory of  magnetism does not contain 
reasons for differences.

Modern theoretical concepts of  the nature of  
magnetism, as a rule, describe quite successfully the 
properties of  most traditional magnetic materials, 
leaving aside "non-magnetic" materials [52,53].

However, as it often happened before, "the 
experiment turned out to be ahead of  theory": it 
turned out quite unexpectedly that ferromagnetism 
is found in some samples of  semiconductor 
nanomaterials which do not contain magnetic 
dopants [54,55]. The number of  examples grew 
rapidly, it became clear that these are not isolated 
artifacts. In 2005, the term “d0 magnetism” was 
introduced to determine this class of  phenomena 
[56]. Later, systematic studies, reviews [57-61] 
appeared. Later, reports appeared devoted to high-
temperature ferromagnetism (HTFM) of  carbon 
NPs (quantum dots), graphene, and other highly 
defect structures [59,62-64]. It became clear that 
the observed phenomenon is of  a general nature 
and requires consideration of  the entire set of  
facts from a unified standpoint before it will be 
possible to start developing the theory of  HTFM 
"nonmagnetic nanomaterials".

Various types of  structural inhomogeneity, 
for example, vacancies and impurity atoms, 
can contribute to the appearance of  HTFM 
in nanoparticles of  materials whose colume 
analogs do not exhibit such magnetic properties 
[11,12,58,60,65].

In compact semiconductor NMs, a continuous 
layer L is usually absent on each NP; its role is 
most often played by the surface of  adjacent 
neighboring NPs. The interactions arising here 
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are random and difficult to formalize. To stabilize 
semiconductor NPs as ligands, mercaptans with 
long hydrocarbon radicals are most often used 
[28,66]. It has been shown that the covering of  
ZnO NPs with mercapto ligands can significantly 
change their magnetic properties: they can be 
diamagnetic, have Pauli paramagnetism, or become 
ferromagnetic [27]. It is believed that although the 
surface is covered with mercapto ligands, the main 
contribution to magnetism  comes from Zn-O, not 
Zn-S bonds [67].

The brief  review given in Ref. [68] clearly 
indicates that the behavior of  “nonmagnetic” 
materials in a magnetic field directly depends on 
the degree of  their dispersion and other types of  
defectiveness. The listed experimental results cover 
a wide range of  materials and make it possible to 
assert that a ferro (antiferro) magnetic state can be realized 
in any material by converting it into a nanodispersed state 
with a sharp increase in the degree of  structural imperfection.

Based on the above, it is now necessary to 
expand this conclusion.

SURFACE FERROMAGNETISM AT 
ROOM TEMPERATURE PRESENTS TO 
ANY MATERIALS IN A HIGH-DISPERSION 
NANOSTATE. The exception is organic, polymer 
and biomaterials.

This is most clearly manifested in nanomaterials, 
namely, nanopowders consisting of  nanoparticles 
isolated from each other. Defective structures 
responsible for the appearance of  magnetism in 
such NMs can be regulated within certain limits. 
Their characteristics are reproducible and can work 
as a basis for theoretical developments. However, 

there are still few such materials [69]. The bulk of  
nanopowders are formed by simple compaction 
of  nanopowders. In this case, the “ideal” structure 
of  individual NPs in them is violated (Fig. 3). 
In addition, for the implementation of  collective 
magnetic effects, it is necessary to ensure the 
interaction between the magnetic shells (often 
severely destroyed) of  individual NPs. All this 
is difficult to control. Therefore, the magnetic 
characteristics of  such materials are generally 
poorly reproducible. Despite this, the general 
trends can be traced quite clearly.

At the first stage of  the development of  these 
works, it was believed that the surface HTFM is 
a characteristic of  only macroform diamagnetic 
nanomaterials of  a certain type, such as ZnO, Al2O3, 
MgO, GaN, and CdSе semiconductors [66,70-73]. 
Within this type of  objects, models were built 
and calculations were carried out. For example, 
in [74-77], Thus, for the first time, the following 
proposition appears, which later became generally 
accepted for some time: for the manifestation 
of  cooperative magnetic phenomena in some 
materials, it is necessary (but not sufficient) that 
uncompensated magnetic moments (spins) exist in 
them in a significant amount (this is a requirement 
of  cooperative effects), and so that between 
these moments there were so-called "exchange" 
interactions, thanks to which their ordered spatial 
arrangement would be energetically favorable. The 
proposed model of  "localized magnetic moments" 
well (at least qualitatively) explained the fact that 
in the overwhelming majority of  materials known 
at that time (including important from a practical 
point of  view), exhibiting collective forms of  
magnetism, uncompensated magnetic moments 
are due to empty electrons d and f  of  the inner shells of  
transition metal atoms. The electrons of  the outer valence 
s and p shells, as a rule, participate in the formation of  
a chemical bond and therefore their magnetic moments 
are compensated. It was this phenomenon that 
later became known as “d0 magnetism” [56], i.e. 
magnetism in the absence of  d-metals.

The physical models proposed to explain 
the HTFM of  NPs of  "nonmagnetic" 
materials were based on the above-mentioned 
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Fig. 3.  Violation of  the “ideal” structure of  NPs when they 
are compacted.
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well-known concepts. In addition, the concept 
of  uncompensated magnetic sublattices, various 
types of  spin subsystems, the emergence of  a new 
crystal structure that promotes magnetism, etc. 
[78-82] were attracted. These approaches were 
suitable for describing the properties of  a narrow 
range of  materials and were difficult to use when 
considering systems other than those based on 
such approaches. This situation could not satisfy 
anyone.

It was noted that the realization of  d0 
magnetism requires a substantial defectiveness of  
the structure, which is more often found in low-
dimensional systems of  NPs or thin (only a few 
nm) films [83-86].

Gradually, an opinion began to form about 
the critical importance of  structural defects (of  
various types) for obtaining HTFM in systems 
exhibiting d0 magnetism. This fact was reflected 
in the appearance in 2008 of  the term “defect-
induced” magnetism [56,83,87].

However, there are many defects, and it was 
not obvious which ones and how they determine 
magnetism. Many types of  defects in NM did 
not lead to the appearance of  HTFM. Often 
talked about artifact in such experiments, but this 
idea was quickly refuted in a number of  works 
[27,85,88,89].

Each of  these studies has been fairly 
successful in describing the properties (magnetic 
behavior) of  a selected narrow set of  materials. 
For example, when discussing the HTFM of  a 
hafnium oxide nanofilm, the authors noted that, 
taking into account the conditions of  sample 
preparation, a significant number of  oxygen 
vacancies can be expected. In such oxides, which 
have a high dielectric constant, unpaired electrons 
tend to form an impurity band, where they can 
be localized due to correlation effects and local 
potential fluctuations [90]. Such an impurity band 
mixes with vacant 5d states, which in turn polarizes 
the impurity band and provides the necessary 
ferromagnetic coupling. The observed anisotropy 
suggests a large 5d-orbital contribution to the 
spin-orbit coupling. However, such approaches are 

hardly suitable for describing the phenomenon as 
a whole.

It became clear that the existing understanding 
of  magnetism in solids is insufficient to explain 
these results. However, there are no attempts to 
consider the entire set of  available facts from a 
unified standpoint.

The clearly expressed HTFM of  individual 
“pure” carbon nanostructures that have nothing 
other than s and p orbitals has received a definite 
theoretical consideration [62,91-93]. But the 
question arises, what is common between a 2D 
nanofilm of  hafnium oxide and graphene, if  they 
behave identically in a magnetic field? Realizing 
this, a number of  authors began to consider 
structural disturbances – defects as a possible 
universal reason for the manifestation of  HTFM 
in such materials. [94-98] Gradually they began 
to pay attention to edge effects, distorted surface 
states, various structural defects [99].

Initially, it looks paradoxical that in order to 
obtain the required magnetic properties in the 
systems under consideration, it is necessary not to 
get rid of  defects, but to learn how to control them, 
to turn a defect into an effect. In this case, magnetism 
remains an intrinsic property of  the system, as well 
as a significant degree of  defectiveness, which is 
fundamentally unavoidable, as, for example, for 
NPs [14]. A well-developed system of  defects (with 
the exception of  defects arising during the growth 
of  crystals – dislocations, disclinations, etc., which 
are rigidly embedded in the crystal structure – they 
are not considered here) can provide a sufficiently 
large number of  exchange magnetic bonds 
necessary for the emergence of  a cooperative 
magnetic effect. However, it immediately became 
clear that not every defect creates uncompensated 
magnetic moments. And not every system of  
defect-induced magnetic moments can turn into a 
cooperative state.

In review [100], an attempt was made not only 
to analyze and systematize the experimental results, 
but also to generalize the methods which make it 
possible to control the intensity of  ferromagnetic 
exchange interaction in systems of  NPs of  
nonmagnetic (in the volume state) materials. It 
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should be noted that the introduction of  3D 
metal ions, which is often used in the creation of  
magnetic semiconductors, is nothing more than 
one of  the methods for realizing defect structures 
[83,101]. Such defect centers can act as mediators 
of  magnetic exchange [102].

4. IS IT POSSIBLE TO DIRECTLY 
INFLUENCE THE SURFACE MAGNETIC 
EXCHANGE, TO ENHANCE IT?
The reasons which can determine the cooperative 
magnetic effect in the system of  defect-induced 
magnetic moments can be reduced to the following:

1) it is believed that a decrease in the 
distances between magnetic centers by careful 
compaction of  NPs enhances exchange. 
On the other hand, compaction destroys the 
integrity of  the surface layer of  NPs, which can 
lead to unpredictable changes in the magnetic 
characteristics. [86,103];
2) surface modification by removing (replacing) 
adsorbents (ligands) that hinder the magnetic 
exchange [44,46,104];
3) adsorption of  ligands – mediators of  
magnetic exchange [105].
From the data presented, it follows without 

doubt that the described phenomenon is of  
a general nature. A distinctive feature of  all 
considered objects is the presence in them of  a 
large number of  defects of  various nature. Purely 
phenomenologically, it is reasonable, in the first 
approximation, to associate the appearance of  
this or that type of  magnetic ordering with the 
presence of  defects of  one nature or another in 
the object. But a number of  difficult questions 
immediately arise, exhaustive answers to which 
have not yet been found.

There are direct, indirect, double indirect 
exchange, the interaction of  Ruderman-Kittel-
Kasuya-Yosida (RKKY) and some others [106]. 
The concept of  exchange interactions is of  a 
model nature (in fact, the form of  the Hamiltonian 
is postulated), this explains its limitations [107]. 
But what about those cases when there are no d or 
f  electrons, and exchange interactions are present 
and cooperative effects take place?

HTFM of  NPs of  “nonmagnetic” materials 
is a widespread phenomenon, for which there are 
still no unified phenomenological approaches, the 
role of  defects is recognized, but which defects 
and how they affect HTFM is not specified.

It is believed that the surface of  spheroidal 
nanoparticles is a defect that determines and causes 
HTFM. NPs isolated from each other in the matrix 
behave like pseudo-atoms with large (often giant) 
collective magnetic moments. As the distance 
between particles decreases, exchange interactions 
arise and intensify. The results of  intraparticle 
exchanges are summed up with interparticle ones 
and together determine the behavior of  an NM in 
a magnetic field.

Based on the thought experiment proposed at 
the beginning, as a result of  the rupture of  the 
structure of  the original crystal, three types of  
orbitals can appear on the surface of  the removed 
cube. (Fig. 4): two (A and B) as a result of  
heterolytic rupture of  bonds and C - after homolysis 
of  bonds. This is a simplified diagram designed 
to demonstrate the electronic consequences of  
bond breaking using the p-orbital as an example. 
In the case of  d or f  orbitals, the picture is more 
complicated, but in the end the electronic result of  
bond breaking is the same as in the diagram.

During the transformation of  a cube into a 
spheroidal NP, these orbitals behave differently: 
orbitals with unpaired electrons remain directed 
orthogonally to the NP surface and cannot 
participate in the formation of  direct valence 
bonds with each other in the surface layer. At the 
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same time, such a configuration does not prevent 
exchange interactions between parallel spins; as 
a result, a "magnetic layer" is formed, covering 
the entire surface of  the NP and determining its 
behavior in a magnetic field.

The rest of  the electrons and vacant orbitals 
formed as a result of  breaking bonds in the 
macrostructure form an "electronic layer" also 
located on the NP surface and determining its 
behavior in an electromagnetic field, the interaction 
with which manifests itself  in the spectra in the 
form of  plasmon resonance [108].

These two subsystems "magnetic" and 
"electronic" coexist in the surface layer of  the NP 
and determine its properties. The model considers 
idealized spheroidal NPs located separately from 
each other.

In real powders and other NMs, individual NPs 
behave like giant magnetic pseudo-atoms. In this 
case, interparticle magnetic interactions (exchange) 
occur along with intraparticle interactions. 
The convergence of  NPs over short distances 
destroys the ideal picture, which often affects the 
reproducibility of  the measurement results and 
complicates their interpretation.

The above "ideal" scheme stops working. 
In such materials (and there are most of  them), 
intraparticle and interparticle exchange interactions, 
as a rule, cannot be separated and formalized. In 
the case of  non-spheroidal morphology of  planar 
2D nanosystems (in nanofilms, graphene, etc.), 
“linear” defects are added to a spheroidal defect 
(shell) that has become flat – end and along internal 
breaks in the structure.

Orbitals with unpaired spins lie in the plane 
and their exchange interactions can occur only 
with neighbors at the edge of  the plane.

There are two subsystems: electronic, due 
to the overlap of  orbitals filled with electrons, 
and spin, due to exchange interactions between 
unpaired electrons. These two subsystems are 
orthogonal to each other. The electronic subsystem 
is polarized by an external electromagnetic field 
(light quanta); spin – by an external magnetic field. 
The model conceptually reflects the presence of  

two subsystems, as exemplified by spheroidal and 
flat defects. [100]

5. THE ROLE OF BASS SIZE
When NPs grow larger, surface ferromagnetism 
does not disappear anywhere, just the fraction of  
surface atoms sharply decreases with increasing 
NP size, and their contribution to the magnetic 
behavior of  the sample is beyond the sensitivity 
limit of  the method [103].

The proposed model makes it possible 
to qualitatively generalize and classify the 
available information on the HTFM of  NPs of  
“nonmagnetic” materials. Thus, as a result of  the 
above-described virtual operation, the diamagnetic 
material is transformed into a system of  NPs with 
uncompensated surface spins; their exchange 
interactions can lead to the manifestation of  
various forms of  magnetic ordering, from para up 
to ferro (less often antiferro) magnetism.

6. THEORETICAL MODELS OF HTFM 
IN LF AND NM
The experimental detection of  the HTFM 
phenomenon in NPs and other nanostructures 
was accompanied by attempts to interpret it 
theoretically (see reviews [100,107,109] and 
references therein). Ferromagnetism is more 
common in metal-containing compounds; 
therefore, the band approach dominates in the 
theory of  magnetism as a whole. At the same 
time, the HTFM phenomenon is observed both 
in metals and in dielectrics and semiconductors, 
i.e. claims to be universal [110]. Therefore, it is 
not surprising that there is currently no unified 
explanation of  this phenomenon for all materials 
where it was observed.

Attempts to theoretically explain HTFM 
in carbon nanostructures, with the exception 
of  graphene, on the whole, do not go beyond 
the model of  defect-induced band or localized 
magnetism used for most inorganic nanoparticles 
[62]. A theoretical study of  HTFM in graphene 
"nanoislands" of  triangular and hexagonal shape 
with zigzag edges was carried out in the Hubbard 
mean field model and using the DFT methods 
[111]. It is shown that electronic states with 
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nonzero spin actually appear in the structures. 
Attention was drawn to the dimensional features 
of  HTFM in graphene in review [112]. Thus, 
carbon nanomaterials are an integral part of  the 
family of  materials with HTFM.

7. CONCLUSION
The nanostate of  matter presented us with another 
surprise – the fundamental possibility of  obtaining 
magnetic materials from almost any substance by 
fairly simple, sometimes (as in the case of  ZnO) 
primitive methods. At the same time, theoretical 
concepts and deep understanding of  this 
phenomenon (as often happened before) are still 
far from complete. The task of  the authors of  the 
review was to show that the material presented is 
not a collection of  individual random facts taken 
from numerous experimental and theoretical 
studies, but is a phenomenon (a general pattern) 
that requires deep and theoretical analysis from a 
unified standpoint. The future will show to what 
extent we have managed to do this. Summarizing 
the state of  the problem of  the theoretical 
description of  HTFM, we can say that, on the one 
hand, its satisfactory solution is still hampered by 
the diversity and incompleteness of  experimental 
studies. On the other hand, the unusualness of  the 
detected magnetic properties, apparently, should 
stimulate theorists to critically analyze the existing 
ideas about the magnetic properties of  materials, 
model approaches, and computational techniques.

The discovery of  the HTFM phenomenon 
occurred in the process of  searching for materials 
in which the electrical and magnetic properties are 
closely interrelated. Such materials are necessary 
for spintronics which is a modern branch of  
electronics, which uses not only the electric 
charge of  current carriers, but also their spin, i.e. 
magnetic properties [113,114]. In the theoretical 
models of  HTFM, in particular, in the ferron 
theory of  E.L. Nagaev, the electrical and magnetic 
properties of  the material are closely interrelated 
on the NP surface. Therefore, there is no doubt 
that with further study of  HTFM, it, in addition 
to undoubted fundamental scientific interest, will 
find important practical applications [115]. The 
most probable closest practical use of  the HTFM 

phenomenon is a magnetoresistance-based device. 
Although the magnitude of  the magnetoresistance 
in magnetized materials is not too high [22,116], 
targeted control of  the defect structure of  the NP 
surface [117] can correct this drawback.

It can be assumed that the widespread 
involvement of  magnetic methods in the study 
of  NPs and NMs will not only lead to the 
discovery of  new examples of  the manifestation 
of  magnetism in materials, but will also expand 
our understanding of  magnetism as a fundamental 
property of  matter. The authors hope that the 
approach presented in the article will become a 
reason not only for discussions, but also serve as 
a basis for a deeper consideration of  the HTFM 
problem by specialists.
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1. INTRODUCTION
Currently, much attention is paid to the 
creation of  various composite materials 
and mixtures for effective integration 
and conjunction with biological material; 
further use of  such compositions can lead 
to the creation of  analytical devices based 
on them – biosensors; the creation of  
energy-producing system – biofuel cells 
(BFCs); the creation of  systems with the 
biomedical perspective. Recent studies show 
that polymer compounds such as chitosan, 
polyethylene glycol, polyaniline, polyvinyl 
alcohol, and so forth play an important 
role in composite materials. Some of  the 
promising polymers that draw attention are 
poly(3,4-ethylenedioxythiophene) – PEDOT 
and poly(3,4-ethylenedioxythiophene): 
polysterenesulfonic acid – PEDOT:PSS. In 
the oxidized state, PEDOT is one of  the most 
stable polymers known. When combined 
with polystyrene sulfonic acid (PSS) as a 
counter ion, PEDOT forms a polyelectrolyte 
complex that has the properties of  a stable 
dispersion that can be produced on an 
industrial scale. PEDOT:PSS is a polymer 

that is formed by two basic molecules 
– EDOT (3,4-ethylenedioxithiophene) 
and PSS (polysterenesulfonic acid); the 
chemical formula of  PEDOT:PSS is given 
in Fig. 1. Some of  the sulfonyl groups of  
PSS are deprotonated and carry a negative 
charge. PEDOT is a conjugated polymer 
and carries positive charges. The charged 
macromolecules form a macromolecular salt.

Although the practical importance of  the 
said polymers is highlighted, there remains 
much to learn about PEDOT:PSS and its 
properties.

In this review, main characteristics of  
PEDOT/PEDOT:PSS are described, they 
are important from a practical perspective 
enabling the use of  this polymer as the basis 
of  analytical and technical systems.

2. ALTERATION OF PHYSICAL-
CHEMICAL PROPERTIES 
OF PEDOT:PSS AFTER ITS 
MODIFICATION WITH DIFFERENT 
MATERIALS
An important characteristic of  polymers 
in any bioelectrochemical devices is their 
conductivity. PEDOT:PSS is considered to 
be one of  the most promising conductive 
materials and it is used in device production 
in various fields: in displays, touch panels, 
polymer and photoelectrochemical cells, 
organic light-emitting diodes [1], as a coating 
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in electroluminescent layers [2], as a sensitive 
element in photo-voltaic devices [3], in memory 
cells [4], resistive switches [5] and others. 
Electron transfer in the PEDOT polymer is 
carried out by a system of  conjugated bonds 
due to electron exchange reactions between 
neighboring redox sites and is accompanied 
by conjugated movement of  dopant anions 
along the polymer chain. Thus, PEDOT 
and PEDOT:PSS have a mixed electron-
ion type of  conductivity. Addition of  metal 
nanoparticles that actively inject electrons, 
into such a polymer matrix can contribute 
to the production of  nanostructures with 
the increased conductivity. Researchers are 
constantly searching for new ways to improve 
the conductive properties of  PEDOT-based 
films. One of  the most common treatment for 
improving the conductivity of  PEDOT:PSS 
is to include various nanomaterials and 
nanoparticles in the composition of  the 
polymer. For instance, in [6] authors sought to 
investigate the conductivity of  PEDOT:PSS 
films containing gold nanoparticles and 
inferred that the conductivity of  these films 
is due to hopping charge transport. They 
examined the absorption spectra in the 
visible region and volt-ampere characteristics 
in a wide range of  electric fields at the macro 
(in planar structures) and micro levels (using 
a conducting atomic force microscope) in the 
films on the basis of  electroactive polymer 
PEDOT:PSS and gold/silver nanoparticles. 
It was shown that the behavior of  the current-
voltage characteristics of  nanocomposite 
films depends on the magnitude of  the electric 
field. It was also found that addition of  the gold 
nanoparticles to PEDOT:PSS in weak fields 
leads to an increase in volume conductivity 
by almost two orders of  magnitude (due to 
donor-acceptor interactions), a 50% decrease 

in the activation energy of  conductivity, and 
an increase in sensitivity to adsorbed oxygen.

The PEDOT:PSS with conductivity of  
about 3000 Cm×cm-1 was obtained quiet 
recently. The main strategy to increase the 
conductivity is to change the properties of  
the polymer when it interacts with various 
solvents, such as DMSO (dimethylsulfoxide). 
In addition to the effect of  increased 
conductivity, the authors [7] found that 
the range of  potential, within which 
the PEDOT:PSS demonstrates highly 
conductive properties, expands to the region 
of  negative potentials. This characteristic can 
be used later on when using PEDOT:PSS 
as part of  chemical sensors where high 
material conductivity is required at particular 
potentials.

In [8], the authors propose a method 
for manufacturing flexible conductive 
structures of  PEDOT:PSS polymer and 
reduced graphene with a multilayer structure. 
The resulting capacitance value of  such 
composites was about 193 F/g at a current 
density of  500 mA/g. The obtained material 
was highly stable – the capacitive component 
remained at the level of  90% after 1000 
cycles, which indicates the prospect of  
using this approach to manufacture flexible 
energy storage devices. The works [9,10] 
demonstrate the possibility of  multi-
stage formation of  composite transparent 
coatings with increased conductivity based 
on the carbon nanotube system - conductive 
PEDOT:PSS polymer. The produced 
coatings are characterized by a combination 
of  low surface resistance (89 Om) and high 
optical transparency (about 81%). The main 
advantage of  the obtained coatings is their 
mechanical stability to bending deformations.

Yan et al. [11] were the first to discover 
that completely isolated halloysite nanotubes 
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(HNTs) improve the electrical conductivity 
of  PEDOT:PSS films by several orders of  
magnitude in the case of  simple mixing. 
Due to this effect a highly porous and highly 
conductive composition of  PEDOT:PSS-
HNTs was created. By modifying the mixing 
process, the authors created a flexible 
conducting hybrid structure with a high 
specific surface. They propose a mechanism 
according to which colloidal particles with size 
of  several dozens of  nanometers are tightly 
packed in channels formed by PEDOT:PSS 
particles. In this case, the resulting 
conductivity is several orders of  magnitude 
higher than that of  the PEDOT:PSS located 
outside the nanotubes.

The formation of  "sandwich structures" 
based on the successive repetition of  
procedures of  metal oxide layers and 
polymer deposition led to the creation of  
composite materials {PEDOT/MnO2}x [12] 
and {PEDOT/NiO}x [13]. Such structures 
make it possible to increase the capacitance 
characteristics of  materials while maintaining 
high charge-discharge rates, which is used in 
supercapacitors.

Cross-linking of  PEDOT:PSS with 
diglycidyl ether of  bisphenol A results in 
production of  the electrically conductive 
films with increased water resistance. 
Moreover, there is no evidence of  decrease 
in the electrical properties of  the film as 
thermal stability increases. The researchers 
proposed a promising technique of  creation 
of  electrodes that can be used in biological 
environments where contact with water is 
often unavoidable.

3. STIMULATING AND TOXIC 
EFFECTS OF PEDOT:PSS ON CELLS
One of  the basic properties of  any polymer 
for potential use in bioelectrochemical 

devices is the biocompatibility of  the material. 
This term is usually used for the description 
of  the implantable devices. The materials 
used in implants should be chemically and 
biologically inert, non-allergenic and non-
toxic. Several studies have indicated that the 
PEDOT:PSS polymer is used in biomedical 
studies showing its good compatibility with 
the cells of  different tissues. The review 
[15] emphasized a growing interest in the 
development of  neural prosthetic devices 
from organic nanomaterials which was driven 
by recent advances in nanotechnology. An 
ideal material should have the properties that 
allow seamless binding and long lifetime. As 
a result, a great number of  tests show that 
lots of  nanomaterials, synthesized primarily 
for various purposes, are able to detect 
neural signals and stimulate the neurons. It 
is worthy of  note that PEDOT is among 
the polymer materials, which exhibit the 
said properties. This polymer has extremely 
high conductivity, chemical stability in the 
oxidized state and great biocompatibility. The 
applications of  polymers during exploration 
of  tissue regeneration may give us an answer 
to questions regarding peculiarities of  the 
organism response induced by the insertion 
of  the stent (tensile elastic construction 
in the form of  a cylindrical frame which is 
inserted in the clearance of  hollow organs, 
providing expansion of  the site reduced by 
pathological process). The scientists [16] 
explored the potential application of  the 
PEDOT thin films for the stents with the 
aim to elucidate the extent of  their effects on 
cell adhesion and proliferation, to determine 
their role in physical-chemical processes. 
As a matter of  fact, this research focused 
on study of  the stimulating effects of  
PEDOT. The authors demonstrated that all 
tested PEDOT films were cytocompatible, 
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contributed to adsorption of  serum albumin 
and increased cell survival, and PEDOT:PSS 
promoted cell proliferation. Finally, the 
authors have concluded that the applications 
of  nanomaterials in medicine may improve 
the relationship between medicine and 
bioelectronics; the use of  PEDOT:PSS and 
PEDOT:TOS polymers (PEDOT doped 
with anions such as tosylate) stimulates 
regeneration processes during implantation 
of  cardiovascular devices.

The work [17] reported the development 
of  a dual component coating that could 
help stabilize a cochlear implant (a medical 
device which is intended to compensate for 
hearing loss). This coating is a combination 
of  an arginine-glycine-aspartic acid, alginate 
hydrogel and the PEDOT polymer. The 
use of  this coating significantly improved 
implant performance, lowered electrode 
impedance, improved charge delivery and 
locally enhanced the level of  a trophic factor. 
In addition, the authors wrote that this 
coating is biocompatible with the organism 
tissues.

The studies [18-21] provide the results 
of  the experiments on the development of  
the layer around nerve cells with the use 
of  the conductive polymer PEDOT:PSS 
to obtain biomaterial with high electrical 
conductivity for direct electrical contact 
between electrically active cells such as heart 
cells, neurons, cells of  the skeleton muscle. 
The authors described a technique which can 
be used for this procedure. It was found that 
nerve cells can perceive the concentration of  
the monomer EDOT (10 mM) for 72 hours 
retaining 80% of  the survived cells. PEDOT 
could be delivered to the neuronal cells 
which are present in the tissue sample using 
0.5-1.0 mA/mm2 electrodes. Living cells kept 
viability in the polymer for 120 hours. The 

"PEDOT-neuron" composite yielded lower 
impedance by 1-1.5 order of  the magnitude; 
a significant increase in the capacity of  charge 
delivery was also observed. The application 
of  PEDOT for the development of  these 
hybrid electrode layers is effective to prevent 
negative effects of  short circuits at the 
electrode- tissue interface.

Meanwhile, several studies have indicated 
that the PEDOT:PSS films show antibacterial 
activity. For instance, in the work [22] the 
biohybrid film (BHF) was prepared by a 
combination of  PEDOT, chitosan and 
polyvinyl alcohol. To obtain BHF a set 
of  samples were selected by varying the 
concentrations of  chitosan. Poly(vinyl 
alcohol) is the compound acting as a glue, 
thereby, improving mechanical properties 
such as strength of  the film. The resultant 
biohybrid film presented high antibacterial 
activity in respect to Gram positive bacteria 
(Staphylococcus aureus). The researchers [23] 
reported a simple strategy for creating an 
efficient photo thermal nanocomposite 
based on PEDOT:PSS and agarose. This 
nanocomposite shows high antibacterial 
activity against both Gram-positive and 
Gram-negative bacteria. The exposure of  the 
composition to IR light is related to photo 
thermal conversions, leading to efficient 
death of  approximately 100% of  pathogenic 
bacteria within 2 minutes. PEDOT with 
nanoparticles of  fluoro hydroxyapatite, 
distributed uniformly on its matrix to cover 
orthopedic implants, has also antibacterial 
effects against Gram-positive and Gram-
negative bacteria [24].

To improve the conductivity, PEDOT 
is frequently modified, as is shown above, 
by different nanomaterials. Notably, these 
compositions may have antimicrobial 
properties. For instance, in the work 

NANOSYSTEMS HIGHLY CONDUCTIVE POLYMER PEDOT:PSS - APPLICATION 
IN BIOMEDICAL AND BIOELECTROCHEMICAL SYSTEMS



476

No. 4 | Vol. 12 | 2020 | RENSIT

[25], nanohybrid coatings on the basis of  
PEDOT with inclusions of  the particles of  
graphene oxide and modified additionally 
with poly-diallyldimethylammonium chloride 
demonstrate (1) low roughness of  the surface 
that prevents bacterial adhesion to surfaces 
and (2) positive charge that may be efficient 
in killing the bacteria. These properties 
are useful in biomedical devices to create 
cardiovascular stents and surgical devices.

Thus, an addition of  different compounds 
into the PEDOT solution influences the 
properties in respect to different living cells. 
The question concerning biocompatibility of  
the polymer PEDOT:PSS relative to bacterial 
cells is yet to be answered and needs further 
exploration.

4. APPLICATIONS OF PEDOT:PSS 
FILMS IN BIOELECTROCHEMICAL 
SYSTEMS
4.1. applicatioN of pedot:pss films for 
the formatioN of bioseNsor receptors

Let us consider examples of  the use of  
PEDOT:PSS films for the creation of  
bioelectrochemical devices. Most frequently, 
publications focus on the use of  PEDOT 
as a component for the amperometric 
enzyme-based biosensor. Researchers in 
[26] suggested a biosensor on the basis of  
glucose oxidase entrapped in PEDOT-based 
microcuvettes. A signal was recorded during 
detection of  hydrogen peroxide resulting 
from the enzymatic reaction. A biosensor had 
high sensitivity with a rapid signal generation 
occurring within 20 s. This procedure is 
universal and can be applied to any enzyme.

The common concept of  the field-effect 
transistor is based around the idea that it is 
constructed of  ceramic and semiconductor 
materials coated with metal. The study [27] 
shows that it is possible to develop all-organic 

field-effect transistors which include 
elements – channel, source, drain, gate –
made from PEDOT:PSS. The combination 
of  PEDOT:PSS and ferrocene, as a mediator, 
allowed measurement of  glucose in the range 
from 0.001 to 100 mM. The biosensor was 
successfully applied to detect glucose levels 
in saliva. In [28], a similar transistor was used 
to determine both glucose and lactate. For 
immobilization of  the enzymes, a simple, 
fast and reproduction procedure has been 
performed based on one-step electrochemical 
co-deposition of  the glucose oxidase enzyme 
(GOD) or lactate dehydrogenase (LDH) 
and the particles of  Ni-Al Layered double 
hydroxide (Fig. 2).

The studies [29,30] reported that 
grapheme was utilized to modify PEDOT: 
PSS-based glucose biosensors, and now it is 
not necessary to use artificial mediators for 
electron transfer.

PEDOT:PSS is used not only as a 
component of  glucose biosensors, but also 
in combination with other enzymes. For 
instance, the study [31] reported on a highly 
sensitive disposable amperometric biosensor 

NANOSYSTEMS

Fig. 2 Processes occurring at a PEDOT:PSS-based thin 
films gate electrode; nitrate recovery contributes to an increase 
in OH level leading to the deposition of  the composite of  
a dual hydroxide/enzyme. Taken out from Gualandi et al, 
2020 [28], under a Creative Commons Attribution 4.0 
Internationa; License. Published by Multidisciplinary Digital 

Publishing Institute (MDPI).
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for detecting triglycerides based on Au/
PEDOT:PSS nanocomposite deposited by 
inkjet-printing on screen-printed graphite 
electrodes and co-immobilization of  lipase, 
glycerol kinase and glycerol-3-phosphate 
oxidase. The designed biosensor had a wide 
detection limit (0–531 mg/dl), its sensitivity 
was 2.66 μA/mM, a response time was 30 s, 
and detection limit was as low as 7.88 mg/dL. 
The work [32] presented an amperometric 
biosensor based on PEDOT and multi-
wall carbon nanotubes for detection of  
organophosphorus compounds using the 
enzyme acetylcholinesterase. Detection 
limit of  malathion was 1fM in linear range 
from 1 fM to 1μM. The study [33] described 
the formation of  a biosensor based on the 
principle of  electrochemiluminescence (ECL) 
imaging for ethyl alcohol identification. The 
biosensor was based on the enzyme (alcohol 
dehydrogenase) immobilized in the matrix 
from PEDOT:PSS and graphene. Biosensor 
was applied to detect the concentration of  
ethanol in real beverages; detection limit was 
2.5·10-6 M.

Nafion was used to prepare biocompatible 
medium for biologically active compounds, 
to improve adhesion and binding force 
between the PEDOT:PSS film and the 
electrode interface, as well as to prevent 
exfoliation of  enzymatic molecules for 
PEDOT modification in [34]. Ascorbate 
oxidase was used as a basis of  the biosensor. 
PEDOT modification had pronounced 
water resistance, preventing sensitive element 
to be exfoliated from the electrode that is 
important while carrying out experiments in 
aqueous media. The biosensor (sensitivity of  
158.1μA/mM and detection limit of  0.193 
μM) was applied to determine the ascorbic 
acid content of  juices.

PEDOT: PSS is applied not only in 
enzymatic biosensors, but in the other 
types of  sensors as well, for example, 
immunosensors. An example of  the use 
of  PEDOT:PSS, as a component of  
immunosensors, is an amperometric device 
which measures the content of  clenbuterol, 
medical preparation, stimulating the growth 
in milk [35]. The authors used a competitive 
scheme of  analysis, where horseradish 
peroxidase enzyme was the label of  an 
antigen. The detection limit for clenbuterol 
was 0.196 ng/ml. The article [36] described 
the aptasensor based on electrochemical 
impedance spectroscopy. The paper 
electrode was modified with PEDOT: PSS 
and grapheme to provide conductivity and 
sensitivity, the surface was then functionalized 
with amino- and carboxyl groups, and then 
with aptamers. This biosensor was sensitive 
to carcinoembryonal antigens in the linear 
range from 0.77 to 14 ng/ml-1; it would be 
able to assist in the diagnosis of  cancer at an 
early stage.

Also, the use of  matrices based on PEDOT 
seems to be effective for DNA exploration. 
Electrochemical DNA biosensors have 
advantages over conventional techniques 
due to rapid, precise, highly sensitive and 
selective signal responses. The work [37] 
demonstrated that the graphite electrode 
modified with chitosan and PEDOT was 
applied to electrochemically detect interaction 
of  DNA with anticancer medical preparation 
(mitomycin C is an antitumor antibiotics and 
a strong agent, which is able to crosslink 
DNA).

4.2. applicatioNs iN biofuel cells

The use of  PEDOT:PSS polymer in biofuel 
cells (BFC) would facilitate electron transport 
in the system and increase the overall 
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efficiency of  these devices. So far, only a 
few variants of  BFCs based on PEDOT 
are described in literature. For example, the 
study [38] reported that the anode for BFC 
was produced by successive deposition of  
layers of  carbon, para-benzoquinone, glucose 
oxidase, and PEDOT. Such an electrode could 
work both as a glucose biosensor and as a 
BFC anode. The maximum specific power of  
such a device depended on the temperature 
and was equal to 18.9 and 22.5 μW/cm2 at 
25° and 37°C, respectively. PEDOT- and 
grapheme-based anode served as the basis 
for the immobilization of  Escherichia coli [39]. 
A compact biofilm was formed on the hybrid 
anode due to the electrostatic interaction 
between negatively charged bacteria and 
positively charged PEDOT. The maximum 
power generated by such a BFC was 873 mW/
m2. Researchers [40] suggested to develop a 
PEDOT:PSS - and sulphonated graphene 
oxide-based biocompatible BFC anode. 
Glucose oxidase was used as a biocatalyst. 
It was shown that similar structure of  the 
anode can be used both in glucose biosensor 
and in BFC whereas the element generates a 
high power density of  27±2 мА·cm-2.

In [41], the creation of  miniature BFCs 
that have higher output of  electrical energy 
and shorter time to reach steady state (about 
1 hour) is reviewed. Appliance of  PEDOT 
polymer and an anode chamber with a 
volume of  12 µl is the distinctive feature 
of  such BFC. BFC develops a power of  
about 423 mW×cm-3 and uses unadapted 
Shewanella oneidensis MR-1 bacteria as a model 
biocatalyst. The paper [42] presents BFCs 
based on microbial communities of  activated 
sludge, which anodes are covered with 
chemically polymerized PEDOT films. The 
use of  polymer made it possible to achieve 

power of  3.5 A/m2 and increase the degree 
of  wastewater treatment from 51% to 86%.

PEDOT can be used not only for 
bioanode modification, but also in BFC 
cathodes. Researchers [43] demonstrated 
that PEDOT was used to immobilize 
laccase at the BFC cathode. It was shown 
that electropolymerization of  PEDOT with 
various alloying additives significantly affects 
the structural features and morphology of  
PEDOT films, increasing the active surface 
of  the electrode, and guarantees effective 
fuel mass transfer through the matrix and, as 
a result it is a crucial step that determines the 
cell capacity.

The use of  PEDOT enables the creation 
of  BFCs based on flexible electrodes. In [44] 
PEDOT:PSS was the basis for microbial 
fuel cell (MFC) made of  flexible stretchable 
fabric. The flexible Pseudomonas aeruginosa 
-based MFC generated the maximum power 
and current density of  1.0 μW×cm2 and 6.3 
μА/сm2, respectively, which is comparable 
to or exceeds similar parameters of  a flexible 
paper-based BFC. Such a device can be easily 
integrated into the next-generation of  flexible 
electronics to implement low-power and 
autonomous systems. Such flexible electrodes 
can be used to create wearable biosensors 
and BFCs for monitoring human health. 
Researchers [45] designed a wearable BFC 
based on Staphylococcus epidermidis, Staphylococcus 
capitis and Micrococcus luteus that exist on human 
skin and eat sweat as a substrate. Prussian 
blue was used as a mediator of  electronic 
transport, and PEDOT:PSS polymer and 
dimethylsulfoxide were used to ensure the 
conductivity and fixation of  bacteria, as well 
as to collect electricity.

Biological fluids can be the basis of  
power for biofuel cells, which in its turn 
can be a power source for low-power 

NANOSYSTEMS
ANATOLY N. RESHETILOV, ANNA E. KITOVA, SERGEY E. TARASOV, YULIA V. 
PLEKHANOVA, ALEXANDER G. BYKOV, ASHOK K. SUNDRAMOORTHY, IREN E. 
KUZNETSOVA, VLADIMIR V. KOLESOV, PAVEL M. GOTOVTSEV



479

RENSIT | 2020 | Vol. 12 | No. 4

devices that monitor human health (for 
example, continuous glucose monitoring) 
or perform functions that support human 
life (for example, cardiac pacemaker, 
neurostimulators, etc.). For example, the 
study [46] reported that human urine served 
as a power source for BFC. The BFC anode 
was a carbon film coated with PEDOT:PSS. 
The electrodes were inoculated with a mixture 
of  sludge and pure human urine in a periodic 
mode. The BFC maintained its functionality 
for more than 90 days generating average 
stable power of  283.5 μW. Moreover, it was 
shown that PEDOT:PSS not only improves 
the electrochemical properties of  the 
electrodes, but also contributes to the growth 
of  the biofilm and, consequently, increases 
the overall energy characteristics and long-
term functionality of  the BFC.

5. CONCLUSION
In the present study, we show that the main 
property of  the PEDOT:PSS polymer is low 
electrical resistance and the majority of  the 
components involved in conjugation with 
this polymer get it. One of  the prior sphere 
of  practical application of  PEDOT:PSS is 
medicine. It is, therefore, not surprisingly, 
that there is increasing attention paid to the 
combination of  PEDOT:PSS and glucose 
oxidase – an enzyme used to create biosensors 
for glucose detection. Notably, combinations 
of  PEDOT:PSS and nanomaterials 
significantly increase the detection sensitivity 
and enhance the stability of  the electrodes. 
Applications of  different modifications of  
PEDOT allows for the development of  
flexible bioelectrochemical devices that can 
be recommended both for medical and other 
industrial areas.

The question is still unanswered with 
regard to the biocompatibility and toxicity 

of  PEDOT. The effects of  PEDOT:PSS 
on neurons in the human brain have been 
explored and the biocompatibility of  the 
polymer in the cells of  the human brain 
have been shown. Additionally, PEDOT:PSS 
is used for fabrication of  films with high 
antibacterial activity against Staphylococcus 
aureus and Escherichia coli.

On the whole, the overall direction to the 
use of  the properties of  the PEDOT:PSS 
polymer aims to improve the quality of  life, 
increase the production efficiency while 
monitoring the environmental indicators, 
in other words we give the outlook of  this 
polymer for possible applications in easy-to-
follow and positively oriented trends.
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1. INTRODUCTION
A typical particular case of  media with 
frequency dispersion is an oceanic 
waveguide with pronounced waveguide 
dispersion, on which we will focus our 
attention. One of  the poorly developed 
problems in the processing of  hydroacoustic 
information is to provide noise immunity 
in the conditions of  spatial and temporal 
variability of  the oceanic environment. 
Difficulties in approaching its solution arise 
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from the a priori uncertainty of  knowledge 
about the propagation medium (including 
random), as well as the weak value of  
the useful signal against the background 
of  intense localized interference and 
surrounding noise. It is this situation that 
is of  practical interest. In this regard, an 
urgent task seems to be the development 
of  processing, which combined high noise 
immunity with adaptability to changing 
conditions of  wave field propagation, i.e. 
with a decrease in the requirements for the 
volume of  a priori information about the 
transfer function of  the waveguide.

Theoretical studies, computational 
and field experiments have shown that 
such a combination can be provided by 
information technology for processing an 
interference pattern (interferogram) [1–5]. It 
is based on the formation mechanism of  the 
interferogram of  a broadband source caused 
by waveguide dispersion and multimode 
propagation [6]. Interferometric processing 
implements the coherent accumulation of  
spectral intensity along localized bands, 
which is then subjected to a 2D Fourier 
transformation. The converted spectral 
density (which we will conventionally call a 
hologram) is concentrated in a small area, 
providing high noise immunity.

At present, most of  the main provisions 
of  the theory, practical issues and potential 
possibilities of  interferometric processing 
using single vector-scalar receivers have 
been sufficiently worked out. This made it 
possible to radically solve the problem of  
localization of  low-noise sound sources 
[1–5] and outline the areas of  such new 
applications as restoration of  the transfer 
function of  an unperturbed waveguide and 
diagnostics of  hydrodynamic disturbances 

[7,8]. If  the current development of  
interferometric processing with the use of  
single vector-scalar receivers undoubtedly 
confirms its fruitfulness, then the questions 
remain, what results can be obtained by 
applying it in relation to extended receiving 
antennas.

This article is devoted to this issue, in 
which the results of  the theory [1,2] are 
generalized for the case of  using horizontal 
and vertical receiving linear antennas. The 
results of  numerical simulation are presented.

2. ALGORITHM OF SIGNAL 
PROCESSING
The waveguide is assumed to be horizontally 
uniform. Let the number of  elements   
receiving antenna is B, 1,b B= , interelement 
distance – d. The fields from each element of  
the antenna are summed, and an interferogram 
is formed at the output, to which a 2D Fourier 
transformation is applied.
2.1. horizoNtal liNear aNteNNa

Let's designate the distance from the 
element Qb  to the source S as rb (Fig. 1). 
Let us choose the first element as a 
reference Q1 . The aperture L = (B – 1)d is 
assumed to be much less than the distance 
to the source, L << rb, then rb = r1 − (b 
− 1)dsinθ, where θ − the bearing. Antenna 
compensation is provided in the direction 

VENEDIKT M. KUZ'KIN, SERGEY A. PERESELKOV, 
SERGEY A. TKACHENKO, ILIA A KAZNACHEEV INFORMATION TECHNOLOGIES

Fig. 1. Problem geometry.
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of  the angle θ*. Since we have to compensate 
for the difference in the distances from 
the source to the various elements of  the 
antenna, we multiply the field of  the b-th 
element by exp[ih*(ω0)(b − 1)dsinθ*], where 
h*(ω0) – where is the selected horizontal 
wavenumber at the middle frequency of  the 
source spectrum ω0 = 2πf0.

The field at the output of  the b -th element 
is written as a sum of  modes [9]

1 0

( , )
( , ) exp{ [ ( ) 2( 1)( ( ) ( ) )]},

b b

m b m m
m

p r
A r i h r b h h

ω

ω ω ω ω η∗ ∗

=

= − − −∑  (1)

where
η = dsinθ/2,   η* = dsinθ*/2.      (2)
Here Am and hm – are the amplitude and 
horizontal wavenumber of  the m-mode. 
Cylindrical field divergence, modal 
attenuation, source zs and zb antenna element 
depths are formally taken into account by the 
amplitude dependence of  the modes. At the 
antenna output pan(ω,r1), the field, neglecting 
the dependence of  the amplitude on the 
distance Am(ω,rb) ≈ Am(ω,r1), after simple 
transformations can be represented as

1

1 1 0

( , )
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The antenna interferogram Pan(ω,r1) = 
|pan(ω,r1)|

2, according to (3), is
( )

1 1( , ) ( , ),an
an mn

m n
P r P rω ω=∑∑  (5)
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Here hmn(ω) = hm(ω) − hn(ω). Consider the case 
of  a moving source with a constant radial 
velocity w (the projection of  the velocity in 

the direction to the antenna). We assume 
that the distance r1 corresponds to the initial 
moment of  time t0 = 0. Further, in the 
interferogram (5), we pass from the distance 
r1 variable to the time variable t and carry out 
a 2D Fourier transformation. At the output 
of  the integral transformation, the spectral 
density is determined by the expression

0
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where 2ν πν=  and τ − are the frequency and 
time of  the hologram, Δt and Δω  – are the 
observation time and spectrum width. Using 
the approach for obtaining a hologram of  a 
single receiver [1], we obtain
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Here α = dhl(ω0)/dl = hl+1(ω0) – hl(ω0), l  – is 
the number of  the mode, in the vicinity of  
which the modes are in phase, t* the selected 
time moment in the observation interval Δt, 0 
< t* < Δt. The introduction of  the quantity is 
useful in interpreting a hologram. In fact α(m 
– n) = hmn(ω0), (dα/dω)(m – n) = dhmn(ω0)/dω . 
If  we put B = 1, then Imn = 1, and relation (8) 
turns into an expression for a single receiver 
[1].

As in the case of  a single receiver, the 
spectral density of  the antenna hologram is 
localized on a plane ( , )τ ν  in a narrow strip 
in the form of  focal spots, mirror-inverted 
relative to the origin. This feature is due to the 
symmetry of  function (8) with respect to the 
permutation of  the numbers of  interfering 
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modes: ( , ) ( , ).mn nmF Fν τ ν τ= − −   Focal spots are 
located in the first and third quadrants if  the 
radial velocity w < 0 (the source is approaching 
the antenna) and in the second and fourth 
quadrants when the source is moving away 
from the antenna (w > 0). The localization 
region contains (M − 1) the main maxima with 
coordinates ( , )µ µτ ν , where M − is the number 
of  modes that form the field, 1, 1Mµ = −  
is the number of  the focal spot. The peak 
closest to the origin is due to the interference 
of  neighboring modes and is located at a 
point 1 1( , )τ ν . The coordinates of  the adjacent 
peak caused by the interference of  the mode 
numbers, (m, m + 2), – 2 2( , )τ ν . Coordinates 
of  the most distant peak from the origin, 
due to the interference of  the first and last 
modes 1 1( , )M Mτ ν− − . The (M – μ) main peaks 
are summed at the points with coordinates 
( , )µ µτ ν .

The coordinates of  the main maximums   
( , )µ µτ ν  are located on a straight line ν ετ=   
with a slope factor

0

1 0

( ) ,
( ( ) / )

mn

mn

wh
r dh d

ωε
ω ω

= −  (9)

and occupy a band between the values τ = 
±2πΔω abd 2 / tν π= ± ∆ . Outside these 
bands, the spectral density of  the hologram 
is practically suppressed. The angular 
coefficients of  the interference fringes of  
the interferogram and the line of  the location 
of  the main maxima of  the spectral density 
are related by the relation / tε = −∆Ω ∆ , where 
ΔΩ is the frequency shift of  the interference 
maxima of  the wave field over time. The 
frequency shift expresses the condition for 
maintaining the phase between constructively 
interfering modes caused by a change in the 
distance between the source and the antenna 
[6].

Under the condition r1 >>|(B – 1)η –  
wt*|, as follows from (8), the estimates of  the 
distance and radial velocity of  the source

1 ,   r wr wµ µ µ µκ τ κ ν= = −    (10)

coincide with expressions for a single receiver 
[1]. Here

( ) 0

1
( ) 0

| ( ) / |,

| ( ) |
r m m

w m m

dh d

h
µ µ

µ µ

κ ω ω

κ ω
+

−
+

=

=  (11)

− coefficients that determine the frequency 
and spatial scales of  variability of  the transfer 
function of  the waveguide [9]. The source 
parameter estimates obtained as a result 
of  measurements, in contrast to their true 
values, are indicated by a dot above. The bar 
above denotes averaging over mode numbers. 
Adaptive methods of  interferometric 
processing that allow estimating the source 
distance and radial velocity in the absence 
of  information about the transfer function, 
i.e. without knowing the coefficients (11), are 
presented in [3].

Factor

0 0( , , , ) ( , , , ),mn m nI I B I Bω η η ω η η∗ ∗=  (12)

determined from formulas (4), (6), 
characterizes the distribution of  the spectral 
density of  the antenna hologram in relation 
to the hologram of  a single receiver. 
Peculiarities of  dependence (12) on bearing  
θ will be considered by the example of  the 
compensation angle θ* = 0. The main maxima 
of  the functions Im,n, maxIm,n = B, correspond 
to the values

, 0

1sin 2 ,
( )m n

k
h d

θ π
ω

= ±  (13)

where k = 0, 1, ... − is the order of  the 
spectrum. In the direction of  bearing θ = 
0, k = 0, a coherent addition of  complex 
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amplitudes of  all mode numbers is carried 
out; k = 1, 2, ... the position of  the maxima 
depends on the mode numbers. The zeros of  
the function Im,n correspond to the values of  
the angles determined by the expression

, 0

1sin 2 ,
( )m n

j
Bh d

θ π
ω

= ±  (14)

where j − are integers, except for B, 2B, … . 
Zeros are located about B times more often 
than the main highs. The secondary maxima 
Im,n lie approximately in the middle between 
two adjacent zeros, i.e. fall on values

, 0

1sin (2 1) ,
( )m n

g
Bh d

θ π
ω

≅ ± +  (15)

where g − are integers. Secondary maximum 
levels do not exceed 0.2 of  the B value [10].

Thus, the positions of  the main highs 
do not depend on the number of  elements 
B, between each two main maximums there 
are (B – 1) zeros and secondary maximums 
(B – 2). As the parameter Bdω0 increases, i.e. 
the larger the aperture and the higher the 
frequency range, as follows from (14), the 
sharpness of  the main maxima increases 
(the width decreases) and the number of  
bearings at which the spectral density is equal 
to zero increases. The distance between the 
major maxima for a particular wavelength is 
determined by the inter-element distance.

We put the interelement distance, d = λ(n 
+ 1)/2, where λ is the wavelength for which 
we will take the value λ = 2π/h*(ω0). Then, as 
follows from (13), if  n = 0, then only the main 
maximum of  order zero exists (θ = 0,π), if  n 
= 1 – two main maxima of  the zero and first 
orders (θ = 0, π/2, π, 3π/2), etc. The number 
of  orders k is determined by the condition 2k 
≤ n + 1. With an increase in the interelement 
distance and a decrease in the wavelength, 
the number of  main maxima increases. The 

width of  the main maxima, according to (14), 
does not depend on their spectrum order 
and is equal to Δθ = λ/Bd. By changing the 
frequency range (at a given inter-element 
distance), you can adjust the positions of  the 
main maxima. The multimode propagation 
regime, obviously, leads to the "blurring" 
of  the zeros of  the spectral density of  the 
hologram, a shift in the positions of  the main 
maxima (for angles θ ≠ 0) determined by 
relation (13), and an increase in their width. 
The introduction of  the compensation angle 
θ* leads to the appearance of  a term in the 
right-hand sides of  relations (13)-(15) h*(ω0)
sinθ*/hm,n(ω0).

With respect to a single receiver, the 
effectiveness of  interferometric processing 
using an antenna is characterized by the gain

| ( , , ) | / | |,an rG B Gχ θ θ∗=  (16)

where

( , , ) | ( , ) | ,an an
U

G B F d dθ θ τ ν τ ν∗ = ∫ ∫    (17)

| ( , ) |r r
U

G F d dτ ν τ ν= ∫ ∫    (18)

and antenna directivity

( , , ) ( , , ) / max .an anD B G B Gθ θ θ θ∗ ∗=  (19)

Here, the subscript «r» refers to a single 
receiver, U – is the spectral density localization 
area.

From (8), (12) and (16) it follows that χmax 
= B2.

Thus, in the case of  a horizontal antenna, 
the processing allows the direction finding of  
the source both by scanning the directional 
characteristic (19) and based on processing 
the antenna hologram for various vector-
scalar field components, as it was proposed 
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with respect to a single vector-scalar receiver 
[5].

2.2. vertical liNear aNteNNa

The field at the output of  the b-th element, 
according to [9], is represented as

( , ) ( ) ( , ) exp[ ( ) ],b m b m m
m

p r z A r ih rω ω ω= Ψ∑  (20)

where Ψm(z) is the eigenfunction of  the 
m-th mode; zb – is the depth of  the b-th 
element. As above, the cylindrical field 
divergence, modal attenuation, and source 
depth zs are formally taken into account 
by the mode amplitude. In (20), the slow 
change in the eigenfunction of  frequency 
is neglected. At the antenna output, the 
field is

( , ) ( ) ( , ) exp[ ( ) ].an m b m m
b m

p r z A r ih rω ω ω= Ψ∑∑  (21)

The interferogram Pan(ω,r), according to 
(20), (21), takes the form

( )( , ) ( , ),ba
an mn

b a m n
P r P rω ω=∑∑∑∑  (22)

where
( ) ( , )

( ) ( ) ( , ) ( , ) exp[ ( ) ].

ba
mn

m b n a m n mn

P r

z z A r A r ih r

ω

ω ω ω∗ ∗

=

= Ψ Ψ
 (23)

Let the source move with radial velocity w 
and assume that the distance r corresponds 
to the initial moment of  time t0 = 0. Passing 
in interferogram (22) from the distance 
variable r to the time variable t and applying 
the 2D Fourier transformation to it, we 
obtain

0

0

2

0
2
( )

( , ) ( , ) exp[ ( )]

( , ),

t

an an

ba
mn

b a m b

F P t i t dtd

F

ωω

ωω

ν τ ω ν ωτ ω

ν τ

∆
+

∆

∆
−

= − =

=

∫ ∫

∑∑∑∑

 



 (24)

where

( )
0 0

0

1

1

( , ) ( , ) ( , ) ( ) ( )

,exp exp ( ) ( / )
2 2

sin ( )( ) sin [ ( ) ]
2

( )( )
2

ba
mn m n m b n aF A r A r z z w t

t ti i m n w r t w

dr wt m n w m n
d

dr wt m n
d

ν τ ω ω ω

ν τω α ν

α ωτ α ν
ω

α ωτ
ω

∗ ∗

∗

∗

= Ψ Ψ ∆ ∆ ×

  ∆   ∆    × − + + ×              
 ∆  + − − − +    ×

∆ + − −  









2 .
[ ( ) ]

2

t

tw m n α ν

∆ 
 
 

∆
− + 

 (25)

If  we put B = 1, then zb = za, and formula 
(25) turns into the corresponding formula 
for a single receiver [1].

The qualitative picture of  the 
localization of  the two-dimensional 
spectral density (24) of  a vertical antenna, 
as in the case of  a horizontal antenna 
(7), is similar to a single receiver. When 
the condition r >>|w|t*, is satisfied, as 
follows from (25), the distance and radial 
velocity of  the source are determined by 
expression (10).

The gain χ is given by expression (16), 
from which, according to (25), one should 
expect χ ≈ B2. The equality is fulfilled when 
the values of  the eigenfunctions of  the 
modes of  the antenna elements at different 
depths are equal to each other Ψm(zb) = 
Ψm(za), zb ≠ za. The source direction finding 
is carried out on the basis of  an algorithm 
as proposed in relation to a single vector-
scalar receiver [5].

3. NOISE IMMUNITY OF SIGNAL 
PROCESSING
It is proposed to characterize the noise 
immunity of  interferometric processing using 
a single receiver by the limiting (minimum) 
input signal-to-noise ratio (s/n) ( )

lim
rq , when 

stable detection and estimates of  bearing, 
radial velocity, distance and depth are close 
to real ones for s/n values q >> ( )

lim
rq  [1]. In 

the case of  isotropic interference for the 
scalar field component (pressure) of  a noise 
source, ( )

lim
rq  ≈ 1.5J2, where J = Δt/(T + δt) 
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is the number of  time intervals (counts), 
on which the coherent accumulation of  
spectral maxima of  the wave field along the 
interference fringes is realized [2]. Here T is 
the duration of  the noise realization, δt - the 
interval between samples. Despite the fact 
that the estimate ( )

lim
rq  = 1.5J2 was established 

on the basis of  a number of  physical 
considerations, and not derived from any 
more general principles, it was found correctly 
and repeatedly verified on the results of  
numerical and field experiments. This made 
it possible to construct a theory of  noise 
immunity of  interferometric processing 
using a single receiver. Let us generalize the 
obtained estimate for extended antennas.

Suppose that the noise signal and 
interference are statistically unrelated random 
processes, at the input of  the antenna 
elements the interference is not correlated. To 
satisfy the second condition, it is sufficient to 
require the fulfillment of  the inequality d >> 
λ/2. Then the limiting input s/n ratio at the 
antenna element is estimated as

( ) ( )
lim lim .an rq Bq χ=  (26)

In the case of  a horizontal linear antenna, 
the highest processing immunity is achieved 
with a bearing equal to the compensation 
angle θ = θ*, min ( ) ( )

lim lim .an rq q B=  For the limiting 
input s/n ratio of  the vertical antenna, we 
have ( ) ( )

lim lim .an rq q B≈

For the limiting (maximum) removal rlim 
of  the noise source, when the operability of  
the interferometric processing is preserved, 
using the same approach as in the case of  a 
single receiver [3], we obtain

lim
1 0

1 ,
( )5 1.5 M

q tr
B dh d
χ

ω ω
∆

=  (27)
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With an increase in the input value of  s/n 
q at the antenna element, observation time 
Δt, antenna elements B, gain χ, and center 
frequency ω0, the maximum range of  the 
noise source increases. The latter is due to the 
fact that, with increasing frequency, the group 
velocities of  the modes asymptotically tend 
to a constant value, which does not depend 
on the mode number [9]. A characteristic 
feature of  relation (27) is the fact that it 
includes the parameters of  the transfer 
function of  the waveguide and therefore the 
value of  the limiting distance rlim is different 
depending on the choice of  the water area. 
If  we put B = 1, then formula (27) turns 
into the corresponding formula for a single 
receiver [3].

Note that if  at each b-th receiver we first 
perform interferometric processing and 
then sum up the spectral densities of  the 
holograms at the antenna output, then there 
will be no gain in noise immunity with respect 
to a single receiver.

4. SIMULATION RESULT
Numerical simulation was performed for 
a horizontally uniform waveguide with 
a depth of  H = 70 м. The distribution of  
the sound velocity over depth is shown in 
Fig. 2. Parameters of  an absorbing liquid 
homogeneous bottom: the ratio of  the density 
of  bottom and water 1.8ρ = , a complex 
refractive index n = 0.85(1 + i0.02).

The number of  antenna elements B = 21. 
The elements of  the horizontal antenna are 
located at the bottom, zb = 70 m, the elements 
of  the vertical antenna are at depths of  zb = 
10 + 2.5(b – 1) m, 1,21b = . The inter-element 
distance is d = 2.5 m, which is approximately 
equal to half  the wavelength λ at a frequency 
of  f0 = 310 Hz. The noise source, located at 
a depth of  zs = 30 m, was moving away from 
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the antennas at a speed of  w = 3 m/s. At 
the moment in time t = 0, the distance of  
the source from the support element of  the 
horizontal antenna and the vertical antenna 
was r = 10 km. The accumulation time Δt = 
60 s, the duration of  the random realization 
T = 2 s, the time interval between samples 
δt = 0.5 s, so the number of  samples J = 12. 
The limiting input ratio s/n at the antenna 
elements, taking ( ) ( )

lim lim ,an rq q B=  is equal to 
( ) 4
lim 4.9603 10 .anq −= ⋅

Highlighted horizontal wavenumber h*(ω0) 
= h1(ω0) (Table 1). If  the wavenumbers h*(ω0) 
of  other modes are used as the quality, then 
the calculation results practically do not 
change. The results of  numerical simulations 
for horizontal and vertical antennas are 
shown in Fig. 3-6 and Fig. 7-10, respectively. 
In order to increase the contrast and 
information content, average values are cut 
out on interferograms and holograms.

Fig. 3 shows interferometric processing 
when received on an antenna support 
element. A contrasting interference pattern is 
observed (Fig. 3a), the spectral density of  the 
hologram (Fig. 3b) is concentrated in six focal 
spots. The focal spots of  the numbers μ = 1,2 
partially overlap. The directivity characteristic 
(Fig. 3c), naturally, has circular symmetry.

In Fig. 4 shows the results of  
interferometric processing at the antenna 
output in the absence of  compensation. 
Compared to a single receiver (Fig. 3), the 
contrast of  the interferogram decreases (Fig. 
4a) and the topology of  the spectral density 
of  the hologram changes (Fig. 4b). This is due 
to the incoherent summation of  the fields 
on the antenna elements. In this case, the 
positions of  the maxima of  the focal spots are 
retained. The directional characteristic (Fig. 
4c) has one main maximum corresponding to 
the zero order of  the spectrum. Its width is 
half  the spectral density Δθ ≈ 9.5°.

Directional characteristics at different 
compensation angles are shown in Fig. 5. 
With an increase in the compensation angle 
θ*, the width of  the main maximum increases. 
The largest width occurs at an angle θ* = 
90°. These features of  the behavior of  the 
directivity characteristic, as evidenced by 
other modeling results (not reflected in this 
work), take place with an increase in the wave 
size d⁄λ while maintaining the number of  
elements or with a decrease in the number of  
antenna elements with a constant wave size.

In Fig. 6 shows the dependences of  
the normalized gain maxχ̂ χ χ=  (16) on 
the bearing θ for different values of  the 
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Fig. 2. Sound speed.

Table 1
Horizontal wave numbers of modes hm and their derivatives dhm/dω at a frequency of f0 = 300 Hz.

Modes Numbers, m 1 2 3 4 5 6 7

hm, m-1 1.2787 1.2737 1.2670 1.2593 1.2504 1.2412 1.2325
dhm/dω, 1/m·Hz 0.6798·10-3 0.6807·10-3 0.6820·10-3 0.6838·10-3 0.6853·10-3 0.6847·10-3 0.6861·10-3
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Fig. 3. Normalized interferogram (a), hologram (b) and directional characteristic (c) of  the antenna reference element.

Fig. 5. Antenna directivity characteristics for compensation angles: a) θ*  = 30°, (b) θ*  = 60°, (c) θ*  = 90°.

Fig. 4. Normalized interferogram (a), hologram (b) and directional characteristic (c) of  the antenna at the absence of  
compensation.

                            a                                                          b                                                    c

                             a                                                          b                                                    c

                       a                                                            b                                                        c

                     a                                       b                                        c                                         d
Fig. 6. Dependence of  the normalized gain χ̂  on the bearing θ for different values of  the compensation angle θ*: (a) θ* = 0°, 

(b) θ* = 30°, (c) θ* = 60°, (d) θ* = 90°.
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compensation angle θ*. With an increase in 
the compensation angle, the width of  the 
maxima increases. These dependencies are 
essentially another form of  representing 
dependencies in Fig. 5. For this reason, 
the main maximums in Figs. 5, 6 have 
the same width. Normalized value of  the 
coefficient χmax = 384. The maximum gain B2, 
approximately equal, occurs in the direction 
of  the compensation angle.

In Fig. 7 shows interferograms and 
holograms of  three antenna elements. 
The configuration of  the spectral 
density distribution regions is different, 
despite the coherent addition of  the 
fields on the antenna elements. a shift 
in the position of  the maxima of  the 
focal spots is observed. This difference 
is explained by the different values of  
the eigenfunctions at the depths of  the 
elements.

This difference is most clearly illustrated 
in Fig. 8, which shows the dependences 
of  two normalized spectral maxima 
(1,2) (1,2) (1,2)

maxb bF F F=  from the antenna element 
depth. The regions of  localization of  the 
spectral density of  the first two focal spots 
in Fig. 7b. Numerical calculations are marked 
with dots. The distribution of  the focal 
spot maxima has an oscillating form due to 
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Fig. 7. Normalized interferograms (a, c, e) and 
holograms (b, d, f) of  antenna elements located at depths 

of  zb = 10, 37.5, 60 m, respectively.

                    e                                         f   

                    c                                         d  

                    a                                         b  

                    a                                         b  
Fig. 8. Dependences of  the normalized spectral maxima of  
the holograms of  the antenna elements on their depth: (a) the 

first maximum (1)
bF ; (b) the second maximum, (2)

bF .

                    a                                         b  
Fig. 9. Normalized interferogram (a) and hologram (b) of  

the antenna.
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the different values of  the mode excitation 
coefficients (eigenfunctions) at the reception 
horizons. The nature of  the change in the 
oscillations with a change in the position 
of  the focal spot is associated with the 
interference of  different numbers of  modes 
that determine the location of  localized 
regions. The ratio of  normalized coefficients   

(1) (2)
max max 1.53.F Fβ = =

Fig. 9 shows the behavior of  the 
normalized interferogram and the antenna 
hologram. Spectral density is predominantly 
localized in the region of  the first focal 
spot.

In Fig. 10 shows, obtained by numerical 
simulation (points), the dependence of  
the normalized gain maxˆ ( )bχ χ χ=  (16) on 
the number of  elements b. The calculated 

values fit well with the estimated quadratic 
dependence 2

maxˆ bχ χ=  (dotted line). The 
value of  the coefficient χmax = 362 is obtained 
from the condition for normalizing the 
calculated values.

Table 2 shows the values of  the maximum 
ranges of  a noise source using a single 
receiver and a linear antenna, depending on 
the input ratio s/n q, calculated by formula 
(27). Observation time Δt = 60 s, value 

6
1 0( ) 6.3 10Mdh dω ω −= ⋅  s/m (see Table 1), 

parameter 17.62Bχ = .

5. CONCLUSION
The intensive introduction of  interferometric 
processing in hydroacoustics over the past 
few years has already made it possible to 
obtain a number of  new results using single 
receivers, forcing to revise the previously 
established classical processing methods 
(matched-field processing), in short, all those 
areas where wave interference plays a role. 
These considerations, as well as, of  course, 
to a large extent the importance of  physical 
and applied problems that can be solved 
using antennas, stimulated the consideration 
of  interferometric processing using 
extended linear antennas. An expression is 
obtained for the distribution of  the spectral 
density of  the hologram, which determines 
the gain and directivity characteristic. The 
noise immunity and the limiting removal of  
the noise source are estimated. The results 
obtained significantly expand the field of  
application of  interferometric processing. 
The material is illustrated by numerical 
calculations for the low-frequency region 
of  a noise source, which make it possible 
to clearly understand the efficiency of  
interferometric processing when working 
with multi-element antennas.
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Fig. 10. Dependence of  the normalized gain χ̂  on the number 
b of  antenna elements. Points – calculated values, dotted line –

quadratic dependence.

Table 2
Limiting removal of a noise source depending on the 

input s/n ratio.
Ratio
s/n, q

Single receiver Linear Antenna,
 Elements count B = 21

Limit of noise source distance rlim , km

10-3 49.2 206.6

10-4 15.5 65.0

10-5 4.9 20.5

10-6 1.5 6.3
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fragments, interpolation, restoration
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1. INTRODUCTION
The development of  methods for remote 
sensing of  the Earth's surface and other 
planets is a topical trend in science and 
technology. And one of  the key tasks of  
digital image processing is the restoration of  
missing parts (gaps). In aerospace imagery, 
data loss can arise due to the peculiarities 
of  the trajectories of  the aircraft, cloud 

shading or technical failures of  the recording 
equipment. In some cases, incompleteness 
of  data in published images may mean 
deliberate removal of  fragments in order to 
hide information. Thus, the improvement of  
methods for reconstructing gaps is one of  
the most important directions.

Defocusing and blurring can be 
distinguished among the most common 
image distortions, which can be described on 
the basis of  the convolution equation [1,2] 
with the corresponding distorting hardware 
function (HF). In [3-5], the possibility of  
restoring images distorted by blur and 
defocusing from incomplete data was 
considered. The gaps in such images were 
retouched using linear interpolation. Then 
the well-known deconvolution methods 
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were applied to the entire image. In [6-13], 
the possibilities of  filling in the missing parts 
of  the image using wavelets, various types of  
interpolation (bilinear, spline, trigonometric, 
polynomial) are shown in order to reconstruct 
the distortions caused by a known HF. 
However, the assumed non-rectangular shape 
of  the gap and the appearance of  additional 
artifacts after deconvolution caused by such 
retouching limit the possibilities of  using 
these methods.

In [14], we have developed a method for 
interpolation of  a sequentially calculated 
Fourier spectrum (MIPVS), which is capable 
of  filling in gaps of  arbitrary shape. In works 
[15-19], possible areas of  application of  
MIPVS are shown and a comparative analysis 
of  the methods used to fill gaps in images 
was carried out.

This work is devoted to a comparative 
analysis of  how the methods of  interpolation 
of  missing fragments distorted due to 
defocusing or blurring of  images, with a 
known instrumental function, affect the 
final result of  reconstruction. MIPVS is 
compared with linear interpolation and 
spline interpolation described in [20,21]. The 
physical meaning of  spline interpolation is 
that for an arbitrary set of  reference points 
(nodes) a system of  linear equations is solved 
that simulates the behavior of  a curved elastic 
plate. At the same time, it is possible to take 
into account when calculating the spline the 
border around the gap with a width of  one 
to several nearest pixels. This approach has 
a certain versatility and can be applied for 
comparative analysis with the interpolation 
method of  a sequentially calculated Fourier 
spectrum. Comparing MIPVS with simpler 
methods of  interpolation, for example, linear, 
will not be entirely correct. Nevertheless, 
linear interpolation will be used by us in this 

work, since with the instrumental function 
of  linear blur it exactly corresponds to the 
distortion. Thus, provided that the orientation 
of  the blur and the interpolation line match 
exactly, all other methods of  filling the gap 
are in a more difficult position compared to 
linear interpolation.

 2. BASIC ASSUMPTIONS
As test we use aerospace images taken 
from publicly available Internet resources. 
There are a large number of  methods for 
determining the distorting hardware function 
from the original image and methods of  
"blind" deconvolution [1,22-26], but any 
inaccuracy in determining the HF parameters 
will inevitably lead to a deterioration in the 
quality of  reconstruction. Therefore, in 
order to eliminate additional interfering 
factors, this work assumes that the hardware 
functions are accurately known. The gap is 
filled using linear interpolation, spline and 
MIPVS. The missing fragment is square and 
varies in size from experience to experience. 
Its shape was chosen to be square in order to 
put all the considered interpolation methods 
into equal conditions, since the MIPVS (in 
contrast to alternative methods) has an 
arbitrary lacuna shape that does not cause 
difficulties. Reconstruction of  the image with 
the reconstructed lacuna is performed using 
the Wiener Filter (WF) [1]. No correction of  
artifacts after deconvolution is performed. 
An objective criterion for the quality of  
restoration will be the relative values of  the 
standard deviation of  the result of  restoration 
with an interpolated gap from the result of  
restoration of  an image without a gap taken 
as "ideal".

In [4] it was shown that the irreplaceable 
area is determined by the relative size of  the 
gap (in [4] of  the shading object) and the 
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amount of  defocusing of  the image. Thus, 
in our work, the size of  the defocusing spot 
is chosen large enough for reasons of  the 
fact that with a small size of  the HF, or as 
they sometimes say - the point blur function 
(PBF), the shading effects are hardly 
noticeable. According to the results of  [4], it 
is obvious that inside the gap one can only 
hope for partial recovery of  the lost data, and 
only within the radius of  the blur spot from 
the edge of  the gap. Fig. 1 shows the gap 
in black, gray circles denote the HF coverage 
area at different sizes of  the gap and HF 
relative to each other.

Thus, with a known HF with a radius of  S 
= 10 pixels, the forecast for the reconstruction 
of  a lacuna with a size of  no more than 20 by 
20 pixels is positive. In the proposed work, we 
vary the size of  the gap from 10 by 10 pixels 
to 30 by 30 pixels.Those, we begin the study 
of  the reconstruction quality from the zone 
of  sufficiently confident restoration (a gap of  
minimum size – Fig. 1a) and end in the zone 
of  obviously problematic restoration of  the 
center of  a gap of  maximum size – Fig. 1c. In 
what follows, all figures in this work show the 
results of  image reconstruction for the most 
difficult of  the selected cases – a gap size of  
30 by 30 pixels. This is done so that readers 
can visually (expertly) assess the quality of  
the restoration.

Similar reasoning was used to select the 
relative sizes of  the gap and the length of  the 
HF of  rectilinear blur. When modeling the 
instrumental blur function, we assume that 
in the process of  shooting, distortion occurs 
due to the steady progressive motion of  the 
recording system (presumably an aircraft) 
relative to the image scene. Thus, we take a 
horizontal line of  length SL = 21 pixels for 
the hardware blur function.

3. HARDWARE DEFOCUS 
FUNCTION
The sequence of  actions required to conduct 
a comparative analysis of  the effect of  
interpolation methods for missing fragments 
on the final result of  restoration is as follows:

Fig. 2a shows an aerospace image of  
Rostov Veliky, 512 by 512 pixels. In Fig. 2b 
image of  Fig. 2a is shown after defocusing 
with the known HF with a radius of  S = 
10 pixels. Fig. 2c is figure 2b with a missing 
fragment measuring 30 by 30 pixels (black). 
Fig. 2d – restoration using the Wiener filter 
of  Fig. 2c with a gap filled using linear 
interpolation. Fig. 2e – restoration using the 
Wiener filter of  Fig. 2c with a gap filled using 
spline interpolation. Fig. 2f - restoration using 
the Wiener filter of  Fig. 2c with a gap filled 
with MIPVS.

INFORMATION TECHNOLOGIES RESTORTING MISSING FRAGMENTS OF A DISTORTED 
IMAGE DUE TO DEFOCUSING OR BLUR...

                       a                                                         b                                                           c
Fig. 1. The coverage area of  the HF with different sizes of  the gap (black square) and HF "round spot" (gray 
circles): (a) – HF is much wider than the gap; (b) – the HF radius is equal to the half-width of  the square lacuna; 

(c) HF is much smaller than the gap.
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Fig. 3 is a fragment of  Fig. 2. It shows 
a 90 by 90 pixel patch with a 30 by 30 pixel 
gap inside. Each of  Fig. 3 (from a to e) is a 

fragment of  the corresponding Fig. 2 (from 
a to e).

INFORMATION TECHNOLOGIES

   
                  a                                                                      b                                                                       c

   

                   d                                                                     e                                                                         f

Fig. 3. Fragments of  90 by 90 pixels: (a) - the original test aerospace image; (b) - defocused image of  Fig. 2a (S = 
10 pixels); (c) - images 2b with a missing fragment of  30 by 30 pixels (black); (d) - Fig. 2c, reconstructed using the 
Wiener Filter, with a gap filled with linear interpolation; (e) - Fig. 2c reconstructed using the Wiener Filter with a 
gap filled with spline interpolation; (f) - Fig. 2c, reconstructed using the Wiener Filter, with a gap filled with MIPVS.

ALEXANDER V. KOKOSHKIN, EVGENY P. NOVICHIKHIN

Fig. 2. (a) - original test aerospace image; (b) - defocused image in Fig. 2a (S = 10 pixels); (c) - image of  Fig. 2b 
with the missing fragment 30 by 30 pixels (black); (d) - restoration using the Wiener filter of  Fig. 2c with a gap filled 
using linear interpolation; (e) - restoration using the Wiener filter of  Fig. 2c with the gap filled with the help of  spline 

interpolation; (f) - restoration using the Wiener filter of  Fig. 2c with a gap filled with MIPVS.

                 d                                                               e                                                              f

   

   

                  a                                                              b                                                              c
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A close examination of  the images 
in Fig. 2d,e,f it can be seen that on the 
reconstructed images the intensity of  
artifacts over the entire area gradually 
decreases from filling the gap using linear 
interpolation to filling the gap using MIPVS. 
This is confirmed by the data in Fig. 4a, 
which shows the dependence of  the standard 
deviation over the entire image of  the result 
of  reconstruction with an interpolated gap 
on the reconstruction of  an image without 

a gap, taken as "ideal", along the horizontal 
gap size (DL). The standard deviation 
for the corresponding interpolation is 
indicated as follows: SKOL - linear, SKOS 
- spline, SKOF - MIPVS. In Fig. 4b shows 
similar dependences of  the RMS on the 
size of  the gap, calculated only inside the 
gap itself. The standard deviation for the 
corresponding interpolation is indicated as 
follows: SKOLm - linear, SKOSm - spline, 
SKOFm - MIPVS. Figs 4a and 4b show a 
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Fig. 4. Case of  AF defocusing. The standard deviation of  the result of  reconstruction with an interpolated lacuna 
from the reconstruction of  an image without a lacuna taken as "ideal": (a) - over the entire image (interpolation 
designations: SKOL - linear, SKOS - spline, SKOF - MIPVS); (b) - only by the area of  the gap (notations of  
interpolations: SKOLm - linear, SKOSm - spline, SKOFm - MIPVS); (c) - relations OtnS = SKOS/SKOF, 

OtnL = SKOL/SKOF; (d) - ratios OtnSm = SKOSm/SKOFm, OtnLm = SKOLm/SKOFm.
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RESTORTING MISSING FRAGMENTS OF A DISTORTED 
IMAGE DUE TO DEFOCUSING OR BLUR...
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INFORMATION TECHNOLOGIES

Fig. 5. Fragments of  90 by 90 pixels: (a) - the original test aerospace image; (b) - image distorted by blur in Fig. 
2a (SL = 21 pixels); (c) - images 5b with a missing fragment of  30 by 30 pixels (black); (d) - Fig. 5c reconstructed 
using the Wiener Filter with a gap filled using linear interpolation; (e) - Fig. 5c reconstructed using the Wiener Filter 
with a gap filled with spline interpolation; (f) - Fig. 5c reconstructed using the Wiener Filter with a gap filled with 

MIPVS.

   

                  a                                                                      b                                                                       c

   

                   d                                                                     e                                                                         f
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significant advantage of  MIPVS (solid line) 
compared to linear (dashed line) and spline 
(dashed line) interpolations. Fig. 4c depicts 
the dependences OtnS = SKOS/SKOF, 
OtnL = SKOL/SKOF on the size of  the gap 
DL. They show how many times the RMSD 
of  restoration over the entire image with 
linear (OtnL) or spline (OtnS) interpolations 
is greater than the RMSD of  restoration 
with MIPVS. Similar to Fig. 4d illustrates 
dependencies OtnSm = SKOSm/SKOFm, 
OtnLm = SKOLm/SKOFm referring to 
RMS only inside the reconstructed lacuna. 
All dependencies indicate significantly 
better performance of  MIPVS compared to 
competing methods.

4. HARDWARE BLUR FUNCTION
We assume that linear interpolation occurs 
exactly along the blur line (length SL = 21 
pixels). In this case, other types of  filling  
the gap are in a more difficult position. The 

initial test is the image in Fig. 2a. In order to 
save space, here (in Fig. 5) we present only 
fragments of  the test image measuring 90 
by 90 pixels with a gap of  30 by 30 pixels 
in the middle. In fact, as with HF defocus, 
restoration was performed over the entire 
512 by 512 pixel image. That is, all actions 
for HF blur were carried out as for HF 
defocusing.

Fig. 6 is analogous to Fig. 4, for HF blur 
only. The designations are the same. The 
behavior of  the curves in Fig. 6 indicates 
that, according to the objective criterion of  
standard deviation from the "ideal", none 
of  the investigated interpolations has an 
advantage over the alternative ones. This 
is especially evident in Fig. 6c and Fig. 6d, 
which, respectively demonstrate the behavior 
of  the dependence OtnS = SKOS/SKOF, 
OtnL = SKOL/SKOF (for RMS over the 
entire image) on the size of  the gap DL 
and the dependence OtnSm = SKOSm/
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SKOFm, OtnLm = SKOLm/SKOFm (for 
standard deviation, only inside the restored 
gap). In Fig. 6c and Fig. 6d standard deviation 
of  restoration over the entire image (or 
standard deviation only in the gap) with 
linear or spline interpolation is practically 
equal to standard deviation of  restoration 
with MIPVS, i.e. their ratio is close to unity 
for all sizes of  the gap. At the same time, 
for HF defocusing (Fig. 4c and Fig. 4d), 
the reconstruction after MIPVS showed 

much better results than the reconstruction 
after retouching the gap using competing 
interpolation methods. Note that the expert 
assessment of  the restoration results in 
Fig. 5d, Fig. 5e, 5f, due to the visually lesser 
artifacts, indicates a preference for using 
MIPVS. However, according to the objective 
criterion of  standard deviation from "ideal", 
none of  the interpolation methods has any 
advantages.
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Fig. 6. A case of   HF blur. The standard deviation of  the result of  reconstruction with an interpolated lacuna from 
the reconstruction of  an image without a lacuna taken as "ideal": (a) - over the entire image (interpolation symbols: 
SKOL - linear, SKOS - spline, SKOF - MIPVS); (b) - only by the area of  the gap (notation for interpolations: 
SKOLm - linear, SKOSm - spline, SKOFm - MIPVS); (c) - relations OtnS = SKOS/SKOF, OtnL = SKOL/

SKOF; (d) - ratios OtnSm = SKOSm/SKOFm, OtnLm = SKOLm/SKOFm.

RESTORTING MISSING FRAGMENTS OF A DISTORTED 
IMAGE DUE TO DEFOCUSING OR BLUR...
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5. FINAL EXAMPLE
In conclusion, we will give an example for the 
well-known aerospace image "the position of  
the Egyptian air defense S-75 in the desert" 
Fig. 7. Original photo:
https://picryl.com/media/an-aerial-view-
of-soviet-built-sa-2b-guideline-surface-to-
air-missiles-positioned-016058.

For this image, a similar sequence of  
actions for modeling, processing and 
analysis was carried out as for the previous 
photo (in the case of  HF defocusing). The 
lacuna was created in the area of  the lower 
left rocket launcher. Fig. 8a is a fragment of  
the image in Fig. 7. The sequence of  Figures 
8 is analogous to Fig. 3 90 by 90 pixels with 
a gap of  30 by 30 pixels inside the resulting 
sequence of  actions: defocusing - Fig. 8b, 
creating a gap in Fig. 8c, reconstruction 
using the WF with linear interpolation of  
the gap - Fig. 8d, restoration with the help 
of  WF with spline interpolation of  the gap 
- Fig. 8e, restoration with the help of  WF 

during lacuna interpolation using MIPVS - 
Fig. 8f.

The behavior of  the curved lines in 
Fig. 9 in general terms corresponds to 
similar graphs presented in Fig. 4. I.e. 
indicates an advantage when using MIPVS 
for retouching missing fragments over 
alternative interpolation methods. We believe 
that this happens because MIPVS, working 
in the frequency domain, uses all available 
data (original image), while spline or linear 

INFORMATION TECHNOLOGIESALEXANDER V. KOKOSHKIN, EVGENY P. NOVICHIKHIN

Fig. 8. Fragments of  90 by 90 pixels: (a) - the original test aerospace image Fig. 7; (b) - defocused image of  Fig. 
7 (S = 10 pixels); (c) - images 8b with a missing fragment of  30 by 30 pixels (black); (d) - Fig. 8c reconstructed 
using the Wiener Filter with a gap filled with linear interpolation; (e) - Fig. 8c, reconstructed using the Wiener Filter, 
with a gap filled using spline interpolation; (f) - Fig. 8c, reconstructed using the Wiener Filter, with a gap filled with 

MIPVS.

                   d                                                                     e                                                                         f

   

   
                  a                                                                      b                                                                       c

Fig. 7. The original image of  the C-75 in the desert.
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interpolation, performing actions in the 
spatial domain, operates with information 
about the edges of  the gap. Thus, MIPVS not 
only retouches, but also tries to reconstruct 
the lost data [14,15,16,19]. Some fluctuations 
in the curves in Fig. 9 take place due to the 
specifics of  the selected image and, among 
other things, depend on the location of  the 
lacuna. Obviously, if  the gap is located on a 
"flat" place (clear sky or smooth desert), then 
there is not much difference which of  the 

interpolation methods fill the place of  the 
lost data. It is quite another matter if  there 
is no fragment of  a highly informative image 
(saturated with various elements).

6. CONCLUSIONS
Comparative analysis, both by expert 
judgment and by the objective standard 
deviation criterion from the "ideal", shows 
that when solving the problems of  restoring 
missing fragments of  images distorted due 
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Fig. 9. For HF defocusing, Fig. 7. The standard deviation of  the restoration result with an interpolated gap from the 
restoration of  an image without a gap taken as "ideal": (a) - over the entire image (interpolation symbols: SKOL - 
linear, SKOS - spline, SKOF - MIPVS) ; (b) - only by the area of  the gap (designations of  interpolations: SKOLm 
- linear, SKOSm - spline, SKOFm - MIPVS); (c) - relations OtnS = SKOS/SKOF, OtnL = SKOL/SKOF; 

(d) - ratios OtnSm = SKOSm/SKOFm, OtnLm = SKOLm/SKOFm.

RESTORTING MISSING FRAGMENTS OF A DISTORTED 
IMAGE DUE TO DEFOCUSING OR BLUR...
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to defocusing with a known instrumental 
function, the use of  MIPVS is preferable 
compared to linear and spline interpolations. 
At the same time, despite the seemingly 
favorable for MIPVS expert assessment with 
HF blur, standard deviation does not show 
any advantages for any of  the methods of  
lacuna retouching considered here. Thus, 
the MIPVS proposed by us in each of  the 
considered HF options is either preferable or 
no less competitive than alternative methods. 
We believe that this happens because MIPVS, 
working in the frequency domain, uses all 
available data (the entire original image), while 
spline or linear interpolation, performing 
actions in the spatial domain, operates with 
information only about the edges of  the gap. 
Thus, MIPVS not only retouches, but also 
tries to reconstruct the lost data [14,15,16,19].
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1. INTRODUCTION
Last decades, due to system instability, many 
controllers have been explored, such as PID 
controller, which refers to the family of  controllers 
with various configurations of  the Proportional, 
Integral and Derivative terms. The most common 
controller that has been used in industry is 
Conventional PID controllers due to its simplicity 
in tuning and effectiveness and design for general 
linear systems with convenient low cost and 
implementation. The Linear Quadratic Regulator 
(LQR) is a method that runs optimally controlled 
response in order to enable the high-performance 
design and the closed-loop systems [1,2]. 
Recently, fuzzy logic is becoming one of  the most 
important for producing and developing a control 
system. Fuzzy logic has solved many complex 
problems as it is simple, easily maintained, and 
inexpensive. The mathematical model in this case 
is very important to build a good controller for 
controlling any complex system. The differential 
equations are the most common system that is 
used for discrete time systems or continuous 
time systems. As it’s known that the nonlinear 
physical system could be designed based on the 
collected data and system identification methods 
but practically is difficult and challenging due to 
complexity particularly for conventional control 
design [3,4]. Furthermore. The quantitative and 
qualitative information could be used by the 
Fuzzy controller. Qualitative information has 
been collected from common knowledge and the 
expert operator strategy [5,6]. The fuzzy logic 
control has not been used for linear systems as 
most of  the them based on misconceptions as 
mentioned above. However, the linear controllers 
such as PID have been able to solve any kind of  
control problem with less cost, effort and time. 
Therefore, the PID has to be tried first [2]. The 
main characteristics of  fuzzy controllers is:
1) a fuzzy controller is cheaper to be developed 
rather than developing the other controllers such as 
model-based;
2) the fuzzy controllers are covering a wider range 
of  operating conditions rather than LQR and PID;
3) the fuzzy controller is easy to be designed as it is 
not complicated and easy to understand [7].

1.1. statemeNt of problem aNd methodoloGy of 
solutioN

The DC motor speed may change due to disturbance 
present surrounding it. This will make the desired 
speed sometimes change and will be not maintain. By 
using classical Proportional Integral and Derivative 
(PID), Linear Quadratic Control (LQR), and soft 
computing methods, such Fuzzy Logic Controller 
(FLC), PI-Fuzzy, PID-Fuzzy and PD-Fuzzy 
controllers, the speed could be minimized. The main 
aim of  this paper is analyzing and evaluating the speed 
control performance of    DC motor with various 
controllers. These controllers are Fuzzy-PID, PID 
controller, LQR controller, Fuzzy Logic controller, 
Fuzzy-PI, Fuzzy-PD controllers. A comparison is 
made among these controllers in order to see which 
one among them give best performance [8].

2. CONTROLLERS DESIGN
2.1. classical pid
The classical PID controller could have different 
configurations which are integral, proportional and 
others. The most common controller that is used 
in the industries is conventional PID controller 
because it is very simple in tuning and design 
and effectiveness. As is known that the using of  
P-controller is to reduce input and output phase 
shift signal, and detection of  tracking error [1,2,4].
2.1.1. proportioNal coNtroller (p-coNtroller)
It is one of  the linear feedback control system. 
this system is not for an on/off  system which is 
simpler than the PID control system. The signal 
of  this controller is proportional to the error signal 
as it is the difference between the process set point 
and variable (the proportional controller is the 
multiplication of  the proportional and the error 
signal. The following formula is how the P-controller 
calculated mathematically [5,6]:
Pout = Kpe(t),          (1)
e(t) = SP – PV,        (2)
where Pout – the proportional controller output, 
Kp – the gain of  the proportional, e(t) – immediate 
process error at time 't', SP – Set point, PV – the 
variable of  the process.
2.1.2. proportioNal plus derivative coNtroller 
(pd-coNtroller)
The PD-regulator can lessen the greatest overshoot 
yet may hold a consistent state following blunder. 
The utilization of  subsidiary control is constrained 
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from the start, subordinate control looks appealing 
as appeared in Fig. 1. It assists with lessening the 
time required to balance out a blunder. In any case, 
it won't expel counterbalance. The control signal 
from subsidiary activity stops when the blunder 
quits changing, which won't really be at the set 
point. Essentially it is likewise constrained to slow 
acting procedures When its utilizing for quick 
acting procedure, for example, stream. Control 
flags because of  subsidiary activity will frequently 
drive the control valve to limits following very little 
however steep (enormous de dt changes in input). 
Mathematically proportional plus derivative (PD) 
control is expressed as [1,2,4]:

,e
p

t

dm K e TD b
d

 
= + + 

 
 (3)

where m – controller signal, Kp – controller gain, TD 
– derivative time, e – error, b – constant.
2.1.3. proportioNal plus iNteGral coNtroller 
(pi-coNtroller)
A proportional plus integral (PI) controller contains 
the transfer function: Gc(s) = KP + KI/s as shown 
in Fig. 2. The task of  this controller is to tune 
the control parameters Kp and KI to achieve better 
control. By combining the P and I controllers, the 
system performance will be better since there are 
two parameters to tune [5,6].
2.1.4. proportioNal plus iNteGral plus 
derivative coNtroller (pid coNtroller):
This controller is fast and settling in time, and no 
steady state error as shown in Fig. 3 below. Despite 
the fact that PID controller could be logically 
designed and pre-tuned for provided lower-order 

linear system. Also, it could be physically worked for 
most systems that include higher-order system, for 
example, Nonlinearity and vulnerabilities., Ziegler-
Nichols and Cohen-Coon of  the Taylor Instrument 
Company started, well-known heuristic guidelines for 
experimental design and tuning strategies, have been 
utilized so as to have powerful controllers. However, 
the tuning of  the system is consistently a test in the 
best in class of  PID controller structure. This issue 
turns out to be more significant and basic, especially, 
when issues including stability, specifications and 
performance that are considered [1,2].
2.1.4.1. tuNiNG of pid-coNtroller

In order to take advantage of  this feature, this 
console systematically introduces the design process 
based on Ziegler and Nichols' approach. In the 
Ziegler-Nichols method, parameter setting is based 
on the stability limits of  the system. The derivative 
and complementary terms are initially taken out 
of  the system and the relative gain is increased to 
the critical oscillation point. A desirable function 
of  industrial automation is to modify PID control 
parameters, which mainly includes control gain 
and possibly also some measurement parameters 
used in the controller, depending on changes to the 
systems (installations, process) and their working 
environments [1,2].
• tuNiNG with zieGler-Nichols methods 

(the first method)
This method of  tuning PID controller by obtaining 
experimentally the step response of  the position 
control of  a DC Motor as shown in Fig. 4. The curve 
is characterized by two constants, the time constant 
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Fig. 1. PD controller [1]. Fig. 3. PID Controller Structure [1].

Fig. 2. PI Controller in unity Feedback [1]. Fig. 4. The step response by using Ziegler-Nichols methods.
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T and the delay time L. the time constant and the 
delay time are determined by drawing a tangent 
line to the point of  incidence of  the curve and 
determining the intersection of  the tangent line with 
the time axis and the line c(t) = k as shown in Fig. 5. 
The transfer function c(s)/u(s) can be approximated 
by a first-order system with the transfer shift as 
follows: C(s)/u(s) = ke^ – Ls/Ts + 1, Ziegler-Nichols 
suggested assigning values Kp, Ti and Td according 
to the formula given in the Table 1 bellow [9]:
2.2. liNear Quadratic reGulator (lQr) 
coNtroller:
LQR controller is classified as an ideal control 
system. Fig. 6 below shows the configuration 
of  the designed LQR. LQR is the best theory of  
pole placement; In theory, pole placement method 
involves determining the desired location of  the 
electrodes and relocating the system poles position to 
the desired location of  the electrodes to achieve the 
desired response of  the system. The LQR algorithm 
determines the optimal location of  columns based 
on two cost functions. To find the optimum gain, 
we must first determine the optimum performance 
index, and then solve the Ricati algebraic equation. 
LQR has no specific solution for defining the cost 
function to achieve the optimum gain and the cost 
function must be determined iteratively. The state 
space representation of  a linear system is [1]:

,   ,X Ax Bu y Cx= + =  (4)
where x – sate vector, y – output vector, u – input 
vector, A – state matrix, B – input matrix, and C – 
output matrix.

The feedback control equation, that is minimizes the 
cost value [1]:
u = – k x(t).          (5)
To find the gain values, K  = K1 and K2 only because 
the system is a second order, it must solve the Riccati 
equation below:
ATX + XA – XBR–1BTX + Q = 0.        (6)
The design procedures can be found from [2]. The 
matrices Q and R has been selected by trial and error. 
Some text books and literatures use Q = C'*C and R 
= 0.1 or 0.2.
2.3. fuzzy loGic coNtroller desiGN

Fluffy Logic has been effectively applied to many 
applications. The most normally utilized controller 
is the PID controller. The PID controller has 
been provided by the fuzzy logic system in order 
to have better controlling [10,11,12]. This is better 
for control systems because it is not easy to model 
the fuzzy logic. Recently, the fuzzy logic and PID 
controller becomes one of  the most efficient 
systems for developing advanced control systems. 
Furthermore, any other requirements can be 
executed in controllers that are simple, inexpensive 
and easy to maintain [13,14,15]. The fuzzy control 
uses only a small portion of  the available fuzzy 
mathematics. This part is fairly simple mathematically 
and conceptually easy to understand. This article 
introduces some basic concepts, terminology, 
arithmetic for ambiguous combinations, and fuzzy 
logic. The fuzzy controller as shown in Fig. 6 
consists of  four main mechanisms: a – Rule Base, b 
– Inference Mechanisms, c – Fuzzification Interface, 
D – Defuzzification Interface [16,17,18,19].

In general, two signals should be considered as 
input signals, which are change of  error (∆e(s)) and 
error (e(s)) signals. These signals represent the PD 
gain. The change of  error signal could be obtained 
by multiplying the error signal with the delay signal 
and then subtracting it from the original error signal 
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Fig. 5. LQR system design [1].
Fig. 6. Fuzzy logic controller structure (feedback control system) 

[10].

Table 1
Ziegler-Nichols values of Kp, Ti and Td

The controller type Kp TI Td

PI 0.9T/ L/ 0

P T/L ∞ 0

PID 1.2T/L 2L 0.5L
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[20,21]. While, the error signal could be obtained by 
subtract the plant (Y) output from the output (Y(t)). 
Fig. 7 shows the simulation of  symmetric triangular 
and the singleton fuzzy sets [22,23]. Additionally, in 
this article the table of  9, 25 and 29 rules have been 
used with the group of  3, 5, 7, as discussed later in 
the next section.

The fuzzy logic controller action be expressed 
with membership function and simple "if-then" 
rules to the position control of  an DC Motor with a 
3*3, 5* 5 and 7*7 rule base in chapter three.
2.3.1.membership fuNctioN of 7*7 rule base

In this design 49 rules have been used based on the 
seven triangular membership, Table 2 shows a 7*7 
rules base for the purpose of  developing the DC 
motor speed system.
The membership function of  7*7 rules is shown in 
Fig. 8 below
The response from applying fuzzy logic controller 
to the speed control of  a DC motor for the 7*7 rule 
base will be shown in chapter three.
2.4. dc motor

Generally, the motors have been used to convert 
the electrical energy into mechanical energy. This 
conversion has been done by two very interactive 
magnetic fields, which are stator and rotor. The 
DC motor has the ability of  providing very high 

torque, and easy to miniaturize. The electromagnetic 
induction machines have been discovered by Faraday, 
Gauss, and Oersted in early 1800’s [24]. Moreover, 
two kind of  converting machine have been used 
recently, the machine that converts the mechanical 
to electrical called generator, and the machine that 
converts the electrical to mechanical called motor. 
Fig. 9 shows the DC motor with its equivalent 
circuit [25].
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Fig. 7. Input/output Fuzzy Sets [10].

a

b
Fig. 8. The Membership function of  7*7 (a) Inputs variables, 

(b) Output Variable.

Table 2
Fuzzy Rule Base [10].

e/de NB NM NS Z PS PM PB

NB NB NB NM NM NS NS Z

NM NB NM NM NS NS PS PS

NS NM NM NS NS Z PS PS

Z NS NS NS Z PS PS PM

PS NS Z PS PM PS PM PM

PM NS Z PS PS PM PM PB

PB Z PS PS PM PM PB PB Fig. 9. DC motor with its equivalent circuit [25].
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According to the Kirchhoff ’s voltage law, 
consequently the dynamic of  DC motor are 
expressed by the following equations [8]:
V = Ra La + La dia⁄dt + ke w,        (7)
Kt ia = J dw/dt + B w + Tf.        (8)
The actual parameters of  a DC motor from [8] are:
Ke – the back emf  constant = 14.7e 3N.m/A, Tf – the 
load torque = 0, Ra – the armature resistance = 4.67 
Ω, La – the armature inductance = 170 e-3 H, w – 
the rotor angular speed, Kt = the torque constant = 
14.7e 3V.sec/rad, B – the viscous (damping) friction 
= 47.3e 6 N.m/rad/sec.

And by substituting equation (8) into equation 
(7) and taking Laplace transformation, the transfer 
function of  speed to voltage is

2

( ) 2030 28.58 60.34,
( )

W s S
V s S

= + +  (9)

where W(s) and V(s) are the output and the input of  
the system respectively. simply it has obvious that the 
denominator roots are equal to -26.2843 and -2.2957, 
that means the system is stable but it will be shown 
in section 3.2 the system suffers from oscillation 
with overshoot and steady state error.

3. RESULTS AND DISCUSSION
This chapter contains all the result of  the graduation 
project which can be obtained by using Mat lab 
toolbox to design fuzzy logic system like (PI- Fuzzy, 
Fuzzy, PD-Fuzzy and PID-Fuzzy) controllers and 
applying these controllers for a DC motor speed 
control and compares the results with the classical 
PID and LQR controllers.
3.1. respoNse of dc motor

By taking the DC motor closed-loop transfer 
function as in equation (9) with unity feedback and 
step input the results are show in Fig. 10.

The system suffers from oscillation with 
maximum overshoot, Mp = 31.7%., Rising Time = 
0.028 sec., Settling Time = 0.245 sec., Steady State 
Error (es.s) after oscillation = 0.04.

3.2. tuNiNG usiNG pid coNtroller results

In this section the tuning of  classical PID controller 
include with Ziegler-Nichols (The first method). 
The result in table (3) was obtained by applying the 
Ziegler-Nichols (The first Method) to tuning DC 
motor speed based on classical PID controller.

The system information are Tr = 0.027 sec., Ts = 
0.24 sec., Mp = 14.3 %, es.s = 0.01.

3.3. lQr coNtroller results 
It has been shown that from section 2.4 to achieve 
LQR controller it must solve the Riccati equation 
(6). Riccati equation can be easily programmed for 
a computer, or solved using MATLAB function lqr, 
that is:

[k,s,e] = lqr (A,B,Q,R).       (10)

The matrices A, B, and C in Riccati equation must 
be written in a Jacobian matrices [2], from equation 
(10) as follows:
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Fig. 10a. DC motor in unity feedback.

Fig. 10b. DC motor in unity feedback.

Fig. 11a. PID controller.

Fig. 11b. The response of  PID controller.

Table 3
Result of applying the Ziegler-Nichols (The First Method)

Kp Ti Ki = Kp/Ti Td Kd = Kp*Td
17.38 0.077 225.714 0.019 0.33
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      0             1    0
,  ,  [1  0].

60.34  28.58 2030
A B C   
= = =   − −   
The state-feedback gain is K, LQR returns the 

solution S of  the associated Riccati equation and 
e is the eigen values. This type of  controller needs 
prefilter to remove the offset between input and 
output. By simulating the Matlab program for the 
DC motor system with LQR controller, the  optimal 
values of   gains by adding the pre-filter are: k1 = 
0.9707 and k2 = 0.3616. The response will be as 
follows:
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Fig. 13. The response of  Fuzzy Logic Controller 7*7 rule 
base.

Fig. 12. The response of  LQR controller.

The system information are Tr = 0.822 sec., Ts = 
1.47 sec., Mp = 0 %, es.s = 0.01.
3.4. fuzzy loGic coNtroller results

The fuzzy logic controller action can be expressed 
with membership function and simple "if-then" 
rules to the speed control of  DC motor which will 
implemented with a 3*3, 5*5 and 7*7 rule base as 
shown in Fig. 12.2 below:

Fig. 12.2. Fuzzy logic controller.

3.4.1. membership fuNctioN of 7*7 rule base 
results:
By using group of  seven triangular membership 
functions input/output rule an variables table of  
49 rules that are used in this design a 7*7 rule base 
as shown in Table 2 in section two to develop the 
speed control of  DC motor system we obtained this 
response.

The system information are Tr = 0.58 sec., Ts = 1.32 
sec., Mp = 0 %, es.s = 0.
3.5. pi-fuzzy loGic coNtroller results

In this section applying PI controller with fuzzy logic 
controller to the speed control of  DC motor which 
will implemented with a 3*3, 5*5 and 7*7 rule base 
as shown in Fig. 14 below, where the values of  Kp 
and KI  were obtained from optimal PID controller, 
section 3.3:

Fig. 14. PI-Fuzzy logic controller.
3.6. pd fuzzy loGic coNtroller results

The fuzzy logic controllers action can be expressed 
with membership function and simple "if-then" 
rules to the speed control of  DC motor which will 
implemented with a 3*3, 5*5 and 7*7 rule base as 
shown in Fig. 15 below, where the values of  Kp and 
Kd  were obtained from optimal PID controller, 
section 3.3:

Fig. 15. PD-Fuzzy logic controller.
3.6.1. membership fuNctioN of 7*7 rule base 
results:
By using group of  seven triangular membership 
functions input /output variables and rule table of  
49 rules were used in this design a 7*7 rule base was 
defined in table (2) in chapter two to develop the 
speed control of  DC motor system we obtained this 
response:
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Fig. 16. The Response of  PD-Fuzzy Logic Controller 7*7 
rule base.

4. DISCUSSION
To discuss the results which are obtained by using 
MATLAB toolbox to design fuzzy logic system 
controllers by applying these controllers for speed 
control of  a DC motor, it is necessary to compare 
the results of  the PID and LQR controllers with 
fuzzy logic controllers. The response of  the DC 
motor system has approximately the same rise time 
(Tr) and settling time (Ts) and equal to 0.028 sec. 
and 0.24 sec. respectively before and after applying 
PID controller, but the maximum overshoot (Mp) 
decrease from 31.7% to 14.3% with minimum steady 
sate error (es.s) with PID controller. LQR controller 
has larger Tr = 0.822 sec. and Ts = 1.47 sec.  
compared with the PID controller but it removed 
the maximum overshoot (Mp).

For the Fuzzy Logic Controller (FLC), it has been 
shown that from the table below both of  PI-Fuzzy, 
PD-Fuzzy, and PID-Fuzzy controllers have the same 
Tr = 0.9 sec., Ts = between 1.5 to 2 sec., Mp = 0, and 
es.s = 0, but the Fuzzy Logic Controller (FLC) with 

The system information are Tr = 0.899 sec., Ts = 
1.8 sec., Mp = 0 %, es.s = 0.
3.7. pid fuzzy loGic coNtroller results

In this section applying I controller as assistant to 
PD controller with fuzzy logic controller to the DC 
motor speed control which will implemented with 
a, 5*5 and 7*7 rule base as shown in Fig. 17 below, 
where the values of  Kp, Kd, and KI were obtained 
from optimal PID controller, section 3.3:

Fig. 17. PID-Fuzzy controller.
3.7.1. membership fuNctioNs oz. 5*5, aNd 7*7 
rules base results

The response from applying PID-Fuzzy Logic 
controller to the speed control of  DC motor for the 
3*3, 5*5, and 7*7 rules base were defined in table (2, 
3 and 4) in the previous sections to develop the speed 
control of  a DC motor system we obtained the same 
response for all rules, that as shown in Fig. 18 below:

Fig. 18. The response of  PID-Fuzzy Logic controller 5*5, 
7*7 rules base.

The system information for all rules are the same 
and are as follows Tr = 0.948 sec., Ts = 2 sec., Mp = 
0 %, es.s = 0.

Table 4
Discussion of result

Rise Time
(sec.)

Settling
Time 
(sec.)

Overshoo
(%)

Steady 
State
Error

DC motor 0.028 0.24 31.7 0.01

PID Tuning 
With
Ziegler-
Nichols

0.027 0.24 14.3 0.01

LQR 0.822 1.47 0 0

Fuzzy logic
controller 
3*3

0.46 0.9 0 0

Fuzzy logic
controller 
5*5

0.38 0.7 0 0

Fuzzy logic
controller 
7*7

0.58 1.32 0 0

PI-Fuzzy 
logic
Controller 
3*3, 5*5, 
and 7*7

0.94 2 0 0

PD-Fuzzy 
logic
Controller 
3*3, 5*5, 
and 7*7

0.93 1.5 to 1.8 0 0

PID-Fuzzy 
logic
Controller 
3*3, 5*5, 
and 7*7

0.94 2 0 0
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5*5 rule base is better than others, which has Tr = 
0.3 sec., Ts = 0.7 sec., Mp = 0 %, and es.s = 0, so the 
later controller is better than LQR controller.

5. CONCLUSION
This paper presents the analysis and performance 
evaluation of  speed control of  a DC motor as 
follows:
1. Classical PID controller provides a higher 

execution for DC motor, but the PID controller 
does not remove the maximum overshoot 
compared with other controllers.

2. PI-Fuzzy, PD-Fuzzy, and PID-Fuzzy controllers 
provide a better control performance by 
removing maximum overshoot and steady state 
error, but with larger rise time and settling time 
compared with PID controller.

3. Fuzzy Logic Controller with 5*5 rule base 
improved the system much more than PID, PI-
Fuzzy, PD-Fuzzy, and PID-Fuzzy controllers 
by increasing the speed of  system and decrease 
time delay.
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1. INTRODUCTION
Aviation-based radioelectronic surveillance systems 
(AB RESS), being passive systems, efficiently in 
a large spatial area provide the solution of  tasks: 
detection, estimation of  parameters of  radio 
emission sources, including coordinates, and 
their recognition. In view of  the dependence of  
the solutions of  the listed problems, the highest 
efficiency of  aviation electronic surveillance 
systems can be achieved with their joint 
optimal solution. However, in practice, due to 
the complexity of  the synthesized joint optimal 
algorithms, which are difficult to implement 
even at the modern level of  computing 
technology, they decompose and proceed to 
the construction of  quasi-optimal algorithms. 
Decomposition is carried out according to the 
tasks being solved, allowing to increase both 
the efficiency of  solving each of  them and the 
efficiency of  information processing in the AB 
RESS as a whole, while maintaining the main 
interdependence of  solutions.

The structure of  the information processing 
algorithm in AB RESS depends on the category 
of  the source of  radio emission. This paper deals 
with a source of  radio emission of  the primary 
category - a radio electronic device. In the case of  
such a source of  radio emission, the information 
processing algorithm can be conventionally 
represented in the form of  processing stages. At 
the first stage, information about the received 
signal of  the radio emission source is processed. 
At the second stage - about the source of  radio 
emission of  the received signals.

The urgency of  increasing the efficiency 
of  information processing in AB RESS is due 
to the constant counteraction to them and the 
development of  radio emission sources, the 
complication of  the electronic situation in the 
observation area.

The work consists of  three parts, each of  
which is respectively devoted to increasing the 
efficiency of  signal detection, determination of  
coordinates and recognition of  radio emission 
sources. They substantiate and describe 

the developed algorithms, and assess their 
effectiveness.

2 IMPROVING THE EFFICIENCY OF 
DETECTING SIGNALS FROM RADIO 
EMISSION SOURCES OF A KNOWN 
TYPE IN ab ress
2.1 characteristics of the detectioN of 
siGNals from sources of radio emissioN iN 
ab ress
Modern AB RESS are built on a multichannel 
principle to ensure the observation of  radiosignal-
emitting sources (RSES) in a wide frequency range 
[1]. In view of  the fact that RSESs can emit radio 
signals in a wide range of  possible values  of  their 
radio technical parameters (RTP), in particular, 
frequency and spectrum width, two cases of  
signal reception and detection are possible:
1. The bandwidth of  the signal is greater than 

the bandwidth of  the frequency channel.
2. The bandwidth of  the signal is less than the 

bandwidth of  the frequency channel.
In the first case, the broadband signal is fed 

to several frequency channels at once. In the 
REW aviation system, each channel receiving 
a given radio signal introduces its own 
distortions, which significantly complicate 
the solution of  the signal detection problem 
due to the unevenness and differences in their 
amplitude-frequency characteristics (AFC). 
Reducing the level of  these distortions due 
to the optimal construction of  the onboard 
analog part of  the RESS aviation system 
is not always possible due to its excessive 
complexity. Therefore, it is advisable to assign 
the task of  signal processing to the on-board 
special computer in order to correct the 
distortions introduced by each channel of  the 
RESS aviation system.

In the second case, several narrow-band 
signals can enter one frequency channel. An 
increase in the number of  signals that are 
simultaneously within the bandwidth of  the 
receiving path leads to the need to solve the 
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problem of  signal resolution, which, as a rule, is 
solved by means of  frequency filtering.

At the same time, in contrast to radar 
systems, in which, on the basis of  knowledge 
of  the emitted signal, optimal methods of  
receiving reflected radio signals from objects 
and the underlying surface are used, in modern 
aviation RESS systems, due to the lack of  
such knowledge, non-optimal methods of  
receiving radio signals from RSES are used. 
However, the RESS aviation systems contain 
information about the received signals, which 
is used in solving the recognition problem 
and is contained in the catalog of  types of  
radioactive sources. In it, each type is assigned 
a description in space of  radio technical 
parameters, such as carrier frequency, pulse 
duration, spectrum width, and others. Based 
on these data, it seems possible to form 
matched filters with each type from the RSES 
catalog [2].

Obviously, not all RSES, and some are not 
fully represented in the catalog of  types of  
RSES, especially during the period of  active 
opposition of  RSES to the RESS aviation 
systems. Therefore, the proposed method for 
increasing the efficiency of  detecting signals 
of  radiation sources should be considered as 
an addition to the existing methods. At the 
same time, in the course of  a regular RESS, 
one should expect a decrease in the number 
of  such RSESs and, consequently, an increase 
in the value of  the proposed method in RESS 
aviation systems.

The consistent use of  a correcting and 
matched filter with the type of  RSES will 
increase the efficiency of  detecting signals from 
these RSESs due to a significant increase in the 
signal-to-noise ratio at the detector input.

2.2 methods for implemeNtiNG filters

2.2.1 implemeNtatioN method of the 
eQualizatioN filter

The proposed method for the implementation 
of  a correcting filter in digital form makes it 

possible to adjust its parameters individually 
for each channel of  the receiving path. It is 
based on the determination of  the values  of  
the correcting filter on a finite set of  frequency 
samples using the Parks-McClellen algorithm. 
They are calculated using the firpm(…) function 
in the MATLAB software package, which allows 
you to obtain filter coefficients with a finite 
impulse response.

Let the initial frequency response ( )S n  of  
the receiving channel, obtained at n = 1,2, ..., N 
frequency samples, be known, which distorts the 
received signal. Then the frequency response of  
the correcting filter that compensates for these 
distortions at each frequency point must satisfy 
the condition:

| ( ) | ,
( ) ( ) ( ) ( )

a a a ac cK n
S n S n S n S nκ

ε ε
− ≤ ≤ +

   

 (1)

where ca – some coefficients to which the 
correction occurs; εa – permissible deviation of  
the frequency response from the values  to which 
the correction occurs; | ( ) |K nκ

  – AFC of  the 
correcting filter.

As an example, Fig. 1 shows the original 
normalized frequency response of  the receiving 
channel approximated by line segments, where a 
solid line indicates its part in the used frequency 
band, and dashed lines - its part in unused 
frequency bands. For this frequency response of  
the receiving channel at εa = 0.02, in accordance 
with condition (1), the frequency response of  the 

INFORMATION PROCESSING ALGORITHMS IN 
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Fig. 1. Initial normalized AFC of  the receiving channel.
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correcting filter is determined, which is shown in 
Fig. 2.

The ideal, initial AFC of  the receiving 
channel and the AFC of  the receiving channel 
with a compensation filter are shown in Fig. 3. 
The root-mean-square deviation of  the initial 
frequency response of  the receiving channel from 
the ideal is 1.4·10-1, and the standard deviation 
of  the frequency response of  the receiving 
channel, taking into account the compensation 
filter, from the ideal is 1.9·10-4.
2.2.2 implemeNtatioN method of a filter 
matched to the type of rses
The description of  the types of  RSESs in the 
space of  radio technical parameters depends 
on the completeness and inaccuracy of  a 
priori information about them. The specified 
description is determined by the alphabet of  

the features of  the types and the density of  the 
probability distribution of  the values of  the 
features for each type.

The method of  implementing the filter, 
matched with the type of  RSES, is reduced to 
the definition of  the operator L of  transition 
from the parametric description of  the s-type 
RSES to the expression of  the impulse 
response h[s] of  the filter matched with it, 
where 1, Bs N= , Nb is the number of  types in 
the catalog.

In the case of  an unknown distribution 
law of  RTP values, the description of  the 
RSES types is, as a rule, specified in the 
known boundaries [ ] [ ]

max max,  s sλ λ  in the form of  a 
multidimensional uniform probability density 
of  RTP values. The composition of  vectors 

[ ] [ ]
max max,  s sλ λ  of  the catalog of  types of  RSES in 

the RESS:
[ ] [ ] [ ] [ ] [ ]
max 0max max max max
[ ] [ ] [ ] [ ] [ ]
min 0min min min min

[ , , , ] ,
[ , , , ] .

s s s s s T

s s s s s T

f T F
f T F

λ τ

λ τ

= ∆

= ∆

Then the procedure for determining the 
impulse response of  a filter matched to the type 
of  RSES can be written in the form

[ ] [ ] [ ]
max min{ , }.s s sh λ λ= L

The calculation of  filters agreed with the 
types of  RSES is performed once before 
the RESS. On the basis of  the calculated 
coefficients in the digital processing unit, the 
corresponding digital filters are formed, which 
are used in the RESS process when detecting 
RSES signals [5].

If  in the catalog of  RSES types their 
description is limited by the carrier frequency 
and the signal spectrum width, then 

[ ] [ ] [ ] [ ] [ ] [ ]
max 0max max min 0min min[ , ] ,  [ , ] .s s s T s s s Tf F f Fλ λ= ∆ = ∆  and 

the implementation of  a filter consistent with the 
s-th type of  RSES, is reduced to the formation 
of  a band-pass digital filter. In this case, the 
operator L is the firpm(…) function of  the 
MATLAB batch application, which calculates 
the coefficients of  the desired filter with a finite 
impulse response. The values (f0 max + ΔFmax ) and 
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Fig. 2. Frequency response of  the correcting filter.

Fig. 3. AFC: (1) - initial receiving channel; (2) - a 
receiving channel with a compensation filter; (3) - perfect.
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(f0 min – ΔFmax). are specified as the bandwidth 
frequencies in the calculation.

It should be expected that in the case of  
a description of  the types of  RSES by a large 
number of  RTPs and the known law of  their 
distribution, the calculation of  filter coefficients 
matched with the type of  RSES will become 
more complicated, and the signal-to-noise ratio 
at their output will increase.
2.3 evaluatioN of the effectiveNess of 
the proposed method for iNcreasiNG the 
efficieNcy of detectiNG siGNals of rses
Evaluation of  the effectiveness of  the proposed 
method for increasing the efficiency of  detecting 
signals of  RSES is based on comparing the 
efficiency of  an autocorrelation detector of  one 
receiving channel with and without the use of  
correcting and matched with the type of  RSES 
filters.

Fig. 4 shows a diagram of  an autocorrelation 
detector of  one receiving channel using a 
correction filter Кк(n) and a filter Кс(n), matched 
with the s-type of  RSES.

Efficiency assessment was carried out in the 
MATLAB programming environment.

The signal is generated in accordance with 
the following description of  the RSES type:
[Pulse sequence, τmin = 3 μs, τmax = 5 μs, Tmin 
= 10 μs, Tmax = 15 μs, f0min = 170 MHz, f0max  
= 180 MHz, ΔFmin = 200 kHz, ΔFmax = 333 
kHz].

The signal is in white Gaussian noise. The 
normalized frequency response of  the receiver 
input circuits corresponds to the frequency 
response shown in Fig. 2.

The probabilistic characteristics of  correct 
signal detection, presented in Fig. 5, are plotted 
for three cases:
1. Only a correction filter is used;
2. A correcting filter and a filter matched to the 

type of  RSES are used;
3. Without the use of  corrective and matched 

with the type of  RSES filters.
It can be seen from the graphs that the combined 
use of  correcting and type-matched RSES filters 
gives a gain in comparison with a receiver built 
without their use, in terms of  the signal-to-noise 
ratio by 9 dB, which leads to an increase in the 
signal detection range by 2.8 times.

3. IMPROVING THE ACCURACY OF 
DETERMINING THE LOCATION OF 
IRI IN THE AVIATION ELECTRONIC 
SURVEILLANCE SYSTEM
3.1. characteristics of determiNiNG 
the locatioN of rses iN the aviatioN 
electroNic surveillaNce system

In the RESS aviation systems, the coordinates 
of  the RSES and the errors of  their estimation 
are most often determined from the set of  
measured bearings. For this, a method based on 
the Kalman filter, the method of  least squares 
of  angle corrections, etc. are used. The general 

INFORMATION PROCESSING ALGORITHMS IN 
AVIATION ELECTRONIC SURVEILLANCE SYSTEMS

Fig. 4. Schematic of  an autocorrelation detector of  one 
receiving channel.

Fig. 5. Dependence of  the probability of  correct signal 
detection on the signal-to-noise ratio: 1 - using only a 
correction filter; 2 - use of  a correction filter and a filter 
matched to the type of  RSES; 3 - without using a 
corrective filter and a filter matched to the type of  RSES.
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and necessary condition for the implementation 
of  these methods is the assignment of  an initial 
estimate of  the coordinates of  the RSES. The 
estimation result depends significantly on the 
accuracy of  the initial estimate, especially with 
a small number of  bearings. Due to the large 
error of  the initial estimate of  coordinates, in a 
number of  cases, there is a "migration" of  the 
estimate of  the coordinates of  the RSES during 
their further refinement. At the same time, the 
experience of  using the RESS aviation systems 
has shown that a number of  RSESs operate 
for a short time, which also leads to the need 
to determine their location based on a small 
number of  bearings received.

The accuracy of  the estimate is usually 
characterized [6] by the mean value of  the squared 
error, which is equal to the sum of  the variance 
of  the estimate and the squared systematic 
error (bias) of  the estimate. The expressions for 
calculating the variance Dλ of  the estimate λ of  
the true coordinates of  the RSES λ0 are known. 
In modern aviation RESS systems, the systematic 
position determination error is not analyzed or 
eliminated, although the magnitude of  this error, 
depending on the observation conditions, can be 
significant (up to several kilometers).

This part of  the work is devoted to the 
analysis and elimination of  the systematic error 
in determining the position of  the radioactive 
sources in the AB RESS.
3.2. aNalysis of the systematic error iN 
determiNiNG the positioN of radioactive 
sources iN the ab ress
The systematic error in determining the location 
of  the RSES can be defined as

0{ } ,λ λ∆ = −M
where { }λM  is the mathematical expectation 
of  the estimate, { } ( ) ;p dλ λ λ λ= ∫M  p(λ) is the 
probability density of  the estimate. For the case 
of  a stationary local rectangular coordinate 
system OXY when the aircraft is flying along 
the abscissa axis λ = [x,y]T, λ0 = [x0,y0]

T, ∆ = 
[∆x,∆y]T, where x, y – respectively, the abscissa 

and ordinate of  estimating the location of  a 
stationary ground-based RSES, x0, y0 are its true 
abscissa and ordinate, respectively, ∆x, ∆y is a 
systematic error in estimating the location of  a 
stationary ground-based RSES on the abscissa 
and ordinate, respectively, t is the transposition 
sign. In the process of  work, the expression 
for the probability density p(x, y) of  the initial 
estimate of  coordinates was obtained [3] when it 
was formed from two bearings:

2 2
0 0 0 0

3 2
0

2 2
02 0

0 0

( , )

[ (( ) / ) ] [ (( ) / ) ]
exp

2
,

2 1 1

j i i i j j

ji

p x y

x x arctg x x y arctg x x y
y

x xx x
y y

α α
σ

πσ

=

 − − − − − − − 
 
  =

   −   −   + +   
         

 

where (xi, 0) and (xj, 0) are the coordinates 
of  the aircraft, in which the initial and final 
bearings were measured, respectively; αi and αj –
measurements of  the initial and final bearings, 
respectively; σ – standard deviation (RMS) of  
bearing measurement.

Fig. 6 and 7 show, respectively, the projection 
of  the normalized probability density p(x, y) onto 
the OXY plane and the section of  the probability 
density p(x, y) by the plane perpendicular to the 
OX axis and passing through the point (0,0). In 
this case, the following are given: the true position 
of  the RSES at the point (0; 100) km; the bearing 
was measured when the aircraft was at the points 
(–15; 0) km and (15; 0) km, which corresponds 
to the bearing base L = 30 km; RMS of  bearing 
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Fig. 6. Projection of  the probability density p(x, y) onto 
the OXY plane.
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measurement 1 degree. In Fig. 6, the value of  
the probability density is expressed in black and 
white gradient. From the analysis of  the graphs 
it follows that the probability density distribution 
of  the initial coordinates of  the RSES p(x, 
y) is unimodal and has a positive asymmetry. 
This type of  probability density is confirmed 
experimentally when constructing a histogram. 
During the simulation, it was found that the 
probability density graph tends to a symmetric 
form when the angle between bearings tends to 
109°.

Figs. 8, 9 show the graphs of  the 
dependence of  the systematic error Δy and Δx, 
respectively, of  the initial estimate of  the RSES 
on the distance D to the RSES. The range to 

the RSES is defined as the distance between the 
center of  the DF base and the true location of  
the RSES. The plots were constructed with the 
RMS of  the bearing measurement σ = 1° and the 
bearing base L = 30 km. The angle φ  between 
the perpendicular to the center of  the bearing 
base and the direction to the RSES changes in 
the values of  0°, 30°, 60°. The range D to RSES 
varies from 50 km to 200 km. From the analysis 
of  the graphs it follows that the systematic 
error increases nonlinearly with an increase in 
the range to the RSES, and with the RMS of  
measuring the bearing of  the order of  a degree 
at long ranges, it can be several kilometers.

3.3. alGorithm for elimiNatiNG the 
systematic error iN determiNiNG the 
locatioN of the rses iN ab ress
Elimination of  the systematic error in 
determining the position of  the RSES is possible 
only under the known observation conditions 
and its true position. In practice, this information 
is obtained only after performing the RESSand 
analyzing the data. Since there is no way to obtain 
the location of  the RSES without preliminary 
collection of  information [7], the elimination of  
the systematic error is also possible only after the 
end of  data acquisition. In view of  the fact that 
it is not always possible to obtain an unbiased 
estimate of  the position of  the RSES with the 
help of  the RESS, a method is needed that 
allows, on the basis of  the obtained observation 
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Fig. 7. Section of  the probability density p (x, y) by a 
plane perpendicular to the OX axis and passing through 

the point (0,0).

Fig. 8. Dependence of  the displacement Δy on the range 
D at σ = 1° and L = 30 km.

Fig. 9. Dependence of  the displacement Δx on the range 
D at σ = 1° and L = 30 km.
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conditions for the estimation of  the position 
of  the RSES, to determine and eliminate the 
systematic estimation error.

As a result of  the RESS, the following 
became known: the estimate ˆ ˆ ˆ{ , }x yλ =  of  the 
coordinates of  the RSES, hereinafter called the 
initial one; their estimation error R̂ ; coordinates λi 
= {xi,yi} of  the aircraft at the moments of  bearing 
measurements; bearing values {αi}, where i = 1,2, 
..., N, N - the number of  measured bearings; 
RMS deviation of  bearing measurement σ. It is 
required to eliminate the systematic error Δ in 
determining the position of  the RSES with an 
acceptable accuracy Δadd.

In the developed algorithm, the systematic 
error is eliminated by the successive 
approximation method based on the RESS 
simulation. Simulation of  the RESS consists 
in repeated tests, where the coordinates of  
the RSES are estimated under known initial 
conditions and the measurement of  the bearing 
with an error introduced by the random 
number sensor, as well as in the estimation of  
the statistical parameters of  the coordinates. 
The block diagram of  the algorithm is shown 
in Fig. 10. The algorithm can be conditionally 
divided into three stages: 1) determination of  
the number of  tests for simulation of  RESS 2) 
determination of  the straight line, on which the 
position of  the RSES is refined by the method of  
successive approximation; 3) cyclic refinement 
of  the location of  the RSES.

At the first stage of  the algorithm, the 
location estimate λ̂  is taken as the true position 

*
0λ , and statistical simulation of  the RESS is 

performed with a limited number of  tests N0. 
The standard deviation σN0 of  the obtained 
estimate *

0Nλ  and the number of  tests N, 
for which the standard deviation σN of  the 
coordinate estimates * { , },m m mx yλ ∗ ∗=  determined 
in the cyclic refinement of  the true location of  λm 
RSES at the m-th step of  the cycle, will be, with 
a confidence level P, an order of  magnitude less 
than the permissible deviation Δadd. The number 
of  tests N is determined from the inequality [4]

2

2
0

( ) ,
0.1 N

perm

t PN σ
 

≥  
∆  

where t(P) is found from the equality 2Φ(t) = P, 
Φ(t) is the probability integral.

At the second stage of  the algorithm, the 
statistical simulation of  the RESS is repeated 
with the number of  tests N and the estimate of  
coordinates λ*, its systematic error Δ* and the 
correlation matrix R* are determined. A straight 
line is constructed passing through the points 
λ̂  and λ̂∗ . The direction of  movement along a 
straight line is determined by the value of  the 
angle γ between the extreme bearings to the 
point 0λ

∗ .
At the third stage of  the algorithm, a cycle 

of  refinement of  the coordinates of  the RSES 
is performed by selection on a straight line 
by the method of  successive approximation 
of  coordinates λm = λm-1 – kΔ* at the m-th 
step of  the cycle, where m = 1,2, ..., M, M is 
the number steps required to exit the loop, 
k is the bias correction factor. At each step, 
statistical simulation of  the RESS is performed 
with the number of  tests N, and an estimate 
of  the coordinates mλ

∗  is determined. If  at the 
coordinates λm the condition | mλ

∗  – λ*| < Δдоп is 
satisfied, then the true position *

0λ  = λm of  the 
RSES is determined with sufficient accuracy, 
otherwise a new iteration of  the correction of  
coordinates λm begins, while changing the sign 
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Fig. 10. Algorithm block diagram.
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and magnitude of  the correction in the case of  
"jumping over".
3.4. evaluatioN of the efficieNcy of the 
alGorithm for elimiNatiNG the systematic 
error iN determiNiNG the positioN of 
the radioactive source iN the aviatioN 
electroNic surveillaNce system

The algorithm was tested on a PC using the 
MATLAB computing environment version 
R2019b. The performance of  the PC was 
determined using the "bench (100)" function, 
which shows the averaged values of  the 
execution time, among others, the "LU", 
"FFT" tests (operations with floating point 
numbers), respectively equal to 0.2174 s and 
0, 1399 s.

The RESS simulation was carried out under 
the following initial conditions: the range D 
to the RSES varies from 50 to 200 km, the 
direction finding base is L = 30 km; 2 bearings 
measured symmetrically in one test; RMS of  
bearing measurement 1 degree; the number of  
tests for one iteration of  the RSES  coordinates 
correction is equal to N = 107. The execution 
time of  one iteration was 160 s.

Fig. 11 shows the dynamics of  changes in 
the deviation 0λ

∗  – λ0 at D = 200 km, in Fig. 12 
– the graph of  the dependence of  the deviation 
of  the initial and corrected estimates from the 
true position of  the RSES  on the distance D. 

Analysis of  the graphs shows that the systematic 
error decreases significantly already at the first 
iteration cycle of  the algorithm, and further 
reduction is achieved after several subsequent 
iterations. At a distance of  D = 200 km, the 
ordinate systematic error decreases from 6 km to 
18 m; at smaller ranges, the result is significantly 
improved and amounts to a few meters. The 
systematic error along the abscissa in all cases 
does not exceed 1 m, which is insignificant 
within the framework of  this problem. Thus, 
the developed algorithm provides effective 
elimination of  the systematic error in estimating 
the position of  the RSES.

4. IMPROVING THE EFFICIENCY OF 
RSES RECOGNITION
4.1 characteristics of the solutioN to the 
problem of recoGNitioN of rses
For the case of  stationary sources of  radio 
emission, the distance between which is greater 
than the root-mean-square error in determining 
their coordinates, the problems of  detection 
and estimation can be solved with high 
reliability. However, the analysis of  modern 
RSES showed that most of  them change their 
location, the distance between them may be less 
than the mean square error in determining their 
coordinates, widespread use in the region of  the 
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Fig. 11. Dynamics of  the deviation of  the corrected 
coordinates of  the RSES from the true ones at D = 

200 km.

Fig. 12. A graph of  the dependence of  the deviation of  
the initial and corrected estimates from the true position 

of  the RSES on the range D.
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4.2 aNalysis of methods for storiNG the 
diGitized siGNal of RSES iN the ress 
system

There are two known methods for storing the 
digitized signal of  RSES in RESS systems.

The first method is the automatic saving of  
all digitized signals of  the RSES. In view of  the 
large number of  RSESs and, accordingly, the 
signals received from them, this method places 
high demands on the RESS system in terms 
of  the throughput of  the channels for storing 
digitized signals, on the speed and volume of  
the memory device. In this regard, if  a large 
number of  digitized signals are transmitted over 
a radio channel, the secrecy of  the operation 
and the noise immunity of  the RESS system 
will decrease. At the same time, the experience 
of  using RESS systems has shown that out of  
all the stored digitized signals, only a small part 
of  them (less than 20%) can subsequently be 
claimed. The latter testifies to the inexpedient 
use of  the computing resources of  the RESS 
system in this method and the need to solve 
the problem of  selecting the required digitized 
signals before storing them.

The second method is the automated saving 
of  only the required digitized signals. This 
is achieved by changing the operator of  the 
preset operating mode of  the RESS system 
by adjusting it for frequency selection of  the 
required signals and saving them in digital form. 
Due to the limited storage space of  the RESS 
system, the recording time of  a digitized signal 
may be shorter than its duration. As a result, the 
operations of  recording the required signal by 
the operator are repeated many times, and in 
general a lot of  time is spent on this. Therefore, 
this method is characterized by a low throughput 
for storing digitized signals.

The developed method implements the 
automatic storage of  the required digitized 
signals from the RSES. It eliminates the 
disadvantages of  the first method by selecting 
the required signals before storing them and 

same type of  RSES, and the degree of  overlap 
of  possible values of  parameters of  different 
types is such that it will not allow solving the 
recognition problem definitely. At the same 
time, in the RESS aviation systems, as a rule, 
information about the RSES is received with 
significant frequency. All of  the above factors 
significantly reduce the capabilities of  the RESS 
aviation systems, not only in opening the RESS, 
and even more so in identifying and analyzing 
the changes that have occurred in the RESS 
area, accompanying the RESS and forming their 
radio technical portrait.

One of  the ways to overcome these 
difficulties is to obtain from the received 
signals of  the RSES, not only the values of  
radio technical parameters - identification signs 
already used in recognition, but also additional 
information. Additional information in the 
form of  measured values, highlighted individual 
identifying signs, will increase the detail of  
recognition of  radioactive sources up to a copy 
and, consequently, the effectiveness of  their 
opening, tracking, identification and analysis 
of  the changes that have occurred in the RESS 
area, clarification and addition of  existing radio 
technical portraits of  radioactive sources. This 
became possible due to the digital nature of  
information processing in modern aviation 
systems of  the RESS, the intensive development 
of  its algorithms and the corresponding element 
base.

However, the number of  RSESs in the 
modern RESS area is so great that it is not 
possible to obtain additional information on 
all RSESs on a time scale close to real, due to 
the limited capabilities of  the RESS aviation 
systems. A prerequisite for obtaining additional 
information about the RSES is the preservation 
of  their received digitized signals for subsequent 
processing.

This part of  the work is devoted to the 
preservation of  the received RSES signal in a 
digitized form in the RESS aviation system.
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the disadvantages of  the second method by 
automatically performing this procedure. In 
this method, the possibilities of  selection are 
significantly expanded by including additional 
selection conditions in it: by the type of  RSES; by 
radio technical parameters, including frequency; 
at the location of  the RSES; on the reliability of  
information about the received signals.
4.3 alGorithm for automatic saviNG of the 
reQuired diGitized siGNals of rses
To automatically save the required digitized 
signals, tasks containing selection conditions are 
introduced into the RESS aviation system.
At the first stage of  processing, after evaluating 
the radio technical parameters of  the received 
signal, its belonging to the types of  the radio 
emission source represented by the catalog of  
types can be determined. The assignment of  the 
types of  radiation sources, the digitized signals 
of  which need to be stored, is considered as one 
of  the ways of  their selection in the space of  
radio technical parameters. Taking into account 
that not all interested RSESs or their signals, in 
particular new ones, are described in the catalog 
of  types, another way of  such selection is to 
determine whether the received signals belong to 
specified intervals of  radio technical parameters.

At the second stage of  processing, after 
assigning the received signal to one previously 
(at the previous step of  observation) detected 
radio emission source, the coordinates of  which 
have been determined, selection is carried out at 
the location of  the RSES. For this, the areas of  
observation of  the RSES are set, the signals of  
which must be stored in a digital form.

Since the information about the received 
signals significantly depends on the RESS 
conditions and has a probabilistic nature, in 
the process of  its processing the parameters 
characterizing its reliability are estimated. To 
preserve reliable information in the developed 
algorithm, threshold values of  these parameters 
are set: the reliability of  the received signal, the 
probability of  recognizing the type of  RSES, 

the size of  the largest semi-axis of  the ellipse 
of  the error in determining the coordinates of  
the RSES. Exceeding the preset threshold values 
is an additional way of  selecting the received 
signals for recording them in digital form.

The developed algorithm for automatic 
storage of  the required digitized signals of  RSES 
is presented in the form of  a block diagram in 
Fig. 13.

The input data of  the algorithm is presented 
in Blocks 2-4. Block 2 – Data on the received 
signal, received on the i-th observation interval: 
number of  the type of  RSES; the probability 
of  recognizing the type of  RSES; RTP of  the 
received signal; the value of  the RTP reliability 
parameter; the decision on the belonging of  the 
received signal to the RSES, the coordinates of  
which are determined. Block 3 – Data on RSES 
on the i-1 observation interval: coordinates of  
RSES: value of  the parameter of  reliability of  
coordinates of  RSES Block 4 – Task data for 
saving digitized files: number of  the specified 
type; type recognition probability threshold; 
specified RTP intervals; the threshold of  

INFORMATION PROCESSING ALGORITHMS IN 
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Fig. 13. Block diagram of  the algorithm for automatic 
storage of  the required digitized signals of  RSES.
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reliability of  the parameters of  the received 
signal; the given parameters of  the observation 
area of  the RSES; required number of  stored 
digitized signals.

Checking the fulfillment of  the selection 
conditions according to the task is represented 
by Blocks 5-14.

The completion of  the task is achieved by 
executing, represented by Block 5, the equality of  
the number of  previously stored digitized signals 
represented by Block 14 with a given number. 
It should be noted that when entering a task, 
the counter of  the number of  stored digitized 
signals is reset to zero.

Evaluation of  the effectiveness of  
the developed algorithm showed that its 
implementation requires insignificant computing 
resources and will provide in modern aviation 
RESS systems automatic background storage of  
the received signals in digital form according to 
the task in a time scale close to real.

5. CONCLUSION
The analysis of  solving the problems of  detection, 
positioning and recognition of  radioactive 
sources performed in this work substantiated 
the importance of  the proposed methods for 
increasing their efficiency and determined the 
directions for the development of  appropriate 
information processing algorithms in modern 
aviation RESS systems. The interdependence of  
the decisions made at each stage of  information 
processing is used in the proposal for the use 
of  correcting filters that are consistent with the 
type of  RSES when detecting signals and saving 
them in digital form.

The performed modeling of  the proposed 
methods and the developed algorithms for 
information processing confirmed their 
feasibility and increased efficiency in modern 
aviation RESS systems. The signal-to-noise ratio 
increases significantly in the receiving channels 
that use information about the types of  radiation 
sources (in the example considered, the increase 
in the signal-to-noise ratio was 9 dB. With a 

permissible accuracy equal to 0.1 MSE, the 
systematic error in determining the position of  
the RSES is eliminated. Provides a background 
automatic saving of  the received signals in a 
digital form according to the task in a time 
scale close to real in order to obtain additional 
information about RSES, their individual 
recognition, tracking, identification and analysis 
of  the changes that have occurred in the RESS 
area.
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1. INTRODUCTION
In 1896, A. Becquerel discovered the natural 
radioactivity of  uranium salts. Two years later, E. 
Rutherford and P. Villard showed that radioactive 
rays are composed of  alpha, beta and gamma 
radiation. And in 1903, E. Rutherford and 
F. Soddy put forward a hypothesis about the 
transformation of  chemical elements in the process 
of  their radioactive decay. The nuclear nature of  
radioactivity was understood by Rutherford after 
he proposed a nuclear model of  the atom in 
1911 and came to the conclusion that radioactive 
radiation arises from nuclear processes that occur 

inside the atomic nucleus. In 1934, this conclusion 
was confirmed by the discovery, by the spouses 
Irene and Frederic Joliot-Curie, of  artificial 
radioactivity and the discovery, in 1938 by O. 
Hahn and F. Strassmann, of  uranium fission under 
the action of  neutrons. Since then, radioactivity 
and nuclear reactions with the transformation of  
some chemical elements into other elements have 
always gone “hand in hand”. And the scientific 
community came to a stable, firm opinion that 
nuclear reactions are always accompanied by 
radioactive radiation.

However, almost a century after the discovery 
of  radioactivity, in 1989-1992, dramatic events took 
place in nuclear physics, marked by the unexpected 
discovery of  “impossible”, radiationless and low-
energy nuclear reactions.

Due to the development, at the end of  
the last century, of  analytical instrumentation 
and computer technology, certified analytical 
laboratories for general use began to be created 
everywhere to perform the investigation of  
substances and materials. One of  the goals of  
those studies was to determine the presence of  
chemical elements and their amount in selected 
materials and samples. Analytical laboratories 
typically include mass spectrometers with various 
types of  ion sources, atom-emission- and X-ray-
spectrometers, including electron microscopes, 
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which allow X-ray microprobe analysis of  
substances and materials. Researchers have now 
the opportunity, to obtain, with extreme sensitivity 
levels [1], independent, reliable information 
about the mass, elemental composition of  both 
geological samples and materials obtained in 
various experiments.

It turned out that “extraneous” chemical 
elements were found in the medium, in many 
physical experiments related to electron impact 
on a condensed matter, after their completion, 
which were absent in that medium before the 
start of  the impact. It is extremely important 
to note that the isotopes of  the “extraneous” 
elements were stable, i.e. non-radioactive. The 
amount of  “extraneous” elements obtained could 
not be explained by the impurities of  chemical 
elements present in the reaction volumes. In some 
experiments, “extraneous” elements accounted 
for tens of  percent of  the total mass of  the 
condensed matter. Later on, the production of  
“extraneous” elements in processes different from 
ordinary nuclear reactions was called low-energy 
transmutation of  atomic nuclei of  chemical 
elements. The transmutation is a transformation 
of  some chemical elements into other chemical 
elements in weakly excited condensed matter. 
Still later, low-energy nuclear transmutation and 
Cold nuclear Fusion (CF) were combined under 
the general name Low Energy Nuclear Reactions 
(LENR) or Condensed Matter Nuclear Science 
(CMNS).

Low-energy nuclear reactions are not a special 
case of  conventional nuclear reactions. They occur 
everywhere in the Universe and are the basis for 
the formation of  a new paradigm. Just as the 
new paradigm does not include the old paradigm, 
so low-energy nuclear reactions do not include 
conventional, collisional nuclear reactions.

Let's identify this new paradigm.

2. LOW-ENERGY NUCLEAR REACTIONS
2.1. cold fusioN

The cold fusion reaction (CF) was implemented 
by S. Pons and M. Fleischman in 1989 at the 
palladium (Pd) cathode electrolysis of  a solution of  
deuterated lithium hydroxil in heavy water (0.1M 

LiOD in a solution 99.5% D2O + 0.5% H2O) [2]. 
They reported that a significant amount of  excess 
heat is released during electrolysis, which cannot 
be explained by chemical reactions. In addition, a 
weak neutron flux (n) and tritium (t) generation 
was detected in those experiments. Those results 
allowed the authors to draw a conclusion about 
the nuclear origin of  excess heat and to assume 
that the following nuclear reactions with deuterons 
(d) take place in palladium electrode:
d + d → 3He + n + 3.26 MeV,       (1)
d + d → t + p + 4.03 MeV.        (2)

Similar thermonuclear reactions (1) and (2) 
begin to proceed at a temperature of  ~ 100 million 
degrees (12.9 keV).

Some time later, other researchers [3] found 
that reactions with tritium yield were up to 109 

times more intense than reactions with neutron 
yield. Thermonuclear reactions (1) and (2) proceed 
with equal yield.

Further investigations have shown that the 
electrolysis gas resulting from electrolysis in CF 
reactions contains the helium isotope 4He, and its 
amount correlates with the energy released in the 
fusion reaction [4]. Thus, an energy of  ~32 MeV 
is released per 4He atom. Since 4He is synthesized, 
then, the following reaction proceeds:
d + d + Pd → 4He + 23.8 MeV + Pd.

But the energy yielded in this reaction would 
be not enough for the existing correlation 
in the production of  4He atoms with the 
energy released. Therefore, other, additional 
CF reactions should proceed in parallel. For 
example, during the formation of  a nuclear 
molecule (d-PdN), consisting of  a deuteron and 
a palladium nucleus PdN, a reaction can occur 
with the capture of  a neutron by palladium [5], 
which is a part of  the deuteron nucleus, d ≡ 
(p − n):
d + PdN → PdN+1 + p + (8−2.224−2q) MeV,        (3)
where N is the number of  neutrons. In this 
reaction, an energy is released equal to the 
difference between the binding energy of  a 
neutron in a palladium nucleus (on average ~8 
MeV) and the binding energies of  a 2.224 MeV 
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deuteron and a doubled nuclear molecular bond 
q (d-PdN).

Thermonuclear d+d-reaction with the 
production of  the helium isotope 4He is well 
known, but it always proceeds with the emission 
of  gamma quantum γ with a probability of  10-7 
relative to reactions (1) and (2):
d + d → 4He + γ + 23.8 MeV.
No gamma quanta were found in CF reactions.

As a result, we can conclude:
Cold fusion reactions differ from thermonuclear 
reactions in their properties, and they occur at 
"room" temperatures.

2.2. low-eNerGy traNsmutatioN of atomic 
Nuclei of chemical elemeNts

S. Pons and M. Fleischmann used palladium as 
the cathode in their experiments with electrolysis. 
That was due to the fact that palladium dissolves 
hydrogen well. So, one volume of  Pd dissolves, 
under normal conditions, 850 volumes of  Н2, 
or there are 7 hydrogen atoms per 10 palladium 
atoms. Therefore, in CF experiments carried out 
by different authors, other metals that dissolve 
hydrogen well were often used, for example: Ti, 
Fe, Co, Ni, Pt. Or other methods were used to 
saturate palladium with hydrogen. One of  these 
methods is the method of  cathode saturation by 
means of  gas glow discharge.

The installation created by the authors of  
[6,7] for carrying out experiments with a gas glow 
discharge consisted of  a chamber with a cathode 
and an anode filled with a working gas to a 
pressure of  300–1000 Pa. Hydrogen, deuterium, 
argon, xenon and their combinations were used 
as the working gas. The glow discharge was 
carried out at a current density of  10-50 mА/
cm2 and a discharge voltage of  500-1400 V. The 
experiments continued for up to 120 hours. The 
material for the cathodes was 100 μm thick foils 
made of  palladium and other metals (Ti, Ag, Nb, 
etc.).

Samples of  cathodes were analyzed for the 
detection of  impurities of  chemical elements 
in them before and after the experiments. They 
applied the following methods for the analysis of  
the samples: spark, secondary ion and secondary 

neutral mass spectrometry, as well as the method 
of  X-ray microprobe analysis. The content of  
elements in the cathodes was recorded in a near-
surface layer 100 nm thick. The difference in 
the content of  impurities of  chemical elements 
before and after the experiments was interpreted 
as the production of  “extraneous” nuclides. 
“Extraneous” elements were mainly contained 
in the outgrowths formed on the surface of  
palladium cathodes. The size of  these formations 
reached 15 microns. The highest yield of  
“extraneous” nuclides was registered in a glow 
discharge in deuterium in a palladium cathode. 
The main nuclides (with a content of  more than 
1%) are 7Li, 12C, 15N, 20Ne, 29Si, 44,48Ca, 56,57Fe,  
59Co, 64,66Zn, 75As, 107,109Ag, 110-112,114Cd, 115In. Fig. 
1 shows the “extraneous” nuclides produced in 
the Pd cathode after its irradiation in a deuterium 
discharge for 22 hours at a discharge current of  
50 mA. The absolute number of  atoms of  these 
nuclides amounts to 1017.

For such elements as Li, B, C, Ca, Ti, Fe, Ni, 
Ga, Ge, etc., a change in the natural isotope ratio 
was recorded, for some elements by several tens 
of  times. For example: depending on the location 
on the cathode, the 57Fe/56Fe ratio varies from 25 
to 50 times, while the natural ratio is 57Fe/56Fe = 
0.024. At the same time, some basic isotopes are 
absent, for example: 58Ni, 70,73,74Ge, 113,116Cd. In 
addition, a change in the natural ratio of  palladium 
isotopes is observed in Pd cathodes.

TOWARDS A NEW PARADIGM

10 20 30 40 50 60 70 80 90 100 110 120
0,01

0,1

1

10

Pd

118Sn

107Ag

109Ag
114Cd

110Cd

96Mo88Sr

56Fe 75As
66Zn

59Co

57Fe48Ca 
40Ca 

44Ca 12C

7LiCo
nc

en
tra

tio
n, 

%

A, a.m.u.
Fig. 1. “Extraneous” nuclides produced in a Pd cathode in a 
deuterium glow discharge. Palladium isotopes are highlighted 

with blue lines, without their relative abundance.
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During the glow discharge and after it was 
turned off, gamma radiation was recorded, 
by means of  a Ge(Li) detector, in the energy 
range 0.1–3.0 MeV. The analysis of  gamma 
spectra showed that the emitters are neutron-
rich nuclei with masses from A = 16 to A = 
136, that yield β-radioactive decay chains. 
However, according to the authors' estimates, 
the number of  stable isotopes formed as a 
result of  transmutation is 109-1013 times greater 
than that of  radioactive isotopes. In addition, 
the tracks of  3 MeV protons and 14 MeV 
α-particles with an intensity of  10-15 s-1·cm-2 
were recorded, with the help of  CR-39 plastic 
detectors, in all experiments. The value of  the 
energy of  the registered protons allows, on the 
basis of  the reaction equation (3), to estimate 
the energy of  the nuclear molecular bond of  the 
deuteron with the palladium nucleus (d-PdN): 3 
≈ 8–2.224–2q (MeV). Therefore, q ≈ 1.4 MeV.

The authors of  [8,9] draw attention to the 
registration of  unknown particles, which leave 
“strange” traces - tracks in X-ray and nuclear 
photographic emulsions. The size of  the tracks 
varies from one to tens of  millimeters. The form 
of  these tracks is unusual and various; these 
are broken lines, rectilinear, curved and spiral 
lines that consist of  separate spots. The spots, 
in turn, can be in the form of  circles, ellipses, 
horseshoes. The authors underline the amazing 
ability of  “strange” particles to penetrate into 
the metal and move around in it. Particles can 
escape from the metal, after they have changed 
its structure and composition and have left 
behind traces similar to those that remain on 
photographic emulsions.

Separately, the author [10, 11] investigated the 
emission of  X-rays radiation from a palladium 
cathode in a high-current ~150 mA glow 
discharge of  deuterium and hydrogen, as well as 
the production of  excess thermal power.

In those experiments, X-ray radiation with an 
energy of  1.5-2 keV with an intensity of  up to 
100 roentgen/sec was registered and three various 
modes of  X-ray emission were revealed when the 
parameters of  the glow discharge were changed: 
diffuse X-ray radiation, radiation in the form of  

narrowly directed X-ray microbeams, and super-
powerful generation of  X-ray radiation. The 
microbeam diameter at a distance of  200 mm 
from the cathode was estimated to be 10–20 μm, 
and the angular divergence was ~10-4. The author 
notes the anomalously high penetrating power of  
X-ray microbeams in continuous metallic media. 
The stationary power of  the super-powerful 
generation of  X-ray radiation is estimated to be 
up to 10 W at a stationary electric discharge power 
of  50 W.

The excess power was measured with a water 
flow calorimeter. The measurement system made 
it possible to control the input electrical power and 
the thermal power removed by the cooling water 
with an accuracy of  ±0.5 W with an absolute 
value of  electrical power up to 120 W. In some 
experiments, the excess thermal power was several 
tens of  W and amounted up to 50%.

The properties of  reactions of  low-energy 
transmutation of  elements (hereinafter referred to 
as LTE or transmutation), revealed in experiments 
with a glow discharge, are characteristic of  
other experiments that have nothing to do with 
cold nuclear fusion. For example: in industrial, 
electronic, zone melting of  zirconium ingots in 
a vacuum furnace [12]; in explosions of  metal 
targets irradiated by a powerful pulse of  electrons 
[13,14]; during explosions in liquid dielectric media 
of  metal foils, through which a powerful pulse of  
electric current was passed [15,16]; when exposed 
to a pulsed current on a melt of  lead with copper 
[17]; when applying electric current in water-
mineral media [18]; with ultrasonic treatment of  
aqueous saline solutions [19]; when irradiated with 
braking quanta of  condensed gases [20-22]; in 
growing biological structures [23-25] and in many 
others [18,26,27].

All above experiments were carried out by the 
authors dozens and hundreds of  times. The results 
of  experiments on the transmutation of  chemical 
elements are guaranteed to be reproduced and 
therefore there are no doubts about them.

The main properties of  low-energy 
transmutation reactions include:
• In all these experiments, new chemical elements 

appear that were absent in the starting material 
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before the beginning of  the transmutation 
processes. This indicates that the atomic nuclei 
of  some chemical elements are converted into 
atomic nuclei of  other elements.

• In the products of  transmutation, a ratio of  
isotopes of  chemical elements is registered 
that differs from the natural ratio.

• As a rule, in most experiments, the products of  
transmutation are stable isotopes of  elements. 
In special experiments, the conversion of  
radioactive isotopes into stable elements was 
carried out.

• Transmutation reactions are not accompanied 
by gamma and beta radioactive radiation.

• The yield of  transmutation products in some 
experiments reaches tens of  percent (10-25%) 
of  the total mass of  the condensed matter. This 
yield is incomparable with the yield of  such 
products in conventional nuclear reactions.

• In the reactions of  LTE, excess thermal, 
in some cases, electrical energy is released, 
the values of  which cannot be explained by 
chemical reactions.

• The experimental and calculated values 
of  the excess energy released in a separate 
transmutation reaction are small and range 
from tens of  keV to several MeV.

• In some experiments, the authors note that the 
process of  transmutation is accompanied by 
unknown radiation, which leaves its “strange” 
traces in photographic emulsions, on thin 
sections of  metals, and which, when interacting 
with a substance, change its structure and 
chemical composition.

• The methods of  the experiments on 
transmutation are extremely diverse and 
fundamentally different from the methods of  
nuclear physics.
As a result, two conclusions can be drawn:

1. Nuclear reactions take place in 
transmutation reactions, just as in cold 
fusion reactions.

2. The properties of  cold fusion reactions 
and transmutation reactions contradict 
to the properties of  conventional nuclear 
reactions.

3. NEW PARADIGM
The existing contradiction between conventional 
and low-energy nuclear reactions cannot be 
resolved otherwise than by way of  a worldview 
jump, like those made by the community of  
scientists: in the transition from the concept of  a 
flat earth to a spherical earth, from a geocentric 
system to a heliocentric system; when Newton 
discovered gravitational interaction and created 
classical mechanics; and in the transition from 
classical mechanics to quantum mechanics, 
special and general theory of  relativity; at the 
discovery of  electromagnetic, strong and weak 
interactions and at the discovery of  the atom and 
atomic nucleus.

According to T. Kuhn [28]: “a scientific 
revolution occurs when scientists discover 
anomalies that cannot be explained using the 
current paradigm, within which scientific progress 
has taken place up to this point. Therefore, the 
new paradigm should be considered not just 
as a current theory, but as a change of  a whole 
worldview, in which this paradigm exists along 
with all the conclusions made thanks to it”.

To make a real worldview transition, it is 
necessary to realize that in nature
• In a condensed medium, in a strong magnetic 

field, nuclear reactions occur at low energies! 
(In the reaction volume, excitation energy is < 
1 eV/atom).
In a vacuum, nuclear reactions occur at high 

energies (> 10 keV/nucleus − thermonuclear 
fusion). Here, vacuum is understood as the 
residual gas pressure (less than 10-2 Pa) required 
to accelerate elementary particles or heavy 
ions to energies sufficient for their subsequent 
implementation of  ordinary collisional nuclear 
reactions. Such a vacuum exists in interstellar space 
and in the vacuum chambers of  accelerators. All 
the rest: stars and planets are condensed matter, 
moreover, excited condensed matter.

Modern nuclear physics studies nuclear 
reactions that take place in a vacuum. At the same 
time, the scientific community projects a part of  
the laws of  nuclear physics operating in a vacuum 
onto condensed matter. In some cases, this is 
incorrect. Investigations of  low-energy nuclear 
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reactions occurring in weakly excited condensed 
matter are necessary and inevitable.

4. NEW STATE OF MATTER
Low-energy transmutation reactions of  interacting 
atomic nuclei cannot be explained within the 
framework of  the old paradigm, within the 
framework of  traditional physical concepts. 
There are three theoretical prohibitions for the 
phenomenon of  transmutation [16,29]:
1. The impossibility for atomic nuclei to 

overcome, at their collision, the Coulomb 
barrier between them.

2. Extremely small probabilities of  weak 
processes, which are responsible for the 
necessary conversion of  neutrons into protons 
or vice versa in order to obtain stable isotopes 
in the output channel of  transmutation 
reactions.

3. Low probabilities of  multiatomic and, 
therefore, multinuclear reactions even in the 
absence of  a Coulomb barrier. Multinuclear 
transmutation reactions must be introduced 
to explain the production of  heavy chemical 
elements in many experiments in a medium 
consisting of  light elements. Such heavy 
elements cannot be obtained in paired 
reactions that occur between light elements of  
the medium.
The above properties of  transmutation 

reactions and prohibitions on their occurrence in 
the system analysis revealed the requirements that 
must be fulfilled for the implementation of  low-
energy transmutation reactions [30]:
1. The electronic structure of  atoms and the 

nucleon structure of  nuclei must change. 
Atoms must turn into transatoms, and nuclei 
must turn into transnuclei.

2. The electrons of  the transatom must be close to 
the transnucleus. The electron wave functions 
should overlap significantly with nuclear wave 
functions.

3. Some of  the electronic states of  the transatom, 
and especially those, which are closest to 
the transnucleus, should not be occupied by 
electrons.

4. Transatoms must be attracted to each other.

5. During transmutation, the interaction of  many 
transatoms and, accordingly, many transnuclei 
should occur simultaneously.

6. Transnuclei should be able to approach each 
other within the range of  nuclear forces.

7. After transmutation in a condensed matter, 
transatoms and transnuclei should be 
transformed into conventional atoms and 
nuclei.
The requirements listed above for the course 

of  transmutation reactions are, in fact, at the 
same time the properties of  a new state of  matter 
called a spin nuclide electron condensate [30,31]. 
A spin nuclide electron condensate is a transatom, 
in which electrons are paired into orthobosons S 
= 1ћ. The paired electrons form a Bose-Einstein 
condensate. In the center of  the transatom there is 
a transnucleus formed by the ultrastrong magnetic 
field of  the electron Bose-Einstein condensate. 
The properties of  the transnucleus differ from 
those of  the conventional nucleus.

5. NEW FUNDAMENTAL INTERACTION
The most plausible scientific concept that satisfies 
all the requirements listed above is the theory of  
condensation of  atomic electrons in the immediate 
vicinity of  the nucleus due to their pairing into 
orthobosons with a spin equal to one S=1ћ [32], 
and the mechanism of  automatic concentration 
of  transnuclei and the implementation of  
transmutation reactions by them when transatoms 
combine their orthobosons.

The interaction responsible for low-energy 
nuclear reactions is the interaction, which is 
associated with both indistinguishability of  
identical objects: elementary particles, protons, 
neutrons, atomic nuclei, molecules, etc; and with 
the interaction of  objects that are connected by 
resonant R-states. This interaction is called resonant 
interference exchange  (RIEX) interaction.

RIEX interaction includes both the well-known 
exchange interaction between identical objects 
[33] and recently discovered exchange interaction 
between any objects A and B, which have 
resonant R-states, which belong to a composite 
system, which consists of  objects A+B [5,34]. A 
composite system of  A+B objects is not the result 
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of  merging these objects. The resonant R-state of  
the composite system A+B is, in a certain sense, a 
certain “image” of  objects A and B. This “image” 
is similar and “identical” to both object A and 
object B. The nature of  the exchange interaction 
is associated with the overlap and interference of  
wave functions of  identical objects or objects that 
have resonant R-states.

The principle of  identity states that it is 
impossible, experimentally, to distinguish between 
identical objects or identical particles. So, if  the 
places or states a and b of  two identical particles 1 
and 2 are interchanged: (1) (2) (2) (1),a b a bψ ψ ψ ψ→  
then the result of  the interaction between them 
will not change. Here 1 1 1(1) [ ( , , )] (1)a a x y z Sψ ψ=  
and 2 2 2(2) [ ( , , )] (2)b b x y z Sψ ψ=  are the wave 
functions of  particles, which are the products 
of  their coordinate parts ,[ ( , , )]a b x y zψ  by their 
spin parts S(1) and S(2), and (1) (2)a bψ ψ  and 

(2) (1)a bψ ψ  are wave functions of  two particles.
The result of  the interaction will not change 

if  the wave function of  particles is represented by 
a superposition of  wave functions of  two states 
- an eigenstate (1) (2)a bψ ψ  and an identical state 

(2) (1)a bψ ψ :
1(1,2) { (1) (2) (2) (1)}.
2 a b a bψ ψ ψ ψ ψ± = ±  (4)

The plus sign in expression (4) describes 
bosons − particles with zero or integer spin, s = 0, 
1ћ, 2ћ... The bosons obey Bose-Einstein statistics, 
in which the sign of  the wave function does not 
change when the particles are rearranged. The 
minus sign describes fermions, i.e. particles with 
half-integer spin, s = ћ/2, 3ћ/2... Fermions obey 
the Fermi-Dirac statistics, in which the sign of  the 
wave function (1, 2)ψ −  changes to the opposite 
when the particles are rearranged. Our Universe 
consists mainly of  fermions: electrons, protons, 
neutrons, neutrinos.

By definition, the square of  the wave function 
of  particles is equal to the probability density of  
their being at a given point in space and at a given 
moment in time. If  expression (4) is squared, then

2 2 21| (1, 2) | {(| (1) (2) | | (2) (1) | )
4

[ (1) (2) (2) (1) (1) (2) (2) (1)]}.

a b a b

a b a b a b a b

ψ ψ ψ ψ ψ

ψ ψ ψ ψ ψ ψ ψ ψ

±

∗ ∗ ∗ ∗

= + ±

± +
 

The values in parentheses are the probability of  
particles being in their own and identical states. 
The value in square brackets is the probability of  
the particles being in an exchange state when each 
of  the particles is simultaneously in two states a 
and b. An exchange state arises when the wave 
functions of  identical particles overlap (Fig. 2). 
The more the wave functions of  identical particles 
overlap, the greater value has the exchange state.

Fundamental exchange interactions. Since 
particles or other objects have masses, electric, 
baryonic, lepton charges, spins, spin magnetic 
moments, they participate in all fundamental 
interactions. The fundamental interactions that 
occur between objects in their eigenstates are the 
basic interactions between objects. Moreover, 
identical objects participate in additional, 
fundamental exchange interactions:
Strong exchange interaction [F] 
− (1) (2)[ ] (2) (1);a b a bFψ ψ ψ ψ∗ ∗

Electromagnetic exchange interaction [EM] 
− (1) (2)[ ] (2) (1);a b a bEMψ ψ ψ ψ∗ ∗

Weak exchange interaction [W] − 
(1) (2)[ ] (2) (1);a b a bEMψ ψ ψ ψ∗ ∗  and

Inertial-gravitational exchange interaction [IG] 
− (1) (2)[ ] (2) (1).a b a bIGψ ψ ψ ψ∗ ∗

Fundamental resonant interference 
exchange interactions. If  objects A and B have 
resonant R-states that belong to the composite 
system A+B, then these R-states are excited on 
the length of  the wave functions of  objects A 
and B. Each resonant R-state has its own wave 
function ( )R Rψ . The wave function ( )a Aψ  of  
object A is present in the R-state in proportion 
to the coefficient KA ( ) ( )R A aA K Aψ ψ=  (Fig. 3). 
Accordingly, the wave function ( )b Bψ  of  object 
B is present in the R-state in proportion to the 

Fig. 2. Overlap of  wave functions of  identical particles.
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coefficient KB: ( ) ( )R B bB K Bψ ψ= . Coefficients 
KA and KB characterize the similarity of  objects A 
and B to the resonant R-state. The coefficients KA 
and KB are individual for each R-state. Usually KA 
and KB < 1. And vice versa, the coefficients KA 
and KB characterize the similarity of  the resonant 
R-state to objects A and B. Therefore, the wave 
function ( )a Aψ  of  object A will be present in 
the b-state ( )b Aψ  with the coefficient KBKA: 

( ) ( ) ( )b b R B A aA K A K K Aψ ψ ψ= =  (Fig. 3). With 
the same coefficient KAKB, the wave function 

( )b Bψ  of  object B will be present in the a-state: 
( ) ( ) ( ).a A R A B bB K B K K Bψ ψ ψ= =
Thus, we can say that objects A and B are 

“identical” to each other with a generalized 
similarity coefficient K2 ≡ KAKB. The spatial area 
of  the RIEX interaction for all fundamental 
potentials: F, EM, W, and IG, is determined by 
the reduced lengths of  the wave functions of  
“identical” objects A and B with the coefficient K2: 
K2·λA,B (Fig. 3).

When the reduced lengths of  the wave 
functions of  objects A and B overlap, then they 
are simultaneously in two states: eigenstate 

( ) ( )a bA Bψ ψ  and identical ( ) ( )b aA Bψ ψ
. And their total wave function is equal to 

( , ) ( ) ( ) ( ) ( )a b a bA B A B B Aψ ψ ψ ψ ψ± = ± .
The eigenpart ( )a Aψ  interacts, in its place a, 

with the identical part ( )a Bψ , and the eigenpart   
( )b Bψ  interacts, in its place b, with ( )b Aψ . 

Thus, due to the resonant interference exchange 
interaction, the short-range strong F and local 
weak W interactions become “long-range”.

As already mentioned, "identical" objects A 
and B, which have resonant R-states, participate in 
additional, fundamental RIEX interactions:

in strong RIEX interactions [F] 
− ( ) ( )[ ] ( ) ( );a b a bA B F B Aψ ψ ψ ψ∗ ∗

in electromagnetic RIEX interaction [EM] 
− ( ) ( )[ ] ( ) ( );a b a bA B EM B Aψ ψ ψ ψ∗ ∗

in weak RIEX interaction [W] − 
( ) ( )[ ] ( ) ( )a b a bA B W B Aψ ψ ψ ψ∗ ∗  and

in inertial-gravitational RIEX interaction [IG] 
− ( ) ( )[ ] ( ) ( ).a b a bA B IG B Aψ ψ ψ ψ∗ ∗

The energy of  the RIEX interaction is an 
additional contribution to the total energy of  
interacting objects. This additional energy is a 
resonance energy.

6. PROPERTIES OF RIEX INTERACTION
The main properties of  fundamental resonant 
interference exchange interactions include:
1. Fundamental RIEX interactions between 

“identical” objects occur the more intensively, 
the more their wave functions overlap.

2. At the reduced lengths of  the wave functions 
of  “identical” objects, the short-range strong 
F and local weak W interactions become, 
due to the RIEX interaction, “long-range” 
interactions.

3. The energy of  the RIEX interaction Ec is an 
additional contribution to the total energy of  
the E system of  interacting objects.

4. The energy of  the RIEX interaction Ec can be 
positive or negative, depending on the type of  
fundamental interaction.

5. The sign of  the contribution of  the exchange 
energy to the total energy of  the system can 
be different: plus or minus ± Ec, depending 
on whether the coordinate part of  the total 
wave function of  objects is symmetric or 
antisymmetric. Therefore, the exchange energy 
Ec can reduce, and in some cases, completely 
compensate for the main part of  the energy of  
the system C, EC ≡ C − Ec.
One of  the consequences of  the exchange 

Coulomb interaction is that it allows, in an atom 
in a strong magnetic field B > 30 T, electrons with 
parallel spins to pair into orthobosons with S = 
1ћ.

As indicated above, most transmutation 
experiments are induced through the electronic 
action on a condensed matter by powerful pulse 
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Fig. 3. Overlap of  wave functions of  “identical” objects A 
and B during the formation of  the R-state.
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of  electrons or powerful currents. The directed 
motion of  electrons creates a magnetic field 
both due to the transfer of  the electric charges 
of  electrons e− and due to the transfer of  their 
magnetic moments μe. The magnetic moments 
of  the electron flow, due to the property of  
helicity, are directed in one direction, towards their 
momenta. The spins of  electrons and neutrinos 
(e− and νe) are directed against the momentum - 
they have left helicity, and the spins of  positrons 
and antineutrinos (e+ and eν ) are directed along 
the momentum - they have the right helicity of  
particles. The electron's magnetic moment is 
directed against the spin. The BS magnetic field 
created by the magnetic moments is described by 
the Landau equation [35]:

0 3

3 ( ) ,i e i e
S

i ir
µ ⋅ −

= ∑ n nB µ µ
 (5)

where μ0 =1.26·10-6 H/m is magnetic constant; μe 
= 9.29·10-24 J/T = 5.79·10-5 eV/T, r is the distance 
from the electron to the point at which the BS field 
is calculated; n is a unit vector in the r direction, 
i is the number of  electrons with parallel spins. 
According to formula (5), the magnetic moment 
of  an electron μe creates a magnetic field equal to 
30 T at a distance of  0.092 nanometers along its 
axis (the diameter of  a hydrogen atom is 0.106 nm). 
The same magnetic field of  30 T is created in the 
center of  an electron lattice cell with unidirectional 
magnetic moments of  electrons and with a side of  
1.6·10-10 m, which is comparable with the size of  
atoms. So an orthohelium atom, whose electron 
spins are parallel, has magnetic fields in the nuclear 
region of  ~410 T and ~70 T at its diameter of  
~1.75·10-10 m. The strong magnetic field > 30 
T that arises in a condensed matter gives rise to 
pairing of  atomic electrons into orthobosons with 
spins S = 1ћ, thus forming a “magnetic nesting 
doll” with the creation of  a spin nuclide electron 
condensate [31].

The paper [36] shows that, in a strong magnetic 
field, pairing of  atomic electrons with parallel spins 
occurs due to:
first, the exchange interaction of  electrons, which 
has the character of  attraction and,

secondly, the appearance of  oscillations of  
electrons   around their orbitals (Fig. 4a,b).

The ℓ + s и j + j bonds of  all atomic electrons 
are broken, and their orbital moments ℓ are 
“frozen” into the field in a strong magnetic field 
B. The interaction between electrons makes them 
oscillate around the orbitals. These oscillations 
are quantized by introducing a new, oscillatory 
quantum number nb. The exchange interaction 
between two electrons and their oscillations with 
quantum numbers ±nb allow electrons to create an 
orthoboson with S = 1ћ. The quantum numbers 
of  oscillations of  paired electrons are equal to 
each other in absolute value, but opposite in 
sign 1 2

b bn n= − , nb = 1,2,3… Therefore, the Pauli 
principle is fulfilled for them. Due to the exchange 
interaction, correlated oscillations appear in two 
electrons (Fig. 4a,b). − The sum of  the momenta 
of  two electrons in a pair is equal to zero, i.e. 
electrons in a pair have momenta P1е = –P2е, which 
are equal in magnitude and opposite in direction. − 
Electrons in a pair oscillate both along and across 
the magnetic field B (Fig. 4b). Since electrons in a 
pair oscillate in antiphase P1е = –P2е ( 1 2

b bn n= − ), 
this motion allows two electrons in the same energy 
states to be in non-intersecting spatial regions 
(Fig. 4b). The trajectories of  electron motion can 
be represented as closed spirals nested into each 
other, located on the surface of  the toroid (Fig. 4c). 
The two electron spirals are similar to the double 
helix of  a DNA molecule.

The trajectories of  several orthobosons 
in a multielectron transatom create a toroidal 
spin electron magnetic twist - a torsem-twist of  
spirals nested into each other, which resembles 
the DNA code of  the main character of  the film 
“The Fifth Element” - Leeloo [37]. The torsem-
twist is located on the surface of  the toroid. The 

Fig. 4. a - electron oscillations; b – electron oscillations in the 
longitudinal and in the transverse magnetic field B directions; 

c – orthoboson - transhelium.
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multielectron atom forms a Transatom, which has 
an electron Bose-Einstein condensate (Fig. 6). 
The atomic electrons inevitably pair, in a strong 
magnetic field, into orthobosons, ordinary atoms 
inevitably transform into transatoms.

Since the coordinate part of  the total wave 
function of  electrons in the orthoboson is 
antisymmetric 1 2

b bn n= − , the total Coulomb 
energy of  electrons is E = 6Ea + C − Ec (Fig. 
4a), where 6Ea is the interaction energy of  two 
paired electrons with a nucleus, Ea is the binding 
energy of  a single electron with a nucleus, C is the 
basic, ordinary Coulomb energy of  repulsion of  
two electrons, and Ec is their exchange Coulomb 
energy. The energies C and Ec are positive. And 
since both electrons are in equal energy states, 
then C = Eс and EС ≡ C−Eс = 0. The exchange 
Coulomb attraction of  two electrons completely 
compensates their Coulomb repulsion. A quantum 
paradox arises: “The Waves extinguish the Wind”.

Two hydrogen atoms, which interact in 
a strong magnetic field, combine, due to the 
occurrence of  electron oscillations ωb, to form 
a hydrogen transmolecule “H2”, which electrons 
are paired into an orthoboson [36] (Fig. 5a). This 
orthoboson creates an electromagnetic potential 
well in the hydrogen transmolecule “H2” with a 
magnetic induction vector at the center of  ~104 
T. The protons (Sp = ћ/2) in such a ultrastrong 
and inhomogeneous magnetic field will have 
parallel spins ↑↑. The protons in a hydrogen 
transmolecule form, like electrons, a bound state 
− a nuclear orthoboson S = 1ћ due to their own 
exchange interaction and their own correlated 
oscillations. Just like electrons, the exchange 

Coulomb interaction of  protons completely 
compensates for their Coulomb repulsion. This 
will lead to the approaching of  protons to each 
other to nuclear distances and the formation of  
a “helium-pp” (“He-pp”) transmolecule [36] (Fig. 
5b). The protons in the "He-pp" transmolecule 
can be replaced with deuterons d or tritons t. Then 
transmolecules "He-dd" and "He-tt" are formed.

One of  the perturbing potentials between 
electrons and between protons in orthobosons 
is the above Coulomb interaction: VC = k·e2/
r12, where r12 is the distance between electrons 
or protons, k = 1/4πε0 = 8.99·109 N·m2/C2 (ε0 
= 8.85·10−12 F/m is the electrical constant), e = 
1.6022·10−19 C is the electron and proton charges. 
Another disturbing potential between electrons 
and between protons in orthobosons is the 
gravitational interaction: VG = G·m2/r12, where 
G = 6.67·10−11m3·s−2·kg−1 is the gravitational 
constant, m is the electron mass 9.11·10−31·kg or 
proton 1.67·10−27·kg. The gravitational energy 
of  electrons or protons, or other identical nuclei 
bound into orthobosons, is equal to EG = ∋  − 
EG, where ∋  is the usual gravitational energy of  
attraction of  two electrons or two protons, or 
two other identical nuclei to each other, and EG is 
their exchange gravitational energy. Gravitational 
energies ∋  and EG of  electrons, protons and other 
objects have negative values. And, as in the case of  
Coulomb interaction, the exchange gravitational 
repulsion of  electrons, protons, neutrons and 
other identical nuclei, which form an orthoboson, 
fully compensates for their gravitational attraction 
EG = 0.

Consequently, long-range Coulomb 
and gravitational interactions are absent in 
transmolecules for pairs of  electronic and nuclear 
orthobosons. But in these transmolecules, strong 
and weak interactions act at the lengths of  the 
wave functions of  nuclear orthobosons. And weak 
interaction takes place in electronic orthobosons 
and between them and nuclear orthobosons.

The lengths of  the wave functions λ of  the 
orthobosons in the ground state with n = 1 are 
equal to the radii of  the orthobosons R: λ = R = 
ћ/P, where n is the principal quantum number, P 
is the momentum of  the particles that make up 

GENNADY V. MISHINSKY

Fig. 5. Electronic and nuclear orthobosons in the hydrogen 
transmolecule and in the “helium” transmolecule.
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the orthoboson. Therefore, the wave functions of  
electrons in a torsem-twist overlap significantly 
with nuclear wave functions.

Thus, the resonant interference exchange 
interaction is a new, Fifth fundamental interaction. 
It is a Universal Interaction as it always includes 
all other four fundamental interactions. Moreover, 
RIEX interaction changes the action of  
components of  its four interactions and controls 
them, like “The Fifth Element” from the film of  
the same name, which controls the four elements 
[37].

7. TRANSMUTATION REACTIONS
Since the protons in the "He-pp" transmolecule 
are at a nuclear distance, this will lead to a nuclear 
transmutation reaction with the participation 
of  electronic orthoboson. This will synthesize a 
deuteron:
p + p + 2e- → d  + νe + e- + 1.44 MeV.
With the production of  deuterium and tritium, 
transmolecules “He-dd” and “He-tt” will be 
formed, which are also nuclear orthobosons. They 
enter into nuclear transmutation reactions without 
a Coulomb barrier, including reactions with the 
participation of  electronic orthoboson, 2e−, with 
the formation of  protons, neutrons, tritons, 3He, 
4He, 6He → 6Li (Fig. 5c) [32]:
d + d → t + p + 4.03 MeV,
d + d → 3He + n + 3.26 MeV,
t + t → 4He + 2n + 11.3 MeV,
d + d + 2e- → 4He + 2e- + 23.85 MeV,
t + t + 2e- → 2e- + 12.3 MeV + 6He (β-, T1/2 = 
0.8c) → 6Li + e- + eν  + 3.5 MeV.

At the same time, orthohelium atoms will form 
multinuclear transmolecules 4

2k He⋅  with helium 
Bose-Einstein condensate. The creation of  such 
transmolecules leads to multinuclear reactions, 
with the emission of  protons, neutrons, alpha 
particles and heavy chemical elements: A, B, C ..., 
with a nuclear charge Z ≥ 6 [38]:

4 4 1
2 2 1
4 4 1
2 2
4 4( 1) 4
2 2( 1) 2

4
2

,
,

,

... ,

n
n
n

n
n
n

k He A p Q
k He B n Q
k He C He Q

k He A B C Q

−
−

−

−
−

⋅ → + +

⋅ → + +

⋅ → + +

⋅ → + + + +

 

where Q is the energy released as a result of  the 
reaction.

Since the spins s and the magnetic moments 
of  the electrons μe in the Bose-condensate are 
directed in the same direction, and they generate, 
in and around transatoms, an ultrastrong directed 
inhomogeneous and anisotropic magnetic field 
up to BS ~105–1010 T (5) [30]. In this case, the 
inhomogeneity and anisotropy of  the magnetic 
field ∆BS exist at the dimensions of  the interacting 
transnuclei. This leads to the uncertainty of  the 
energies of  nucleons with magnetic moments 
μN in transnuclei - ∆BS·μN, which is equivalent 
to the inhomogeneity of  time. Thus, we can say 
that the RIEX interaction changes the space-
time structure and properties. Consequently, 
during the interaction of  transnuclei moving in 
a transmolecule, the integrals of  motion are not 
preserved: the law of  conservation of  momentum, 
the law of  conservation of  angular momentum 
(spin) and the law of  conservation of  energy 
are violated. Thus, the conclusion supposes that 
the study of  the physical vacuum is impossible 
otherwise than through the study of  the condensed 
state of  matter in extreme conditions.

The internal ultrastrong magnetic field 0
SB , when 

it interacts with the magnetic spin and magnetic 
orbital moments of  nucleons in the nucleus, changes 
the structure of  the nucleus, and turns it into a 
Transnucleus.

External ultrastrong magnetic fields R
SB  

of  transatoms attract them to each other (
5 510 5.8 10R

S eB eVµ −∗ > ∗ ⋅ ). Electronic Bose-
condensates of  two transatoms are combined 
into a common condensate. A double nuclear 
transmolecule is formed from the transnuclei. 
Other transnuclei can join it. A multinuclear 
transmolecule is formed, in which multinuclear 
reactions take place, including those that involve 
electronic orthobosons. Thus, nuclear-electron 
or strong-weak reactions occur, the products of  
which are non-radioactive.

These reactions are carried out due to the 
resonant interference exchange interaction. Fig. 6 
shows the formation of  a sodium transmolecule 
23
11

MNa  from the transatoms of  boron 11
5

TB  and 
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carbon 12
6

TC . The transnuclei 11
5

TB  and 12
6

TC  in 
the transmolecule 23

11
MNa  cannot merge because 

of  the Coulomb barrier between them. But strong 
and electroweak forces act due to the existence of  
resonant R-states in the transmolecule between 
the transnuclei and between the transnuclei and 
their orthobosons.

The sodium transmolecule 23
11

MNa  can be 
composed of  other transatoms, for example: 
transhelium 4

2
THe  and transfluorine 19

9
TF . From 

the same number of  nucleons, regardless of  
whether they are protons or neutrons, other 
transmolecules can be composed, for example: 
magnesium 23

12
MMg  from transhelium 3

2
THe  and 

transneon 20
10

TNe . All these transmolecules have 
their own resonant R-states, but they have different 
nuclear and nuclear molecular binding energies. 
The energetically closer to each other are the 
binding energies of  these transmolecules, the more 
their resonant R-states overlap and the more likely 
the transmutation reaction occurs. For this reason, 
the energy released in transmutation reactions is 
insignificant, if  compared to conventional nuclear 
reactions: from tens of  keV to several MeV. The 
Fig. 7 shows all possible computer-calculated 
transmutation reactions. It is not excluded that the 

transformation of  the sodium transmolecule into 
the conventional sodium atomic nucleus may occur 
23 23 23
11 11 11: 13.36MNa Na Na MeV→ + . The energy 
released in the 13.36 MeV reaction is transferred 
to the electron orthobosons that surround the 
nucleus. Thus, transmutation reactions can 
be represented as reactions of  nucleon and 
multinucleon transfers between transnuclei with 
a possible conversion of  protons into neutrons 
and vice versa, as well as reactions of  radiationless 
fusion and fission of  transnuclei.

The atomic nuclei scatter after the 
implementation of  low-energy nuclear reactions. 
And, if  they are not in a strong magnetic field, 
then the reaction products form conventional 
nuclei and conventional atoms.

It is remarkable that the fission of  the 
uranium-235 nucleus by a thermal neutron is 
associated with the RIEX interaction [5,34]. 
The process of  a thermal neutron capture by a 
uranium-235 nucleus has a pronounced resonance 
character when the neutron energy is close to one 
of  the values corresponding to the R-level of  the 
composite system: a neutron plus a uranium-235 
nucleus. After RIEX capture by the uranium-235 
nucleus of  a neutron to the R-level, it carries out 
an electromagnetic transition to the highly excited 
level of  their common nucleus, uranium-236. The 
energy of  this excited state ~7-8 MeV is greater 
than the energy of  the 6 MeV Coulomb fission 
barrier. Therefore, the uranium-236 nucleus with a 
greater degree of  probability, determined by nuclear 
interaction, will split into two fragments than it 
founds itself  in the ground state, the transition 
to which is determined by electromagnetic 
interaction. Thus, nuclear power engineering, 
unlike all other types of  power engineering, is a 
resonant technology.

8. EVOLUTION AND ECOLOGY
In the last century, the evolutionary development 
of  living nature, the biosphere passed into a new 
state, in the noosphere. In 1944, V.I.Vernadsky 
wrote [39]: “In the twentieth century, for the 
first time in the history of  the Earth, the man 
recognized and embraced the entire biosphere. 
The Humankind, taken as a whole, has become 

GENNADY V. MISHINSKY

Fig. 6. The formation of  sodium transmolecule from boron 
and carbon transatoms.

Fig. 7. Transmutation reactions on the example of  sodium 
transmolecule transformation.

SCIENCE METHODOLOGY



541

RENSIT | 2020 | Vol. 12 | No. 4

a powerful geological force, ever growing force. 
And the Humankind, its thinking and work face 
the question of  restructuring the biosphere in the 
interests of  free-thinking humanity as an integral 
whole. This new state of  the biosphere is the 
noosphere”.

In the 21st century, ecology, which studies, 
among other things, the influence of  human 
activity on the environment and wildlife, came 
to the conclusion that at this stage of  evolution, 
the noosphere is characterized by a contradiction 
between its irresistible development and the 
necessary preservation. The main problem in the 
preservation of  the noosphere is environmental 
pollution caused by the ever increasing production 
activity of  mankind. The pollution of  the 
environment and wildlife has reached geological 
proportions. The scale of  pollution is so huge 
that the Earth's biosphere is no longer able to 
dispose and neutralize them. For this reason, 
the humankind faces the fundamental question 
of  the existence of  the Living ecosystem, in 
general, and the existence of  humanity itself, in 
particular.

The main sources of  pollution are the 
combustion of  hydrocarbons for the needs of  
the energy sector and the processing of  mineral 
materials. The combustion of  hydrocarbons is 
accompanied by an increase in the level of  carbon 
monoxide in the atmosphere, which leads to a 
greenhouse effect that catastrophically changes 
the Earth's climate. The processing of  minerals 
entails the appearance of  waste in the form of  new 
chemical compounds, foreign and toxic materials, 
harmful to living organisms and not capable of  
being disposed in the biosphere.

Despite all the efforts of  the humankind, 
including the creation of  alternative energy sources, 
it is becoming more and more obvious that the 
modern technology is not able to eliminate the 
existing contradiction between the development 
and preservation of  the noosphere.

With the discovery of  low-energy nuclear 
reactions and resonant interference exchange 
interactions, this contradiction can be overcome. 
This conclusion is based on the idea of  creating 

resonant technologies as a way to obtain maximum 
results at minimum costs.

First of  all, this concerns the development 
of  new energy sources based on low-energy 
nuclear reactions: cold nuclear fusion reactions 
and nuclear transmutation reactions. Due to 
the lack of  carbon dioxide production, harmful 
emissions and effluents, due to the absence of  
radiation and radioactive waste, such resonant 
energy sources (RES) are environment friendly 
energy sources. In future, they will replace energy 
sources using fossil fuels. As a result, the need 
for the extraction, transportation and processing 
of  fossil fuels for energy purposes will disappear. 
Powerful and compact, RES can be deployed 
in centralized or dispersed configurations. RES 
are cheap and practically inexhaustible sources 
of  energy. For these reasons, they can be widely 
used in the elimination of  waste products 
harmful to the biosphere. Waste disposal facilities 
can use resonant technologies in the same way 
as industrial production itself  should use such 
technologies.

The composition of  many modern materials 
that are used in the manufacture of  industrial 
products include rare chemical elements and 
elements scattered in nature. The concentration 
of  such elements in mineral deposits can 
be tenths of  a gram per ton. Obviously, the 
production of  such elements in industrial 
quantities requires the processing of  hundreds 
of  millions of  tons of  ore. Since some 
chemical elements are converted into others 
in transmutation reactions, these resonance 
reactions can be used in the production of  rare 
elements and their isotopes from cheap and 
widespread chemical elements. This will save 
huge energy, material and human resources.

Based on the properties of  low-energy nuclear 
reactions and the properties of  transatoms, it is 
possible to create other, both obvious and non-
trivial, disruptive innovation [29]. Such resonant 
technologies will radically change the technological 
structure of  the noosphere. And, as a consequence, 
they will inevitably affect the evolution of  the 
noosphere and save it at the same time.
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9. CONCLUSION
Low-energy nuclear reactions in condensed 
matter occur due to resonant interference 
exchange interaction. The new paradigm is 
based on new nuclear reactions, on a new state 
of  matter: a spin nuclide electron condensate, 
and, first of  all, on a new resonant interference 
exchange interaction. The RIEX interaction is a 
universal interaction not only because it includes 
and controls all the other four fundamental 
interactions, but also because its actions extend to 
the Whole of  Nature, from elementary particles to 
complex biological and social systems.

The new paradigm gave a start to the formation 
of  new technological ways and a new civilizational 
paradigm.
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