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1. INTRODUCTION
A little over 20 years ago, the concept 
of  the Internet of  Things (Internet 
of  Things or IoT) was formulated. 
IoT is a network of  physical objects 
that contain embedded technologies 
to communicate and recognize or 

interact with their internal states 
or external environment [1]. As an 
example of  IoT devices, consider the 
Wireless Sensor Network (WSN). 
WSN is a sensor network consisting 
of  many different types of  sensors 
connected to each other using wireless 
channels capable of  collecting 
and exchanging information [2]. 
The main requirements for sensor 
devices included in the WSN include 
such parameters as low cost, small 
dimensions, reliability, environmental 
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friendliness and, most importantly, 
low energy consumption [3]. The 
last requirement is due to the fact 
that organizing the power supply 
of  the sensor network (consisting, 
for example, of  hundreds of  sensor 
elements) in the classical way, using 
wires or using small energy storage 
devices (batteries), is a technically 
difficult, economically ineffective 
task, moreover the same potentially 
causing significant harm to the 
environment. The solution to the 
problem of  feeding the sensor 
elements of  such a network is the 
transition to wireless technologies 
for power transmission. The modern 
urbanized environment includes 
an impressive number of  different 
radio transmitters, cell towers, 
digital television, Wi-Fi transmitters, 
repeaters, amplifiers, routers, and 
other devices operating in the radio 
frequency and microwave ranges. 
The ability to collect and store the 
energy of  electromagnetic radiation 
is a good solution for powering 
micropower electronic devices that 
fit into the concept of  the Internet 
of  Things. In practice, two options 
are possible: energy collection from 
a wide frequency band or at one 
central frequency. The first case is 
better suited for urban IoT space, 

the second for environmental 
monitoring systems remote from 
cities, where background radio 
emission is present only near relay 
lines. An important parameter in the 
collection of  electromagnetic energy 
is the efficiency of  its conversion into 
direct current. Microstrip rectennas 
[4] show high conversion efficiency. 
The converter is a rectifying antenna 
or rectenna (rectifiyngantenna), after 
which a detecting element (rectifier) 
is installed.

An important stage in the creation 
of  elements of  a modern electronic 
base is the modeling stage. Modern 
modeling methods make it possible to 
significantly speed up the process of  
optimizing the geometric parameters 
of  devices, to select materials and 
topology to achieve the maximum 
efficiency of  the designed device.

In this paper, we consider the 
results of  finite element modeling of  a 
rectenna based on a geometric fractal 
H-tree (or T-branching), with a central 
frequency of  5 GHz. The fractal has 
a Hausdorff  dimension of  2, and 
comes arbitrarily close to each point 
in the rectangle. The H-tree fractal 
is often used in antenna microstrip 
arrays so that the radio signal arrives 
at each individual microstrip antenna 
with the same propagation delay. 
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The results obtained are compared 
with the manufactured experimental 
rectenna sample.

2. EXPERIMENTAL 
TECHNIQUE
The rectenna was modeled using 
the finite element method. Thus, the 
initial size of  the base element of  the 
zero iteration structure was 40×40 
mm, while the base element of  the 
fractal of  the 1st iteration is already 
20×20 mm and, accordingly, of  the 
2nd iteration, 10×10 mm. Antenna 
models are also shown in Fig. 1. 
Fig. 1 shows a geometric fractal (a), 
a 3D model of  a modeled rectenna 
built on its basis (b) and a mesh used 

in modeling. The material constants 
of  a standard FR4 glass fiber coated 
with a thin copper layer were used as 
the antenna material. The rectenna 
is connected via a coaxial lead at 
its base in the center of  a metal 
disk, the diameter and thickness of  
which are respectively 60 and 1 mm. 
The ground electrode (copper) was 
located on the back of  the disk. The 
voltage supplied to the coaxial port 
located in the center of  the disk was 
1V.

Based on the simulation results, 
a fractal rectenna was created. The 
material used was a double-sided foil 
glass fiber laminate with a thickness 
of  1 mm. A disc with a diameter 

 

Fig. 1. Geometric fractal H-tree in the 2nd iteration (a), 3D model of  rectenna used for modeling.

RADIOELECTRONICS FRACTAL RECTENNA FOR COLLECTING ENERGY IN THE Wi-Fi RANGE
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of  60 mm was cut out of  a glass 
fiber plate. On one side of  the disk, 
a 2 μm thick layer of  S1813SP15 
positive photoresist was applied 
using a Sawatec SM-180-BT tabletop 
resist centrifuge (Switzerland). After 
that, the structure was kept for 30 
min at a temperature of  90°C, and 
then a pattern corresponding to the 
above calculations was created on the 
photoresist layer using a Smart Print 
maskless photolithographic setup 
(Microlight 3D, France). Further, the 
unnecessary part of  the photoresist 
was removed with the P-236A-MF 
developer, and the excess copper 
was etched off  with ferric chloride. 
Resist residues were removed with 
acetone. Fig. 2a shows an image of  
the front part of  the plate with a 
rectenna formed on it. On the back 
side of  the rectenna, a standard SMA 
connector was soldered to connect 

to the device, Fig. 2b. To study the 
S parameters of  the rectenna, an 
Anritsu VectorStar MS4644A vector 
network analyzer (Japan) was used. 
The measurements were carried 
out in a specially prepared anechoic 
chamber, the interior of  which was 
covered with a MOX 1/50 radio-
absorbing material. The rectenna 
was connected to the measuring 
device using a phase-stable cable.

3. RESULTS AND 
DISCUSSION
Fig. 3 shows the graphs of  the 
frequency dependence of  the S11 
parameters obtained as a result 
of  modeling and as a result of  the 
experiment. Fig. 4 shows a 3D model 
of  the rectenna radiation pattern.

Comparison of  the S-parameters 
shows that the considered model 
adequately reflects the real device.

 

Fig. 2. Image of  the front (a) and back (b) sides of  the rectenna sample.
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The directional pattern model 
allows the rectenna to be positioned in 
an optimal way if  there is information 
about the real electromagnetic 
situation on the ground.

4. CONCLUSION
Thus, it is shown that a small-sized 
rectenna based on a simple fractal 
with a small filling has a gain of  about 
14 dB in the main frequency band 
and can be used as an input antenna 
in world energy systems [5].

The practical application of  
rectennas is very wide – from the 
transmission of  electricity by radio 
waves of  the microwave range to 
the power supply of  micropower 
consumers of  various functional 
purposes. In particular, interest 
in such devices is caused by the 
possibility of  their application, for 
example, for wireless transmission 
of  energy to small unmanned aerial 
vehicles, as well as for providing 
energy to various sensor systems in 
microrobotics.
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Fig. 3. Frequency dependence of  S11-parameters 
of  the modeled and real rectenna. Solid line –

simulation, dashed line – experimental data.

 

Fig. 4. 3D model of  the directional pattern of  the 
rectenna.
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1. INTRODUCTION
Automatic recognition of  the types of  
modulation of  radio engineering and radio 
communication signals is an important 
function in modern electronic intelligence 
and electronic warfare systems. Automatic 
recognition of  modulation types mainly 
consists of  feature extraction and modulation 
classification. Modulation feature extraction 
consists of  a series of  transformations and 
analysis algorithms in the time domain, 

frequency domain, or time-frequency 
domain. Classification processing also 
consists of  various pattern recognition and 
machine learning algorithms, deep learning 
and clustering algorithms. The problem 
of  determining the parameters of  signals 
is currently relevant for several reasons: 
determining the parameters will help to identify 
the transmitting device, in case of  successful 
recognition of  the type of  modulation, the 
transmitted message can be restored, and it 
will also be possible to introduce controlled 
interference modulations and induce active 
interference to suppress radio location and 
communication channels. There are many 
algorithms for determining signal parameters. 
For example, in [1,2], a method is proposed 
for recognizing the type of  modulation by 
the signal constellation. The reason for the 
shortcomings of  this recognition method is 
low information content, the probability of  
correct recognition strongly depends on the 
signal-to-noise ratio (SNR).

DOI: 10.17725/rensit.2020.12.319
Cumulative features for determining the type of  signal manipulation
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the problem of  recognizing the types of  signal modulation. The article presents the results 
of  using artificial neural networks in the task of  automating the detection of  intra-pulse 
modulation signs for the identification (classification) of  signals. A mathematical model 
of  a phase-shift keyed signal is developed, the main properties of  this type of  signals 
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This article discusses a method for 
recognizing phase-shift keyed signals 
based on cumulative analysis based 
on the use of  more stable informative 
features. Cumulants (semi-invariants) are 
the coefficients of  the Maclaurin series 
expansion of  the characteristic function 
of  a random variable. This method will 
make it possible to determine the type of  
modulation under conditions of  a priori 
uncertainty. Neural networks were used to 
automate the identification process. The 
article discusses phase-shift keyed signals 
(BPSK, QPSK and 8-PSK), i.e. signals, 
during the manipulation of  which a phase 
change occurs. Phase-shift keying signals 
are widely used in radio communication 
systems, since they contribute to an 
increase in the degree of  noise immunity 
of  the system and make it possible to 
effectively use the frequency range of  the 
radio channel.

2. MATHEMATICAL MODEL OF A 
PHASE-SHIFT KEYED SIGNAL
Traditional analog modulation techniques 
change the high frequency signal in only 
one dimension. Modern quadrature (I/Q) 
modulators alter the RF carrier signal in two 
dimensions. They form a modulation signal 

in complex form, consisting of  the sum of  
two baseband signals i(t) and q(t), where i(t) 
is the in-phase component and q(t) is the 
quadrature component. Orthogonally located 
on the quadrature plane, they form a vector 
with length A(t) and phase φ(t), see Fig. 1. 
Components i(t) and q(t) are normalized to a 
constant value ≤1.

The constellation diagram provides a 
graphical representation of  the I and Q 
components of  a digitally modulated signal. 
In Fig. 2 shows a constellation diagram for 
binary phase shift keying (BPSK), 4-PSK 
(QPSK) and for 8-PSK modulation at 20 dB 
SNR.

The digital signal fluctuates between two 
fixed values   of  the signal, and it is considered 
that this is not modulation, but a keying of  
the carrier wave. There are three options for 
manipulation:
• amplitude shift keying (AMn or ASK);
• frequency shift keying (FSK or FSK);
• phase shift keying (PSK or PSK).

Phase shift keying shifts the phase of  the 
carrier waveform according to the digital 
bit sequence. An absolute phase angle is 
assigned to each transmitted symbol. For 
better separation, the phase states are usually 
evenly distributed over a 360° circle.

For an analytical description, the following 
expression is usually used:
V(t) = Acos(ωt+θ),       (1)

VAGID K. KURBANALIEV

 

Fig. 1. Modulation vector on the I/Q-plane.
Fig. 2. Constellation diagram for BPSK (left), QPSK 

(middle) and 8-PSK (right) modulation.
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where A is the amplitude, ω is the initial 
frequency, θ is the phase of  the signal.

When manipulated with a square wave, 
the BPSK signal looks like this:

ˆ cos
( )

ˆ cos
c c

c c

V t
V t

V t

ω

ω

= 
−

  for logical 1,
                             for logical 0.       (2)
where is the amplitude, ωc is the angular 
frequency.

In Fig. 3 shows a data signal and a 
modulation component with a step length 
Tbit and a period Ts in the time domain, as 
well as its spectrum, where
fbit = 1/Tbit.

In Fig. 4 shows the QPSK signal for 
the symbol sequence 10 11 01 10 00. For 
the carrier, the following expression can be 
written:

3ˆ( ) cos .
4c c cV t V t πω ϕ = + + ∆ 

 
 (3)

The manipulation is carried out in accordance 
with Table 1.

3. METHODS FOR RECOGNIZING 
THE TYPES OF SIGNAL 
MODULATION
There are several approaches to determining 
the type of  modulation. The simplest is 
based on spectral analysis. Multiplying the 
current phase of  the PSK signal by 2, 4, etc. 
allows you to consistently shoot one level of  
manipulation. A simple way to do this is to 
raise the signal to the appropriate power. Let, 
for example, the analyzed signal is described 
by expression (1), where in the case of  BPSK 
signal processing θ = {0, π}. Let's square this 
signal

2 2 2

2

2

( ) cos ( )
1 1 cos(2 2 )
2 2
1 1 cos(2 ) .
2 2

.

V t A t

A t

A t

ω θ

ω θ

ω

= + =

 = + + = 
 
 = + 
 

Thus, we have obtained an expression that 
describes a signal with a doubled frequency, 
and does not contain information about the 
original phase of  the signal. Obviously, a 
similar approach can be used to remove from 
QPSK, 8-PSK, etc. signals.

Each exponentiation operation leads 
to a corresponding transformation of  the 
spectrum of  the analyzed signal. Doubled, 
quadrupled, etc. harmonics appear in it. 
center frequency, which are signs that 
characterize a specific type of  signal. But 

 

 

Table 1
Correspondence table for QPSK modulation
Character (two-bit) Δφ

1 1 +45°

0 1 +135°

0 0 -135°

0 1 -45°

Fig. 3. Phase Shift Keying in the frequency and time domains 
for a periodic bit sequence 1-0.

Fig. 4. Time characteristics of  the binary signal and the 
QPSK carrier waveform and the signal spectrum.
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the main disadvantage of  this approach is its 
high sensitivity to signal interference during 
transmission. In practice, it may be easy to 
determine the frequency corresponding 
to the central harmonic, but it may not be 
possible to determine their number [3].

Of  greatest interest is the approach to 
determining the type of  signal modulation 
based on the threshold method, the 

classification of  statistical features. Currently, 
informative features can be divided into 
spectral and cumulative.

Spectral features are calculated based on 
the instantaneous values of  the parameters 
of  the received signal: instantaneous 
amplitude, phase and frequency. The spectral 
features of  the signal in the problem of  
recognizing the types of  modulation were 

Table 2
Spectral characteristics used to classify modulation.

The maximum value γmax of the spectral power density for 
the normalized and centered instantaneous amplitude of 
the received signal

2

max
max | ( ( )) |

,cn

s

DFT A i
N

γ =

where DFT is the discrete Fourier transform, Acn is the normalized 
and centered envelope of the input signal, Ns is the number of 
samples. Envelope normalization is performed as Acn = Ai/μA -1, 
where μA is the average value of the instantaneous envelope values 
in a sample of samples of length N.

Standard deviation σap of the absolute value of the 
centered nonlinear component of the instantaneous 
phase

2

2

( ) ( )

1 1( ) | ( ) | ,
n t n t

ap NL NL
A i A A i Ac c

i i
N N

σ ϕ ϕ
> >

   
= −      

   
∑ ∑

where Nc is the number of samples that satisfy the condition An(i)> 
At, where At is the threshold value that filters samples with a low 
signal amplitude due to their high sensitivity to noise, φNL(i) is the 
nonlinear component of the instantaneous phase.

Standard deviation σa of the normalized and lumped 
instantaneous amplitude.

2

2

( ) ( )

1 1( ) ( ) ,
n th n th

ap cn cn
A i t A i t

a i i
L L

σ ϕ
> >

   
= −      

   
∑ ∑

where L is the signal duration, tth is the threshold value

Standard deviation σdp of the nonlinear component of 
the instantaneous phase

2

2

( ) ( )

1 1( ) ( ) ,
n t n t

ap NL NL
A i A A i Ac c

i i
N N

σ ϕ ϕ
> >

   
= −      

   
∑ ∑

The expression for σdp completely coincides with the expression for 
σap, except for the instantaneous phase modulus

Standard deviation σaa of the absolute values of 
the normalized and centered instantaneous signal 
amplitude

2
2 2

1 1

1 1( ) | ( ) | ,
N N

aa cn cn
i ic c

A i A i
N N

σ
= =

   = −   
   
∑ ∑

where Acn is the normalized and centered instantaneous amplitude 
of the input signal

Standard deviation σaf of the absolute values of the 
normalized and centered instantaneous frequency of 
the signal

2

2

( ) ( )

1 1( ) | ( ) | ,
n t n t

af N N
A t A A t Ac c

f i f i
N N

σ
> >

   
= −      

   
∑ ∑

where fN is the normalized frequency

Kurtosis coefficient μa
42 for normalized and centered 

instantaneous amplitude
4

42 2 2

{ [ ]}
{ { [ ]}}

a cn

cn

E A n
E A n

µ =

Kurtosis coefficient μf
42 for normalized and centered 

instantaneous frequency
4

42 2 2

{ [ ]}
{ { [ ]}}

f N

N

E f n
E f n

µ =
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first presented in the article by E.E. Azzouz, 
A.K. Nandi, published in 1995 and in a 
monograph by these authors, published a 
year later [4,5]. The physical basis for using 
this system of  features is the features of  
the instantaneous values   of  the amplitude, 
phase and frequency of  the signal for 
various types of  modulation. Several spectral 
features are used to identify modulation 
that are suggested in the literature and are 
summarized in Table 2.

The use of  spectral features has the 
following disadvantages: with low-precision 
synchronization of  the carrier frequency, 
some features lose their information content; 
informative signs are sensitive to noise and 
depend on SNR [6].

Cumulative features make the algorithm 
less sensitive to unwanted noise and carrier 
frequency deviation. Cumulative features are 
calculated from low-frequency data based 
on the characteristic functions of  stationary 
random processes [7, 8].

The cumulative features of  two-
dimensional random processes are expressed 
through their mixed moments, which are 
defined as follows: let there be a random 
stationary process - its conjugate, then the 
mixed moment is expressed by the formula 
where k + n is the order of  the mixed 
moment. In this case, the expression for 
the cumulant of  order k + n. Distribution 
cumulants are in many ways much more 
informative distribution parameters than 
moments. This is mainly due to the fact 
that in many practical important cases, 
cumulants of  distributions, in contrast to 
moments, can be neglected. Moreover, there 
are distributions of  random variables, the 
cumulants of  which, starting from a certain 
order, all vanish, while their moments are not 

equal to zero. For example, for a Gaussian 
distribution, only the first two cumulants 
are nonzero, and at the same time, none of  
the moments is zero [9].

Cumulants characterize the statistical 
relationship between the distributions of  
the instantaneous phase of  the signal and 
can be expressed in terms of  joint moments 
according to (4):



1

,

1

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

( 1) ( 1)! ... ,
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k n n
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p
i i

i i
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 (4)

where p = k + n and the summation occurs 
over the set for 1 2( , ,..., )pΩ = Ω Ω Ω  by 1, .i p=

To solve the problem of  classifying 
phase-shift keyed signals, consider the values 
of  cumulants C20, C21, C40, C41, C42. The 
calculation takes place according to formulas 
5-9 [10]:

2
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42 20 21

1
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n
C s t C C

N =

= − −∑  (9)

Cumulant values are complex numbers. 
The main differences in the values of  
cumulants for different types of  digital 
modulation are manifested in the values of  
their real parts. Therefore, the values of  the 
real parts of  the cumulants are taken below 
as recognizing features.

CUMULATIVE FEATURES  FOR DETERMININING 
THE TYPE OF SIGNAL MANIPULATIONRADIOELECTRONICS



324

No. 3 | Vol. 12 | 2020 | RENSIT

The values of  cumulants and moments 
are presented in Tables 3 and 4, respectively, 
for three types of  signal manipulation in the 
absence of  noise.

As can be seen from Table 3, the 
moments for one type of  manipulation have 
practically the same meaning and are not 
informative.

The main advantage of  cumulants is their 
high accuracy and unambiguous classification.

Decision-making on classification can 
also be achieved by dividing into subgroups. 
The combined use of  cumulants and 
moments allows you to reduce the likelihood 
of  error both with respect to cumulative 
analysis only and relative application of  
moments only.

4. ARTIFICIAL NEURAL 
NETWORKS
In order to automate the process of  
recognizing the type of  signal manipulation, 
artificial neural networks can be used [11-13].

In Fig. 5 shows the structure of  a two-
layer neural network.

In the hidden first layer, each neuron has 
a vector of  weights - the number of  neurons 
in the hidden layer.

( ,1) ( ,1) ( ,1) ( ,1)
0

1
( ,1) ( ,1)

,

= ( ),

N
j T j j j

i i
i

j j

net x w w w x

o f net
=

= = +∑
 (10)

Is the output of  the j-th neuron of  the 
hidden layer, is the input row vector, is 
the weight coefficient row vector, T is the 
transposition sign, is the nonlinear activation 
function.

In the output layer, each k neuron of  
the output layer has a vector of  weight 
coefficients - the number of  neurons in the 
output layer, which, in a particular case, is 
equal to the number of  classes in the pattern 
recognition problem, o (1) is the vector of  
outputs of  the hidden layer neurons, which 
are inputs to the output layer [14, 15].

( ,2) ( ,1) (1) ( ,2) ( ,1) ( .1)
0

1

( ,2) ( ,2)
2

,

( ),  1, .

N
k j T k j j

j
i

k k

net w o w w o

o f net k N
=

= = +

= =

∑  (11)

The output of  the neural network reflects 
the type of  manipulation of  the received 
signal.

This article discusses three types of  
manipulation (BPSK, QPSK and 8-PSK), 
so the number of  neurons in the output 
layer is 3 + 1, taking into account the 
unknown type. The number of  neurons 
in the hidden layer 1 is set to 10. If  the 
received signal is BPSK modulation, then 
the output of  the neuron is "1", and the 
rest are equal to 0.

Preliminary training of  the neural 
network is carried out using the Levenberg-
Marquardt method (trainlm). To train a 

 

Fig. 5. The structure of  a two-layer neural network.

Table 4
Cumulant values

С20 С21 С40 С41 С42

BPSK 1 1 -2 -2 -2

QPSK 0 1 1 0 -1

8-PSK 0 1 0 0 -1

Table 3
Moment values

M20 M21 M40 M41 M42

BPSK 1 1 1 1 1

QPSK 0 1 1 1 1

8-PSK 0 1 0 0 1
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neural network, a set of  training samples is 
used, which consists of  two components: 
input and target. The input component 
represents the values   of  the cumulants 
calculated for signals with the BPSK, QPSK 
and 8-PSK keying types, and the target is the 
desired state of  the neural network outputs, 
corresponding to the output component of  
the sample. To assess the quality of  training, 
the cross-validation method (cross-check) 
is used. The last action of  the preparatory 
stage is the preservation of  the weight 
connections of  the neural network in long-
term memory [16, 17].

In Fig. 6 shows an algorithm for training 
a neural network.

At the stage of  recognizing the type of  
manipulation of  the signal received with 
the sampling frequency Fs in the frequency 
band ΔF, having a duration ΔT, we form 
a vector of  features C20, C21, C40, C41, 
C42 in accordance with formulas (5) - (9). 
For this purpose, we form the in-phase 
and quadrature components from the 

received signal for sequential calculation 
of  cumulants. The generated feature 
vector is fed to the input layer of  the neural 
network. Then, one by one for the hidden 
and output layers of  the neural network in 
each neuron, the value of  the activation 
function is calculated based on the output 
values and the coefficients of  the weight 
connections. Due to the fact that each 
neuron of  the output layer corresponds to 
a certain type of  manipulation, the choice 
of  a neuron with the maximum value of  
Fout in a given interval will determine the 
desired type of  manipulation. Otherwise, 
it is considered that the type of  signal 
manipulation is unknown, and re-recording 
and analysis is required.

The generalized algorithm for recognizing 
the type of  signal manipulation is shown in 
Fig. 7.

The training set consisted of  324 signals 
at different SNRs. The length of  each signal 
was N = 1024 counts.

 

Fig. 6. Neural network learning algorithm.

 

Fig. 7. Generalized algorithm for recognizing the type of  
signal manipulation.
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In Fig. 8, 9 show the created mathematical 
models for generating initial signals and for 
calculating cumulant

5. RESULTS OF SIGNAL MODELING 
IN MATLAB/SIMULINK
The neural network parameters are shown in 
Table 5.

The estimation of  the probabilities 
of  recognition of  the types of  signal 
manipulation obtained in the MatLab/
Simulink simulation environment is 
presented in Table 6.

As follows from the table, with an SNR 
of  no worse than 4-5 dB, this network will 
work very well, but at low SNR values, the 
accuracy will deteriorate.

As a result of  the experiment (a series of  n = 
1000 independent observations), the random 
variable obeys the binomial distribution law 
with a standard deviation (RMSD) where 
p is the probability of  recognizing the type 
of  manipulation. The error in measuring 
the recognition probabilities was ~ 1%. The 
conditional probability for a given SNR is 
selected as a criterion for evaluating the 

 

Fig. 9. Model for calculating cumulants.

Table 5
The main parameters of the neural network.

Number of layers 2
Number of inputs 5
Number of neurons in the hidden layer 10
Number of neurons in the output layer 3
Hidden Layer Activation Function Tansig (hyperbolic tangent sigmoidal transfer function)
Activation function in the output layer Purelin (linear transfer function)
The number of signal counts for calculating cumulants 1024

Fig. 8. Mathematical model for generating initial signals.

VAGID K. KURBANALIEV RADIOELECTRONICS



327

RENSIT | 2020 | Vol. 12 | No. 3

effective decision-making for recognizing the 
type of  signal manipulation.

6. CONCLUSION
A method for recognizing types of  signal 
manipulation based on the calculation 
of  cumulant features for training a 
neural network is considered. The article 
investigates cumulants up to the fourth 
order for recognition of  three types of  
signal manipulation. This method allows 
recognizing types of  manipulation with a 
probability of  at least 0.95 at signal-to-noise 
ratios of  4 dB. The simulation results show the 
high efficiency of  this approach. Analytical 
expressions for calculating cumulants are 
presented and the accuracy of  the experiment 
is justified. A preliminary analysis of  the 
method showed that the approach described 
in the work possesses the properties of  
nonparametry (robustness) and is similar to 
cepstral analysis. The implementation of  this 
method will expand the range of  tasks to be 
solved by remote methods and supplement 
the information obtained about the sources 
of  radio emission.

In the development of  the research 
topic, it is supposed to expand the number 
of  recognized types of  modulation and the 
selection of  significant cumulants of  higher 
orders and the implementation of  this 
method on the target FPGA platform of  
Altera, Xilinx. Also, thanks to a new set of  
essential features (combination of  cumulants, 
moments and spectral characteristics), due 

to the expansion of  the vector of  features 
of  classified signals, it is possible to increase 
the probability of  correct recognition of  the 
types of  signal modulation.
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1. INTRODUCTION
Improving reliability and extending 

lifetime is one of  the key challenges in LED 
design. The stability of  the electro-optical 
characteristics of  LEDs largely depends on 
the operating mode and operating conditions. 
At present, mathematical models based on 
extrapolation of  the experimental studies 
results of  the emission power decrease 
during accelerated tests under the elevated 

temperature and current [1-3] and models 
designed on the basis of  a theoretical analysis 
of  physical processes in light emitting 
heterostructure with prolonged current flow 
[4,5] are used to predict the LEDs lifetime.

During the growth of  the light-emitting 
InGaN/GaN heterostructure in the 
magnesium-doped p-GaN barrier layer, 
electrically neutral magnesium-hydrogen 
complexes Mg–H are formed. Therefore, in 
the finished structure, part of  the magnesium 
acts as an acceptor impurity, and part is in 
a bound state [5]. Under the action of  high 
temperature and electric current, Mg–H 
com-plexes can be destroyed, which leads 
to an increase in the effective concentration 
of  acceptors and the formation of  free 
hydrogen. In the scientifical literature it 
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is noted that during the operation of  the 
LED, the following diffusion mechanisms 
in the heterostructure are possible: hydrogen 
diffusion and magnesium diffusion [4-8]. 
Diffusion of  magnesium from the p-GaN 
barrier layer into the active region of  the 
heterostructure leads to the formation 
of  additional centers of  nonradiative 
recombination and a decrease of  the LED 
emission power [9,10].

The main factor accelerating the 
impurities diffusion and the LEDs optical 
power decrease is the increased temperature 
of  the active region of  the chip. It is known 
that an inhomogeneous current distribution 
causes overheating of  the structure in the 
chip regions with an increased current density 
[11]. Due to the action of  positive thermal 
feedback, the current density in some regions 
of  the chip can significantly exceed the average 
value, which will lead to an acceleration of  
the rate of  optical power degradation. In 
the known models of  InGaN-based LEDs 
degradation, the effect of  positive thermal 
feedback is not taken into account, and the 
coefficients of  the influence of  current and 
temperature on the dependence of  the LED 
emission power on the operating time are 
applied independently of  each other [2].

The aim of  this work is to develop a 
diffusion model of  optical degradation of  
LEDs based on a double InGaN/GaN 
heterostructure operating in a direct current 
mode [12] for a pulsed mode of  operation 
at an increased current density, taking into 

account the inhomogeneous temperature 
distribution over the active region.

2. LED DEGRADATION MODEL
The one-dimensional geometry of  the 
kinetic model of  LED degradation 
(Fig. 1) is a part of  the semiconductor 
chip structure, which consists of  the 
following elements: 1 – p-GaN:Mg layer; 
2 – InxGa1-xN active layer, thickness d (the 
relative indium concentration x varies 
within 0.2 − 0.43); 3 – n-GaN:Si layer.

The mathematical model consists of  the 
following equations:

1)balance equation for determining of  the 
nonequilibrium carriers concentration n(t) in 
the active region of  the LED heterostructure

( ) ( ) ( ) ( )( )2 3
2

0

( ) 0,

n(0) = n ,

av
J t

An t N t B n t C n t
ed

− + + =  (1)

where J is injection current density; A, B, 
C are nonradiactive, radiative and Auger 
recombination coefficients, respectively 
[13]; N2av(t) is average concentration 
of  impurity atoms in the active region 
of  the structure; n0 is initial carrier 
concentration; e is electron charge;

2)impurity atoms diffusion equation
2

2
( , ) ( , ) ( , ) ,eli i i

i i
N x t N x t N x tD D

t xx
∂ ∂ ∂

= −
∂ ∂∂

 (2)

where i = 1, 2, 3; Ni(x,t) is the concentration of  
impurity atoms in the i-th region of  the LED 

structure; Di, 
i effel

i
B

D Eq
D

k T
=  – are diffusion and 

electrodiffusion coefficients in the i-th region; 
E is the external electric field strength; kB is 
Boltzmann's constant; T is chip temperature; 
qeff  = qi – |e|neleσin is effective charge [14]; ne, 
le are the concentration and mean electrons 
free length; σin is the mean cross section for 
scattering of  electrons by ions.
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1─ p-GaN; N1(x, t) 0 d 

x 

2 ─ InxGa1-xN; N2(x, t)  

3 ─ n-GaN; N3(x, t)    
 

Fig. 1. Geometry of  the kinetic model of  LED degradation.
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The initial concentrations of  impurity 
atoms in the considered regions of  the 
structure Ni0 and the continuity of  the 
substance flux density at the internal 
boundaries of  the structure are set as the 
initial and boundary conditions.

The model was designed under the 
following assumptions: nonequilibrium 
n and p concentrations in the active 
region are approximately equal; A, B 
and C recombination coefficients do not 
depend on the n and p concentrations; 
the active region of  the heterostructure is 
assumed to be a homogeneous medium. 
Equation (1) is considered in the quasi-
stationary approximation, since the carrier 
density reaches its equilibrium value very 
quickly compared to the rate of  the LEDs 
degradation.

Equations (1)-(2) were solved by the 
numerical finite element method using the 
COMSOL Multiphysics modeling program 
complex. The injection current density was 
modeled by the functione

( ) 0
0

1 ,
M

p
p

m

t mJ t J H t m H t t
K K=

     = − − − +         
∑  (3)

where H(t) is the Heaviside function; M is 
the total number of  pulses in the considered 
time interval; m is the number of  pulses; tp is 
the pulse duration; K is duty cycle.

Calculated studies of  the LEDs optical 
power decrease during tests under the pulsed 
current of  increased density were carried out 
for green LEDs manufactured by Arlight. 
The geometric dimensions of  the chip are 
340×270×100 μm, a sapphire substrate, 
the maximum direct current density is 35 
A/cm2, the wavelength at the maximum of  
the emission spectrum is 525 nm (x = 0.37 
is relative content of  indium in the active 

region). The values of  current density J, pulse 
duration tp and duty cycle K were chosen in 
the following intervals: J = (100÷500) A/
cm2, tp = (100÷500) μs, K = (0.01÷0.1).

To take into account the effect of  
positive thermal feedback at high current 
densities, the dif-fusion coefficient Di 
and electrodiffusion coefficient el

iD  were 
calculated proceeding from the condition 
of  the inhomogeneous distribution of  the 
current density over the active region of  
the LED semiconductor structure and the 
corresponding temperature distribution. 
For this purpose, thermal 3D modeling of  
the LED structure was performed and the 
calculation of  the temperature field with 
inhomogeneous current density over the 
LED active region was made according to 
the method presented in [11]. Fig. 2 shows 
the results of  calculating of  changes in the 
maximum values of  the current density (a) 
and the temperature of  the active region of  
the chip (b) during the action of  one current 
pulse for one of  the design options: J = 500 
A/cm2, K = 0.1; tp = 500 μs. It can be seen 
that the maximum value of  the overheating 
temperature of  the active region relative to 
the ambient temperature (300 K) is 78 K, 
and the maximum current density increases 
nonlinearly and by the end of  the pulse is 
35% higher than the average value of  the 
current density J = 500 A/cm2.

MODEL OF DEGRADATION OF InGaN/GaN LED DURING CURRENT 
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Fig. 2. Maximum temperature (a) and current density (b) of  
the LED active area: J = 500 A/cm2, tp = 500 μs, K = 0.1
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The diffusion coefficient value was 
determined by solving the inverse one-
dimensional diffusion problem. To solve, 
we used the charge carriers concentration 
distribution profiles, measured by the method 
of  capacitance-voltage characteristics at 
different time intervals of  LED degradation 
for 12.000 h at a direct current with a density 
of  30 A/cm2, which were taken as a solution 
to Eq. (2) at the considered time [12].

3. EXPERIMENTAL VALIDATION 
OF THE MODEL
In Fig. 3a, solid lines show the dependences 
of  the optical power of  the LED during its 
operation in the pulsed mode at three values 
of  the current density, the pulse duration tp = 
500 μs, and the duty cycle K = 0.1, obtained 
using the developed model. The points on 
the graph indicate the test results of  three 
groups of  LEDs, 5 examples in each group. 
The dotted line marks the boundaries of  the 
standard deviation. It can be seen from the 
graph that the experimental dependence P(t)/
P0 is in good agreement with the dependence 
calculated using the diffusion kinetic model.

The curves in the Fig. 3 are approximated 
by a function

( ) ( )( )0/ 0,08ln 3.73e-6 ,opt optP t P f J t= − +  (4)

where f(J) = 1.084e-7×exp (7.66e-3×J).
An estimate of  the operating time t0.7, at 

which the optical power decreases to 70% 
of  the initial value was made at different 
values of  the current density J (Fig. 3b). 
The dependence t0.7(J) is described by an 
exponential function

0/
0,7 ( ) ,J Jt J eτ −=  (5)

where τ = 14600 h and J0 = 130 A/cm2 for the 
specified operating mode of  the investigated 
LEDs.

4. CONCLUSION
The developed diffusion model of  
degradation of  the LED based on a double 
InGaN/GaN heterostructure makes it 
possible to obtain the dependence of  the 
optical emission power on the operating 
time at a constant and/or pulsed current, 
including at high current densities, which 
cause overheating of  the active region. 

VYACHESLAV A. SERGEEV, ALEXANDER M. HODAKOV, ILYA V. FROLOV RADIOELECTRONICS

                                               a                                                                                        b
Fig. 3. Dependence of  the LEDs optical power on time (a) and the dependence of  the time t0.7 of  the optical power decrease to 70% on 

the current density (b) when LED operates in a pulsed mode (tp = 500 μs, K = 0.1).
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The model takes into account the effect of  
inhomogeneous current distribution due to 
non-uniform heating of  the chip by a high-
density current. The model can be used to 
predict the LED lifetime when operating in 
the nominal mode at a known value of  the 
diffusion coefficient of  Mg impurity from 
the barrier layer to the active region of  the 
heterostructure, which can be obtained from 
the results of  accelerated tests in the pulsed 
mode at an increased current density.
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1. INTRODUCTION

When developing microwave modules for 
their stable operation, radio absorbers are 
usually used, placed in a sealed module case 
(Fig. 1). Despite the existence of  a wide 

range of  such materials, the problem of  
obtaining an inorganic absorber remains 
urgent [1]. A large number of  works are 
devoted to the study of  the electromagnetic 
properties of  composite materials based 
on various forms of  carbon [2,3]. The 
interaction of  electromagnetic radiation 
with nanocarbon composites shows 
the promise of  their use for scientific 
and practical applications. Composites 
with carbon and nanocarbon inclusions 
are especially attractive as absorbers of  
electromagnetic radiation, for solving 
a number of  practical problems, such 
as structural materials with absorbing 
properties in the microwave range in 
microelectronic cases.

RADIOELECTRONICS
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with nonmagnetic carbon inclusions was carried out depending on their complex dielectric 
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Traditional shielding, absorbing 
materials are usually highly conductive and 
serve to block, absorb or redirect scattered 
(parasitic) radiation. As the operating 
frequency rises, the wavelength decreases, 
and the existing gaps between the material 
and the housing deteriorate the quality of  
the shielding.

Absorbers solve the problem 
of  shielding at high frequencies of  
absorption of  scattered radiation. When it 
comes to electronics, both consumer and 
specialty, designers strive to ensure the 
highest possible speed of  operation with 
the widest possible functionality, which 
requires an increase in the number of  
components located in the most compact 
cases. When more components are 
enclosed in small spaces, developers have 
great difficulty. Such as incompatibility of  
certain components, the need to supply 
more power, which, in particular, leads 
to problems in terms of  EMC caused by 
an increase in power and a high level of  
radio interference. As a result of  all of  
the above, there are problems of  EME 
oscillations in the resonator. The use of  
microwave energy absorbers helps to solve 
these problems [4]. That fully meets the 

requirements of  OST 4G0.010.224-82 
"Integrated microwave modules design".

2. PROCESSES OF 
MANUFACTURING ABSORBENT 
MATERIALS AND THE FACTORS 
THAT DETERMINE THEIR 
CHARACTERISTICS, DEPENDING 
ON THE FILLER

As the analysis showed, sheet absorbers 
of  electromagnetic waves are most widely 
used as radio-absorbing coatings. Their 
important advantage is the possibility 
of  joint use of  several sheet layers with 
different characteristics of  dielectric and 
magnetic permeability, as well as different 
values of  transmission and absorption 
of  an electromagnetic wave to create 
the effect of  interlayer re-reflection. In 
addition, ferrite volumetric absorbers are 
used, which, due to the geometry of  their 
construction, ensure maximum interaction 
of  electromagnetic waves with the absorbing 
layer due to re-reflection and diffraction 
on periodic absorbing structures. Both 
methods show significant characteristics 
of  absorption of  electromagnetic waves 
in the radio range [6]. The disadvantages 
of  these materials are the large thickness 
of  the applied coating, the complexity 
of  the application on parts of  complex 
configuration (Fig. 2). In microelectronics, 
materials, which include carbonyl iron and 

RADIOELECTRONICS

Fig. 1. a) General view of  the microwave housing, b) with 
radio frequency absorbers on the microwave housing cover.

                    а)                                   б)

Fig. 2. Bucket.
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ferrite, are mainly used as an absorber of  
microwave waves.

Based on this, the tasks of  the study 
included obtaining prototypes of  composite 
radio-absorbing coatings formed on the 
basis of  existing materials using a polymer 
binder and using carbon fabric as a matrix 
on which the material was applied. In 
addition, in order to increase the absorbing 
characteristics, the coatings must have the 
following properties [7]:

1) the presence of  a developed electrically 
conductive nano-network in the polymer 
matrix;

2) the presence of  isolated from each 
other nanoparticles of  a magnetic substance;

3) providing additional attenuation of  
electromagnetic radiation due to dielectric 
losses;

4) the presence of  structural elements 
that contribute to the formation of  Rayleigh 
scattering structures and zones where the 
waves are added in antiphase;

5) achieving a minimum difference in wave 
impedances at the radio-absorbing material / 
air interface.

As is known, low concentrations of  
carbon inclusions in composites make 
it possible to change the values of  the 
complex dielectric constant of  the polymer 
matrix and obtain a material with controlled 
absorption [5].

3. MANUFACTURING OF A NEW 
ABSORBING MATERIAL BASED ON 
A CARBON MATRIX WITH VARIOUS 
FILLERS

The process of  obtaining a product includes 
several stages. The main stage should be the 

impregnation of  a functional radio-absorbing 
filler with a polymer binder. URAL-N-100 
carbon threads [8], (Fig. 3) were taken as a 
filler. The advantage of  HCs for absorbing 
coatings is the strong shielding caused by 
the effect of  depolarization. In composites 
based on nanocarbon inclusions, it is 
necessary to reach the percolation threshold 
to ensure substantial absorption [3]. When 
using carbon fibers with a regular cylindrical 
shape and a high ratio of  transverse 
dimensions, the effect of  depolarization can 
be neglected. The conductivity of  the shock 
wave is sufficiently high, but the thickness 
of  the skin layer in the Ka-zone exceeds 
the diameter of  the fibers, so they interact 
with radiation with their entire volume. This 
makes it possible to create a composite with 
a high absorption coefficient at an inclusion 
concentration below the percolation 
threshold.

Two materials were used as a binder: 1) 
epoxy resin grade ED-20 GOST 10587-
84, with a content of  0.8-1% (by weight) 
of  the impregnated material and PEPA 
hardener TU2413-357-00203447-99; 2) 
adhesive sealant Elasil 137-180 grade 
B TU 6-02-1214-81. The carbon fabric 
was impregnated by the contact pressure 
method (Fig. 4). When impregnated 
with this method, the binder fills mainly 
the large pores, the spaces between the 
individual filaments, and also between the 

RADIOELECTRONICS

Fig. 3. a) image of  carbon fibers that make up the carbon 
fabric, b) URAL-N-100 fabric.

                 а)                                      б)
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filaments. Since the size of  the tubules of  
elementary fibers is small in comparison 
with the size of  the molecules of  binding 
substances, the possibility of  penetration 
of  the impregnating solution into these 
tubules is excluded [9].

The impregnated material was dried at 
room temperature, after final polymerization, 
composite specimens were cut out of  it 
(Fig. 5), and holes were made for fixing in a 
mandrel.

4. LABORATORY TESTS

Tests of  the absorbing material were carried 
out to ensure the electrical tightness and 
shielding of  solid-state microwave modules 
[10]. Carbon fabric impregnated with the 
method of  contact pressure with a polymer 
binder was used as a spacer between the 
nickel-plated casing and the module's 
screen cover; fastening was carried out 
with screws. The tests were carried out on 
two types of  microwave modules. The first 
was a 1x2 wideband power switch with an 

amplifier (≈20 dB) in the common path. 
The second one was a narrow-band noise 
signal generator, providing signal shaping 
and amplification to the required power 
level.

In Fig. 6 shows the decoupling of  
the switch arms without shielding covers 
(blue), with a shielded metal cover (purple) 
installed, with a carbon spacer and a shield 
cover (red) installed. The transmission 
coefficient measurements were carried 
out on a P2M-18A series scalar network 
analyzer. The use of  a carbon spacer made 
it possible to increase the isolation of  the 
switch arms by an average of  10 dB, which 
indicates the efficiency of  using carbon 
fabric as an absorbing material to ensure 
the electrical tightness of  microwave 
modules.

Due to the high gain of  the noise 
generator module (about 110 dB), the 
stability of  the module is low and without 
proper shielding leads to excitation. The 
irregularity of  the spectrum without the 
use of  a spacer, with the installed screen 

Fig. 6. Decoupling of  the switch of  various designs.

Fig. 5. a) a sample impregnated with elasil, b) a sample impregnated with epoxy resin, c) a punching device.
                           а)                                                              b)                                                      c)

Fig. 4. Impregnation scheme.

ANTON V. KRYUKOV, ALEXANDER S. EREMEEV RADIOELECTRONICS



339

RENSIT | 2020 | Vol. 12 | No. 3

cover indicates insufficient shielding of  the 
module (Fig. 7, view a). The shape of  the 
signal spectrum of  the noise generator with 
the installed carbon spacer and the screen 
cover without irregularities demonstrates 
the stability of  the module (Fig. 7, view 
b) Thus, the use of  a carbon fabric 
impregnated with a polymer binder as an 
absorbing material for shielding microwave 
modules is justified.

5. CONCLUSION

The research results showed that a 
material based on a carbon matrix with 
various fillers as an absorbing material 
makes it possible to ensure internal and 
external electromagnetic compatibility in 
microwave devices. However, the question 
of  material preservation and durability 
remains open. Research in this area is 
ongoing.
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1. INTRODUCTION
To date, it is becoming increasingly apparent 
that the creation of  materials for spin 
electronics in the form of  diluted magnetic 
semiconductors (DMS) based on III – V 
semiconductor compounds with a Curie 
temperature of  300 K and higher is very 
problematic [1,2]. Doping with d-elements of  
these semiconductors, which have a narrow 
homogeneity region, leads to the formation 
of  magnetic microinclusions on crystal 
lattice defects of  the synthesized materials. 
In particular, according to the results of  
electron probe microanalysis, the textured 
polycrystals of  indium antimonide doped 
with manganese, InSb<Mn> obtained by 

quenching of  the melt, contained numerous 
inclusions with an increased content of  
manganese of  1 μm or less, located both in 
the grains themselves and at the boundaries 
[3]. It was found later that the places of  
accumulation of  manganese are the exits of  
grain-forming dislocations to the surface of  
the samples and most of  it segregates on 
InSb dislocations [4].

In [5], based on an analysis of  the available 
literature and experimental data, the concept 
of  impurity dislocation magnetism was 
formulated, according to which the majority 
of  the impurity atoms segregate on the 
dislocations of  the semiconductor crystal 
lattice, which determines its electrical and 
magnetic properties. In this work, the task is 
to find the relationship of  the structure and 
chemical composition of  the crystal lattice 
dislocations of  the semiconductor compound 
GaSb doped with manganese with its magnetic 
properties.
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2. EXPERIMENTAL PROCEDURE
In [6] there was studied ferromagnetism of  the 
GaSb compound semiconductor containing 
2% Mn. The starting components used to 
prepare bulk  GaSb<Mn> samples were p-type 
gallium antimonide with a carrier concentration 
p = 2.1·1016 cm–3 and carrier mobility of  2.5·103 
cm2/(Vs) and pure Mn (99.99%).

The starting mixture was heated at a rate of  
200 K/h to 1200 K in a silica ampule sealed off  
under vacuum and  holding at this temperature 
for 24 h.  The resultant alloy was quenched in 
ice water, while the silica ampule was held in a 
vertical position. For study alloy properties we 
used powders  and polished transverse sections 
2×2×5 mm in average dimensions. 

All studies were carried out at the facilities 
of  the centre of  collective usage of  the 
Kurnakov Institute of  General and Inorganic 
Chemistry RAS.

The phase composition of  the samples was 
determined at room temperature on a Bruker 
diffractometer in step scan mode (angular 
range 2θ = 10°–80°, scan step Δ2θ = 0.02°). 
Using Ni-filtered CuKα radiation (λ = 1.5418 
Å), which was decomposed into the Kα1 and 
Kα2 components in X-ray diffraction data 
processing.

The surface of  the polished section was 
examined by scanning electron microscopy 
on a Carl Zeiss NVision 40 Cross Beam 
workstation. The magnetic properties of  
the GaSb (2% Mn) samples were studied at 
4 and 300 K in magnetic fields of  up to H 
= 50 kOe using a Quantum  Design PPMS-
9 automated system. The absolute sensitivity 
in DC- magnetization measurements was 
±2.5·10–5 G cm3. 

3. RESULTS AND DISCUSSION
Fig. 1a shows the X-ray diffraction pattern 
of  the GaSb powder containing 2% Mn. 

Moreover, the X-ray diffraction pattern of  
the powder contains three weak additional 
reflections, indexed as reflections from 
the Mn1.1Sb phase, which has a hexagonal 
structure with unit-cell parameters a = 4.157 
Å and c = 5.757 Å (ICDD PDFcard no. 01-
077-8198). The temperature dependence 
of  magnetization for the powder confirms 
the formation of  the ferromagnetic phase 
Mn1.1Sb with a Curie temperature TC ≈ 560 
K. The decrease in the lattice parameter a 
of  GaSb<Mn> by 0.016 Å can be due to 
the quenching-induced compressive stress 
[6]. 

Indeed, the difference is an order of  
magnitude in the coefficients of  linear thermal 
expansion of  the synthesized material (LTE 
GaSb α = ~ 5·10-6 K-1 [7]) and quartz ampoules 
(TCR α = ~ 0.5·10-6 K-1 [8]) inevitably leads not 
only to a change in the crystal lattice parameter, 
but also to the formation of  numerous defects 
in the crystal lattice of  the semiconductor.

It was found that if  a transverse 
crystallographic section made of  the 
semicircular part of  the obtained ingot 
had a microcrystal microstructure, then a 
section made of  the cylindrical part of  the 
ingot had the microstructure of  a textured 
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Fig. 1.  X-ray diffraction patterns of  the (a) GaSb<Mn> 
powder and (b) a polished transverse section. 
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GaSb (111) polycrystal. The microstructural 
difference between the transverse sections 
is a consequence of  the vertical position 
of  the ampoule with the melt and radial 
heat removal at the quenching moment 
(Fig.  2a).

The formation of  a textured polycrystal 
suggests that grain-forming dislocations are a 
priority type of  defects in the crystal lattice of  
the cylindrical part of  the ingot.

According to [5], this observation is very 
important, since among other defects of  
the crystal lattice in III – V semiconductor 
compounds of  the II – V dislocation, due to 
their exceptional properties — the pronounced 
anisotropy of  the lattice deformation and the 
ability to segregate impurity atoms on them, 
occupy a special place.

The segregation of  impurities on the 
dislocation line occurs as follows. In the 
half-plane zone of  the edge dislocation 
(Fig. 2b), the lattice is in a state of  
excessive hydrostatic pressure, while there 
is hydrostatic rarefaction on the opposite 
side of  the slip plane [9]. If  the crystal is 
at sufficiently high temperatures, when the 

mobility of  the lattice elements is high, 
impurity atoms move to these regions of  
abnormal hydrostatic pressures and impurity 
atoms accumulate on dislocation lines with 
the formation of  Cottrell clouds [10]. 
In this case, impurities deposited on the 
dislocation block its motion, as if  “pinning” 
or, otherwise, fixing the dislocation line at 
some points [11].

According to [9], the boundary between 
grains is considered small angle if  the 
orientational difference between adjacent 
sections of  the crystal is small. In the simplest 
case, the grain boundary is constructed from 
one type of  dislocation, for example, only from 
the edge (Fig. 2a). The areas on both sides of  
the grain boundary are mutually inclined to 
each other, and the edge of  the dihedral angle 
is located along the grain boundary.

If  Θ is the angle of  inclination, D is the 
distance between the exit points of  the 
dislocations and b is the Burgers vector of  the 
dislocation, then for a small angle of  inclination 
we can derive the relation Θ = b/D.

According to the above formula, with 
constant parameters Θ and b, the distance 
between the exit points of  dislocations D is a 
strictly constant value. Strict spacing of  grain-
boundary dislocations ensures strict spacing 
of  segregation points of  dopant atoms at 
dislocations

In our case, from the data of  scanning 
electron microscopy of  the surface of  a 
metallographic thin section, it follows that 
the surface of  the GaSb <Mn> magnetic 
semiconductor consists of  microscopic 
inhomogeneities in the form of  etching pits 
that accumulate in topographic blocks of  a 
triangular shape (Fig. 3a).

According to the results of  topographic 
analysis, microscopic inhomogeneities in 
the form of  straight lines consisting of  
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Fig. 2. Diagram of  the position of  the ampoule and heat 
removal from the melt during quenching of  GaSb <Mn>(a), 
leading to the formation of  a texture with small-angle 

boundaries (b).

Mn SEGREGATION ON DEFECTS OF A GaSB CRYSTALL LATTICE



344

No. 3 | Vol. 12 | 2020 | RENSIT

etching pits in Fig. 3a are slip planes of  
dislocations. Based on this, it is concluded 
that the occurrence of  linear defects of  the 
crystal lattice - dislocations and their motion 
during quenching of  the gallium antimonide 
melt doped with manganese are the basis for 
the formation of  the microstructure of  the 
magnetic semiconductor GaSb <Mn>.

The result of  scanning the same part of  
the surface of  the sample in X-ray radiation 
of  manganese (Fig. 3b) confirms that impurity 
manganese is mainly contained in these 
topographic blocks, segregating at dislocations.

Thus, the synthesis of  the GaSb <Mn> 
magnetic semiconductor by quenching of  
the melt occurs in two stages. At the first 
stage, dislocations are formed, from which 
topographic blocks of  the microstructure are 
formed, at the second, impurity manganese 
fills empty dislocations.

According to published data, dislocation 
filling of  impurity atoms occurs discretely. 

For example, in [12], significant deviations 
from the Cottrell cloud model were observed 
as a uniform distribution of  impurity atoms 
over cylindrical layers coaxial to the axis of  
the dislocation. The experimental data [13] 
also indicate a discrete character of  carbon 
segregation along the dislocation axis in the 
martensitic alloy with the formation of  a chain 
of  segregation atmospheres with a diameter of  
14 ± 2 nm (Fig. 4a).

The discrete nature of  impurity deposition 
at dislocations was also noted in earlier studies 
of  dislocations in various materials. For 
example, in [14], an image of  AgCl precipitates 
on a visually observed spatial dislocation 
network in a KCl crystal is presented, which is 
characterized by a surprisingly strict periodic 
distance between inclusions from each other 
(Fig. 4b). In this case, the sizes of  inclusions 
and the distances between them are the same 
and amount to 1 μm.

The impurity inclusions of  the quenched 
GaSb <Mn> melt ingot have micron sizes 
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Fig. 3. Electronic (a) and MnKα (b) X-ray surface 
topography of  a GaSb<Mn> metallographic section.

Fig. 4. Impurity distribution along dislocations: a –
distribution of  Fe3C nanoclusters along dislocations in iron 
(image obtained in an atomic force microscope using a three-
dimensional probe); b – precipitates of  AgCl on a visually 
observed spatial dislocation network in a KCl crystal (x 600).
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commensurate with the diameter of  the 
effective region of  the X-ray excitation of  
the electron probe equal to 1 μm [15], which 
makes it possible to determine the chemical 
composition in each of  the inclusions.

As an example, we consider a chain of  
microobjects at the small-angle GaSb <Mn> 
boundary (Fig. 5a). The Table 1 shows 
the results of  determining the chemical 
composition of  each of  the numbered 
microobjects, from which it follows that 
microobjects 1-4 are the microinclusions of  
manganese and antimony, and microobject 
5 is an empty dislocation exit to the sample 
surface. The data of  Table 1 were plotted 
on the lines of  magnetic transformations 
of  the Mn-Sb state diagram [16] (Fig. 5b), 
which allowed us not only to carry out phase 
identification of  microinclusions, but also to 
determine the type of  magnetism and Curie 
temperature of  each of  them (Table 2). 

Certain values of  the Curie temperature 
are plotted in Fig. 5a. The average Curie 
temperature of  the studied magnetic 
inclusions is TC = 564 K and corresponds 
to TC = ~ 560 K [6].

Studies at T = 4 K showed the dependence 
of  the magnetization of  the metallographic 
thin section GaSb <Mn> on the angle of  its 
rotation to the direction of  magnetic flux and 
its practical absence at T = 300 K (Fig. 6a).

According to Fig. 6a, it is concluded that, 
at low temperatures, the crystalline anisotropy 
of  the sample is accompanied by its magnetic 
anisotropy, caused by the ordered arrangement 
of  magnetic clusters on dislocations in the 
crystallographic directions <110>.

A decrease in the magnetic anisotropy 
of  the sample with increasing temperature 
is associated with the destruction of  the 
ferromagnetism of  small clusters by thermal 

NANOSYSTEMS

Fig. 5. Dislocation yields on the GaSb<Mn> surface 
(×500) (a) and dislocation compositions along the magnetic 

transformation lines of  the Mn–Sb phase diagram (b).

Table 1
The chemical composition of microinclusions at 

dislocations
No of 

inclusion
% аt

Mn                        Ga                   Sb

1 48.41 51.59
2 50.52 49.48
3 66.76 33.24
4 62.10 39.90
5 48.22 51.78

1-4 The average composition, аt%

56.95 43.05

Table2
Curie temperature and type of magnetism of 

microinclusions at dislocations
No of 

inclusion
Curie temperature 

Тс, К
Type of magnetism

1 587 ferromagnet

2 573 ferromagnet

3 550 ferromagnet

4 546 ferromagnet

5 - diamagnet

Average 564 ferro-/ferrimagnet

Mn SEGREGATION ON DEFECTS OF A GaSB CRYSTALL LATTICE
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vibrations of  atoms as they approach the 
superparamagnetic state.

The measurements of  magnetic properties 
showed that, at a temperature of  T = 300 
K, the GaSb <Mn> sample still retains the 
properties of  a ferromagnet with a coercive 
force of  the soft magnetic material НС ≈ 10 
Oe (Fig. 6b).

This is also confirmed by the results 
of  calculations in [6], in which, based on 
measurements of  magnetization after cooling 
without a field (ZFC) and cooling in a field 
(FC), it was concluded that ferromagnetic 
microinclusions at room temperature are 
close to a superparamagnetic state with a 
blocking temperature of  magnetic moments 
of  ferromagnetic clusters T ≈ 300 K. The 
calculated effective size of  the blocked 
clusters is ≈ 200 nm, which is several times 
smaller than the average size of  the observed 
magnetic microinclusions at dislocations.

The Fig. 7a shows a portion of  the surface 
of  a sample with a horizontal exit to the 
surface of  a mixed linear screw dislocation 
with several spherical clusters and a diagram 
of  a rectangular hysteresis loop of  an 

information bit on one of  them. Therefore, 
spherical clusters at dislocations can be used 
as bits of  information in computer random 
access memory. 

The integration of  magnetic systems into 
semiconductor electronics involves the fusion 
of  layers of  semiconductors of  the same 
syngony with different structural parameters 
and, as a result, the formation of  a misfit 
dislocation layer between them (Fig. 7b) 
[17,18].

By varying the structural parameters of  
semiconductors, the concentration of  the 
alloying element, and the conditions for 
obtaining, it is possible to create mismatched 
base elements of  magnetoresistive random 
access memory (MRAM) of  various sizes and 
densities on dislocations.
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Fig. 6. Magnetic field dependences of  magnetization (a) and 
coercive force (b)  for a polished transverse section of  GaSb 
<Mn>  as a function of  rotation angle  at T =  4 and  300 K.

Fig. 7. Possible applications of  segregation of  magnetic 
impurities on dislocations: a - spherical clusters at the 
horizontal dislocation exit to the surface of  the GaSb <Mn> 
sample and the scheme of  the hysteresis loop of  the information 
bit on one of  them; b — mismatch dislocations at the GaSb / 

GaAs heteroboundary according to [17].
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4. CONCLUSIONS
It was found that quenching of  the 
GaSb<Mn> melt in water at a vertical location 
of  the ampoule, radial heat removal, and the 
difference in the thermal expansion coefficient 
of  the synthesized material and quartz leads to 
the formation of  (111) GaSb texture and is an 
effective method for generating high-density 
grain-forming dislocations.

Manganese atoms segregate on GaSb 
dislocations discretely with periodic spacing 
of  inclusions from each other. The size of  the 
inclusions is about 1 μm. 

According to the microanalysis data, 
inclusions at dislocations differ in composition 
and magnetic properties, but the total 
composition is close to the GaSb1,1Mn phase 
observed by the XRD method, and the 
average Curie temperature of  microinclusions 
corresponds to TC ~ 560 K, determined as a 
result of  GaSb<Mn> magnetic measurements. 

The micron sizes of  inclusions on 
dislocations bring their ferromagnetic state 
closer to the superparamagnetic state and cause 
magnetic anisotropy at low temperatures.

At room temperature, GaSb<Mn> retains 
the properties of  a ferromagnet with a coercive 
force of  soft magnetic material HC ≈ 10 Oe. 
Microswitches on dislocations can be used 
as bits of  information in computer random 
access memory. 
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1. INTRODUCTION
Tin dioxide (SnO2) is one of  the most 
promising semiconducting materials for 
production of  sensory layers of  gas sensors. 
However, this material contains a large quantity 
of  intrinsic defects of  crystal lattice resulting in 
irreversible changes in its properties at extreme 
temperature variations. Furthermore, sensing 
film of  pure SnO2 has low sensibility and weak 
selectivity to variety of  gases. Therefore pure 
SnO2 slightly using in sensors production [1, 
2]. Catalytic electroactive dopants as In, Pd, 
Ni, Er, Zn are used for correction of  pure 
SnO2 physicochemical properties, particularly, 
for intrinsic defects compensation, structure 
strengthening, selectivity and sensibility 
improvement [3-7]. Tin dioxide thin films 
doping provides significant modification 
their microstructure and electronic structure 
changing crystallites growth mechanisms 
and parameters, producing additional donor 
and acceptor states hence changing material 
conductance. As well SnO2 doping with various 
additives Pt, Pd, Au is able to change material 
lattice constant. [8-11].

There are a lot of  papers devoted to 
investigation of  influence of  various dopants 
to SnO2 film on the gas sensor parameters. 
Deposition of  Pd nanoparticles on the SnO2 film 
surface results in sensor operation temperature 
reducing down to room temperature [12]. SnO2 
doped with cerium showed an increase in the 
sensor sensitivity to hydrogen sulfide [13, 14] and 
various organic gases [15]. Cobalt, ruthenium, 
nickel or iron doping significantly increases tin 
dioxide sensitivity to methane, trimethylamine, 
and ethanol, respectively [16-19]. The use of  
SnO2 films doped with zirconium leads to 
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decrease in the sensor operating temperature 
and increase of  the maximum sensitivity to 
ethanol, acetone, and isopropyl alcohol vapor 
[20]. It is known that introduction of  Cu dopant 
into SnO2 film leads to decrease the drift of  the 
sensor baseline while the material selectivity to 
H2S increases comparing with CO and C2H5OH 
[21-24]. In [25] it has been shown that donor-like 
sites created during the deposition of  SnO2:Cu 
film provide much better sensor stability than 
intrinsic donors in pure SnO2 films. The effect 
can be explained by a decrease in the mobility 
of  oxygen vacancies when coupled with Cu 
atoms vacancies. It has been supposed that in 
the case of  bismuth doping it is possible to 
realize such mechanism. However, due to the 
much larger ionic radius of  Bi (1.03А) than that 
of  tin (0.69А), when the complex is formed with 
an oxygen vacancy, the compound will create a 
greater strain in the crystal structure. This will 
lead to a more effective inhibition of  migration 
of  oxygen vacancies and, consequently, to greater 
stability of  the gas sensor.

In earlier it was shown that Bi doping changed 
the structural and phase characteristics of  SnO2 
films [26, 27]. Usually, bismuth oxide powder 
is used as a target to produce films doped with 
bismuth. Introduction of  bismuth oxide permit 
to control crystallite size in a wide range. The 
increasing bismuth oxide concentration from 
0 to 20 mol.% leads to average crystallite size 
decreases in twice. It has been also shown 
possibility to create a resistive sensor based on 
bismuth oxide branched SnO2 nanowires with 
selectively sensitivity to NO2 [28]. However, 
there is practically no research of  Bi effect on 
SnO2 film morphology. As well the review of  
the literature has been shown that the study of  
the possibility of  using SnO2 films doped with 
bismuth as sensory coatings for acetone sensor 
is small compared with other dopants. In this 
regard, we studied nanostructured thin films of  
SnO2 doped with bismuth and their sensitivity to 
acetone vapors.

ANDREY V. SMIRNOV, ILYA V. SINEV, VYACHESLAV V. 
SIMAKOV, VLADIMIR V. KOLESOV, IREN E. KUZNETSOVA
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2. EXPERIMENTAL PROCEDURE
2.1. semIconductor fIlm sample producInG

The tin dioxide thin films under study were 
prepared using the method of  high-frequency 
magnetron sputtering of  a dielectric target by 
means a set up Orion-40T VTC-PVD-600 
(South Korea). The circle targets with bare SnO2 
powder and with mixed SnO2 and BiO2 powders 
were obtained by dry pressing. Five targets were 
prepared: pure tin dioxide, and tin dioxide with 
BiO2 additives with concentration of  0.01, 0.1, 1, 
and 10 mass.%. The diameter and the thickness 
of  the targets were equal to 100 mm and 4 mm, 
respectively. Sputtering was carried out in an 
argon atmosphere with the addition of  oxygen 
in a flow ratio of  3:1, respectively. Polished 
polycore plates and monocrystalline silicon 
wafers were used as substrates. After sputtering, 
a metal contact system was deposited over the 
tin dioxide film by using thermal evaporation 
method. This contact system is consisted of  two 
parallel strips 10 mm long with a gap between 
them of  0.1 mm.

2.2. composItIon, structure and morpholoGy 
study

The film morphology was estimated using the 
method of  SEM-imaging of  the cleaved film 
with a scanning electron microscope Mira II 
LMU (Tescan, Czech). The average grain size was 
estimated using the Gwyddion imaging software. 
Surface composition analysis and dopant 
thickness distribution was carried out by means 
of  a scanning Auger electron spectroscopy and a 
secondary ion mass spectrometry with ion beam 
etching (Physical Electronics, PHI-4300, USA). 
Crystal structure was evaluated using a Xcalibur/
Gemini A single crystal X-ray diffractometer 
(Oxford Diffraction, Poland, 2010). Also Raman 
spectra were analyzed using a highly sensitive 
confocal scanning Raman microscope (NTMDT, 
Zelenograd).

2.3. Gas-sensItIvIty study

The study of  the response to acetone 
vapors and the long-term stability of  the 

sensors were automatically performed using 
a measuring and computing system. System 
management was developed by means of  
a LabView environment. Test gas mixture 
was obtained using EL-FLOW flowmeters 
(Bronkhorst, Netherlands), that ensured 
measurement accuracy of  ±1% of  the full 
scale with a measurement time of  less than 
200 ms. Measurements were performed in 
a dry air flow with the rate of  100 ml/min. 
The sensor temperature was controlled using 
an “Erbium” temperature regulator. The 
sensor conductivity was measured by means 
a Keithley 2000-20 multipurpose tester. 
Schematic representation of  a sensing element 
(a), photo of  a holder for sensing element (b) 
and image of  a measuring chamber (c) are 
presented in Fig. 1. The measuring chamber 
was a hollow aluminum (D16T) cylinder with 
an inner diameter of  18 mm and a height of  28 
mm. The volume of  the measuring chamber 
taking into account the volume displaced 
by the microthermostat and the sample was 
5 cm3. Stagnant zones in the chamber were 
absent due to the special arrangement of  the 
inlet and outlet fitting.

The characteristic purge time of  the 
measuring chamber can be estimated by the 
formula:

NANOSYSTEMS

 

Fig. 1. Schematic representation of  a sensing element (a), 
photo of  a holder for sensing element (b) and image of  a 

measuring chamber (c).
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where c(t) is the dependence of  the concentration 
of  impurities in the measuring chamber on time, 
с0 is the initial concentration of  impurities in the 
chamber, cin is the impurity concentration in the 
gas entering the chamber, F is gas flow through 
the chamber, V is chamber volume. At a gas 
flow rate of  100 nml/min the typical purge time 
τ = V/F  is less than 3s.

An admixture of  acetone vapor was obtained 
by mixing saturated acetone vapor (370000 ppm 
at 25°C) with a stream of  dry air in a ratio of  
5/95 ml/min. The concentration of  the acetone 
sample was 18500 ppm. Acetone vapors were 
obtained by sparging dry air through acetone. 
This method is common for obtaining impurities 
of  substances that are in a liquid state at room 
temperature and have high volatility. The bubbler 
was a 1.5 liter glass container. The immersion 
depth of  the sprayer and the air volume above 
water were 12 cm and 184 cm3, respectively. The 
temperature of  the acetone in the bubbler was 
kept constant at room temperature 25ºC.

3. RESULTS AND DISCUSSION
3.1. scannInG electron mIcroscopy.
An analysis of  experimental films micrographs 
showed no dependence of  films deposition 
rate on BiO2 concentration in the target. The 
morphology of  the all obtained films was similar 
one presented in Fig. 2.

The micrograph shows that the film consists 
of  vertically oriented grains. The average grain 
size was calculated by statistical analysis of  the 
obtained micrographs and was 21±2 nm for all 
samples. The film thickness was 120±10 nm. We 
decided to partially omit the energy dispersive 

analysis due to the small films thickness, 
comparable with the depth of  signal generation, 
since small concentrations of  bismuth cannot be 
identified against the background of  the strong 
influence of  a single-crystal silicon substrate. 
However, the content of  tin and oxygen amounts 
about 30 mol.% and 70 mol.% respectively. 
The elements content corresponds to SnO2 
stoichiometric ratio. A slight excess of  oxygen 
may be attributed to the presence of  silicon 
oxide on the substrate surface.

3.2. auGer-spectroscopy

The chemical composition data of  the 
surface obtained by the Auger electron 
spectroscopy method (AESM) is presented 
in Table 1. For comparison the data of  Bi 
were also calculated by using molar ratio. 
The obtained results are also presented in 
Table 1. The content of  target elements is 
converted from mass to atomic percentage 
for convenience. At BiO2 concentration in the 
target value of  0.0063 at.% AESM did not 
reveal the presence of  a dopant on the thin 
film surface. The Table 1 analysis has shown 
that the increase of  concentration of  BiO2 in 
the target leads to decreasing the difference 
between concentration of  Bi obtained by 
means molar ratio calculation and defined by 
AESM. It is expected that such trend related 
with the characteristics of  films growth. 
The tin dioxide structure "expels" foreign 
atoms to the surface when concentration of  
the dopant element is low. Increase in the 
bismuth dioxide content in the target leads 
to deactivation of  this mechanism, and the 
concentrations become the same.

NANOSYSTEMS

 

Fig. 2. SEM - image of  tin dioxide film cleavage morphology.

Table 1
Sample content

Target composition Sn, аt.% O, аt.% Bi, at% 
Molar 
calculation/
AESM

SnO2, 
аt%/масс.%

BiO2,
 ат.%/масс.%

100/100 0/0 48.59 51.41 0

99.9937/99.99 0.0063/0.01 49.88 50.12 0

99.937/99.9 0.063/0.1 48.67 51 0.021/0.32

99.37/99 0.63/1 47.44 50.8 0.21/1.76

93.7/90 6.3/10 46.73 46.96 2.1/6.3
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3.3. secondary Ion mass spectrometry

The approximated distribution profiles of  the 
Bi dopant over the volume of  a thin film are 
presented in Fig. 3. Results of  the distribution 
of  the dopant over the film volume evaluation 
are similar with Auger spectroscopy data. 
The signal strength at the start of  sputtering 
is proportional to the bismuth concentration 
value figured out using Auger spectroscopy. For 
example, the signal level in a film with a bismuth 
concentration of  0.32 at.% corresponds to 120 
arb. units, and concentration of  6.3 at.% - 2500 
arb. units. In this way 6.3/0.32 ≈ 2500/120 ≈ 20.

The decrease in the dopant content from 
sputtering time may be the result of  decrease 
in the sputtering coefficient (dislodging of  the 
surface atoms are more probable) either of  
decrease in the elements concentration. The 
latter, apparently, is driven by the crystal growth 
peculiarities, i.e. with the displacement of  foreign 
impurities from the film structure.

3.4. raman scatterInG spectroscopy

The Raman spectra of  SnO2 films doped 
with Bi at different BiO2 concentrations in 
the target material is presented in Fig. 4. The 
peaks of  silicon substrate significantly affect 
on the spectrum shape, due to the small 
thickness of  the films. Therefore the figure 
demonstrates only a part of  the spectrum. 

There are no spectral peaks in the region 
of  the Sn–O phase oscillation of  tin oxide 
(approximately 211 cm–1 [29]). Small peaks 
are observed at wave numbers of  148 cm–1, 
237 cm–1, and 245 cm–1, that can be explained 
by the presence of  nonstoichiometric tin 
dioxide phases, such as Sn2O3 and Sn3O4 [30-
32]. Peaks in the interval of  615-640 cm-1 
indicates the presence of  the SnO2 phase. 
According to [33] the peak location on the 
Raman spectrum near the 620 cm–1 depends 
on SnO2 phase size. For bulk material, it is 
located at 632 cm-1, while nanoparticles with 
dimensions of  7 nm and 25 nm have peaks 
at 621 cm-1 and 625 cm-1, respectively. As can 
be seen in Fig. 3 all samples have pronounced 
peaks at 623 cm-1, that indicates the presence 
of  SnO2 phase with an average size of  
nanoparticles approximately of  20 nm. This 
is coincided with the data obtained using an 
electron microscope. The Raman spectra of  
thick Bi films doped with SnO2 nanoparticles 
were investigated in [34]. There was a peak 
at 660 cm-1 indicating bismuth concentration 
of  ~3 mol.%, the value of  which decreased 
with a decrease in bismuth concentration to 
1 mol.%. Based on this facts, it is expected 
that the peaks at 670 cm-1 for samples with 
a content of  BiO2 0.1 wt.% and 1 wt.%, and 
685 cm-1 for a sample with a content of  10 
wt.% are probably associated with an increase 
in bismuth and its derivatives concentration 
in the film structure.

NANOSYSTEMS

 

Fig. 3. Distribution profile of  Bi dopant over the tin dioxide 
film thickness. BiO2 concentration in the target was 10 
mass.% (1); 1 mass.% (2) and 0.1 mass.% (3).

 

Fig. 4. Raman spectrum of  SnO2 samples. BiO2 
concentration in target was 0 mass.%, 0.01 mass.%, 0.1 

mass.%, 1 mass.%, 10 mass.%.
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3.5. x-ray dIffractIon

The X-ray patterns of  the investigated SnO2 
films with different concentrations of  BiO2 
in the target are shown in Fig. 5. The peaks 
on the radiographs of  the films correspond 
to cassiterite form of  SnO2. The graphs are 
demonstrated a broadening and a slight shift 
of  the diffraction reflections characteristic 
of  SnO2 with an increase in the mass content 
of  BiO2 in the target. On the one hand, 
bismuth introduction into the composition 
of  the SnO2 film can lead to an increase in 
the lattice constant due to the larger ionic 
radius compared to tin [35]. On the other 
hand, bismuth introduction can lead to an 
increase in the intrinsic defects concentration 
(oxygen vacancies) and a decrease in the lattice 
constant. For that matter, it is impossible to 
make firm conclusion about the inclusion of  
bismuth atoms in tin dioxide structure. The 
decrease in height and the broadening of  
diffraction reflections probably related with 
disturbance of  the crystal structure of  the 
material. Separate peaks corresponding to 
bismuth compounds were not detected.

3.6. InvestIGatIon of electrIcal propertIes 
of produced films

As is known, tin dioxide is a nonstoichiometric 
n-type semiconductor, in which oxygen vacancies 

are donor centers [32]. The diffusion of  oxygen 
vacancies from the volume of  polycrystalline 
samples onto the surface is activated at elevated 
temperatures. Oxygen vacancies associate with 
adsorbed oxygen on the surface of  tin dioxide 
and lose its donor characteristics. Therefore 
a long-term change in the conductivity of  the 
samples is observed at elevated temperatures.

The investigated samples conductivity drift 
was estimated at working temperature of  300°С 
in an atmosphere of  dry air within 24 hours using 
an automated measuring system. The dynamics 
of  changes in the conductivity of  samples with 
various concentration of  BiO2 in the target 
are presented in Fig. 6. As it is seen in Fig. 6 
introduction of  bismuth dopant leads to a non-
monotonic change in the samples conductivity 
in air. Initially conductivity is sharply increased 
then decreased and after some time to achieve a 
stationary value.

The drift value of  samples conductivity 
was determined to estimate the long-term 
stability of  the samples conductivity at elevated 
temperatures in air:

4 24

4

1 100%,d
G Gv

t G
−

=
∆

 (2)

where Δt = 20h is the observation time of  the 
change in the samples conductivity, G4 and G24 
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Fig. 5. X-ray patterns of  SnO2 samples with different Bi 
concentration. BiO2 concentration in target was 0 mass.%, 

0.01 mass.%, 0.1 mass.%, 1 mass.%, 10 mass.%.

 

Fig. 6. Time dependence of  conductivity of  SnO2 film with 
different Bi concentration. BiO2 concentration in target was 0 
mass.%, 0.01 mass.%, 0.1 mass.%, 1 mass.%, 10 mass.%.
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are the conductivity values of  samples after 4 
hours and 24 hours after heating to a temperature 
of  300°С, respectively.

The results of  the conductivity drift 
calculation are presented in Fig. 7. The lowest 
level of  baseline drift was observed at the sample 
obtained by using a target with a BiO2 content of  
1 wt.%. It may be concluded that bismuth dopant 
introduction ambiguously affects the long-term 
stability of  tin dioxide films conductivity. For 
samples obtained from a target with 1 wt.% BiO2 
concentration, the resistance drift decreased by 
a factor of  2 relative to the undoped sample. 
Apparently, the introduction of  BiO2 in amounts 
of  less than 1 wt.% results in the originate of  
additional defects in the polycrystalline samples 
volume and an increase in conductivity drift value. 
A decrease in the long-term drift of  conductivity 
when the concentration of  BiO2 in the target 
is 1 mass% may be due to the association of  
defects (oxygen vacancies) in a polycrystalline 
sample of  tin dioxide and bismuth atoms. At the 
same time, the forming associative complexes 
(oxygen vacancies and bismuth dopant atoms) 
have a higher diffusion activation energy, which 
provides a decrease in the samples conductivity 
drift. Use of  10 mass% BiO2 target in the doping 
of  SnO2 possibly leads to the formation of  a 
polycrystalline composite material tin dioxide/
bismuth oxide. In such samples, the long-term 

conductivity drift at elevated temperatures may 
be associated with the oxygen vacancies diffusion 
in grains of  the tin dioxide phase, as well as with 
the processes of  interphase diffusion of  defects 
and dopant atoms along the grain boundaries.

The graph of  the conductivity temperature 
dependence of  SnO2 samples is presented in 
Fig. 8. The temperature increase from 200°С 
to 350°С leads to samples conductivity increase, 
which indicates an activation mechanism for 
the conductivity change. Upon further heating, 
conductivity maximum is observed in the range 
of  370–420°С, and then a decrease in conductivity 
occurred (except for the sample obtained from 1 
mass% and 10 mass% BiO2 concentration target). 
Hysteresis in the temperature dependences of  
the samples conductivity is also observed, i.e. the 
heating curves pass below the cooling curves. 
The hysteresis value is different for various 
samples, and the sample obtained from a target 
with 0.1 mass% BiO2 content in the target has a 
minimum hysteresis value.

The maximum in the temperature 
dependence of  the SnO2 samples conductivity 
is related to the adsorbed oxygen conversion 
from O2- to O- and O2-. At operating 
temperatures of  ~ 400°С, molecular oxygen 
in a neutral form adsorbed on the surface 
dissociates into atomic oxygen subsequently 
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Fig. 7. Dependence of  conductivity drift on BiO2 concentration 
in target.

 

Fig. 8. Temperature dependence of  SnO2 films resistance. 
BiO2 concentration in target was 0 mass.%, 0.01 mass.%, 

0.1 mass.%, 1 mass.%, 10 mass.%.
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capturing charge carriers (electrons) from 
the bulk of  the grain. As a consequence, 
the samples conductivity decreases and a 
maximum of  the temperature dependence 
of  the conductivity is observed. It should be 
noted that the increase of  BiO2 concentration 
in the target of  more than 1 wt.% results 
in disappearing of  the maximum in the 
conductivity temperature dependence or in 
its shifting to the temperature range above 
450°С. It can be assumed that the bismuth 
doping of  the tin dioxide surface increases 
the dissociation energy of  molecular oxygen 
adsorbed on its surface. In addition, the 
concentration of  BiO2 in the target of  0.1 
wt.% and higher leads to a decrease in the tin 
dioxide samples conductivity, which can be 
ascribed to increase in the ionization degree 
of  adsorbed oxygen due to the electron 
transfer from bismuth atoms to adsorbed 
oxygen atoms.

3.7. InvestIGatIon of Gas-sensInG propertIes 
of produced films

The time dependences of  the films 
conductivity were obtained to analyze the 
effect of  bismuth oxide concentration on the 
film response rate to acetone vapors in air. 
As an example, the dependence of  the pure 

tin dioxide film conductivity on the exposure 
time of  acetone vapor in air is presented in 
Fig. 9. The dependence indicates that the 
sample conductivity increased when the gas 
is introduced into the measuring chamber, 
and decreased when purging with purified air. 
Multiple repetition of  the experiment shows 
that the conductivity of  the film changes 
reversibly and reproduces with introduction 
of  the analyzed samples. The response time 
(tres) was about 7s. The recovery time (trec) 
significantly exceeded the response time and 
amounted to about 280s probably due to the 
high concentration of  acetone vapor in the 
gas sample.

In the air, oxygen molecules adsorbing on the 
surface of  tin dioxide capture electrons from the 
volume and charge negatively. Acetone molecules 
interact with ionized oxygen molecules and the 
products of  the chemical interaction of  acetone 
and oxygen are desorbed into the gas phase. 
Then electrons captured by adsorbed oxygen 
return to the bulk tin dioxide and the samples 
conductivity increases.

Fig. 10 presents the dependence of  the 
response rate of  tin dioxide samples formed 
from targets with different bismuth oxide 
concentration.

NANOSYSTEMS

  

Fig. 9. Dependence of  gas sensor (based on pure SnO2 film) conductivity on acetone exposure.
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The gas response (S) to gas samples exposure 
was evaluated as the ratio of  conductivity in a 
gas sample (Gg) to conductivity in air (Ga):

/ .g aS G G=  (3)

The highest response rate, equal to 
850, was observed in samples with BiO2 
concentration in the target of  0.01 wt.% 
while samples with a concentration of  1% 
had the smallest response. A decrease in the 
response of  samples with a BiO2 content 
in the target of  more than 0.1 wt.% can be 
attributed to the fact that amounts of  the 
adsorbed oxygen is smaller on the tin dioxide 
surface in comparison with the surface of  
undoped samples. This fact is indicated by 
thermocycling data (Fig. 8). For that matter, 
when the gas samples are exposed, the amount 
of  reacting oxygen with acetone molecules on 
the surface is less than in the case of  low-
alloyed and undoped samples.

Table 2 presents data on the response to 
high concentration of  acetone for sensors 
based on pure SnO2 and SnO2 doped with 
various dopants. The data analysis shows that 
bismuth-doped tin dioxide films have good 
sensitivity and stability for development of  
acetone sensors.

4. CONCLUSION
The effect of  various concentrations of  bismuth 
dopant on the morphology, chemical composition 
and structure of  tin dioxide films was studied. 
Peculiarities of  the dopant distribution over 
the experimental film thickness were identified. 
It was found out, that the films composed of  
crystalline rods directed transversely to the 
substrate surface, with diameter and length of  
20-21 nm and 120±10 nm, respectively. It was 
demonstrated, that the sensitivity to saturated 
acetone vapors increases by almost 10 times 
(up to 850) for a sample formed from a target 
with a bismuth oxide concentration of  0.01%, 
compared to an undoped film. Baseline drift 
of  the most sensitive samples increased from 
0.47%/hour for the undoped sample to 1.24%/
hour for the doped sample. This fact indicates 
the necessity for annealing of  the doped samples 
after obtaining, in order to relieve mechanical 
stresses in the growing structure.

In general, evaluated data shows prospects 
of  bismuth-doped tin dioxide films usage for 
producing the saturated acetone vapor sensors.
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Fig. 10. Dependence of  SnO2 film samples response rate on 
BiO2 concentration in target material.

Table 2

Comparison of the sensing properties of different 
SnO2-based material toward acetone.

Mate-
rial

Morphology Acetone
concent-
ration 
(ppm)

Tempe-
rature
(°С)

Sensi-
tivity

tres/trec Ref.

Eu/
SnO2

Nanofibers 5000 280 520 4s/3s to 
100 ppm

36

Au/
SnO2

Hollow 
micro-
spheres

5000 220 720 0.9s/21s 
to 5 ppm

37

SnO2 Aurelia-like
micronano-
strucrture

3000-
5000

240 140 2s/23s to 
100 ppm

38

Y/
SnO2

Hollow 
nanofibers

8000 300 550 30s/9s to 
500 ppm

39

Ce/
SnO2

Nano-
particles

15000-
20000

270 1250 200s/575s 
to 50 ppm

40

Bi/
SnO2

Thin film 18500 300 850 7s/280s 
to 18500 
ppm

Our
work

ZnO/
SnO2

Hetero-
nanofibers

40000 300 1350 19s/9s to 
100 ppm

41

SnO2 Nanobelts 30000-
50000

260 1000 38s/9s to 
100 ppm

42
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1. INTRODUCTION
The global trend in the development of  the 
field of  optoelectronic molecular compounds 
has led to an expansion of  the functional 
characteristics of  new photovoltaic materials. 
Since one of  the most important factors 
determining the low conversion efficiency of  
thin-film-based solar cells is low absorption, 
many modern studies are aimed at identifying 
various ways to improve this parameter [1]. 
One of  these areas is the construction of  
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devices with the use of  organic materials. 
Organic electronics is gaining popularity due 
to the low cost of  manufacture, the reduction 
in the weight of  materials [2] and the feasibility 
of  producing devices with a larger surface 
area using flexible substrates [3]. Recent 
developments in the field of  photovoltaics 
have made it possible to obtain organic solar 
cells with an efficiency of  > 11% [4,5]. Solar 
energy is not the only area of  application 
of  organic materials. Organic field effect 
transistors (OFET) over the past 5 years have 
been widely used due to the control of  the 
initial chemical composition of  the substance 
[6,7]. In particular, OFETs using carbon 
materials (fullerenes) as a basis are effectively 
used due to the high electron mobility (11 cm2 
V–1s–1) [8]. The use of  fullerene as a transport 
layer for electrons improves the electrical 
characteristics of  organic light emitting 
diodes (OLEDs) [9].

Over the past decades, isatin derivatives 
have established themselves as affordable 
photochromic materials [10,11] with the ability 
to reradiate the ultraviolet spectrum in the 
visible range [12]. The ease of  the molecular 
composition rearrangement of  isatins enables 
one to control the change in their physical 
properties. The use of  isatin derivatives in 
photovoltaics made it possible to obtain an 
efficiency coefficient of  more than 9% [13]. 
In turn, fullerene appears as a relatively strong 
electron acceptor with n-type conductivity 

[14]. The use of  various modifications of  
hydrazone and isatin derivatives as an effective 
donor made it possible to improve the 
characteristics of  photoconverting elements 
with a bulk heterojunction.

On the basis of  the foregoing, the purpose 
of  this paper was defined as follows: to study the 
effect of  an electromagnetic wave of  the optical 
range on the rectifying properties of  organo-
carbon heterostructures when changing the 
thickness of  active layers, as well as to determine 
the optimal mass of  the substance needed to 
obtain the maximum increase in direct currents 
of  the structures under study.

2. SYNTHESIS OF ACTIVE LAYERS 
AND X-RAY PHASE ANALYSIS
The synthesis of  the organic precursor was 
carried out with the technique similar to the 
one presented by Cigan [15]. The starting 
N-isoamylisatin weighing 2.03 g (0.01 mmol) 
was dissolved in methanol, the volume of  which 
was 50 ml, in the process of  stirring and heating. 
Next, 4-methylphenylhydrazine weighing 1.35 
g (0.011 mmol) was added to the solution. 
The mixture was boiled for 1-2 hours until a 
precipitate formed, the mixture being constantly 
stirred. The end products were isolated by 
filtration and purified by recrystallization from 
ethanol. As a result of  the synthesis, 2.4 g of  
the end product were obtained with the yield of  
73%. The purity and structure of  the compounds 
were confirmed by 1 H NMR spectroscopy and 

NANOSYSTEMS

Fig. 1. X-ray diffraction patterns of  organic isatin (a) and fullerene (b) in the solid phase.
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elemental analysis. The source/initial fullerene 
C60 was provided by ‘MST nano’ company, with 
99.5% purity.

The determination of  the phase purity of  
the initial organic and carbon materials in the 
solid phase was carried out using the method of  
X-ray phase analysis. The diffraction patterns 
were recorded on a DRON-3 general-purpose 
diffractometer (Bragg-Brentano focusing 
scheme using a graphite monochromator) in the 
angular region 2θ from 5° to 70°, using an X-ray 
tube with a copper anode λ (Kα) = 0.154184 
nm. The detector rotation speed was - 0.5°/
min, with a constant time equal to - 1·103 pulses 
per second. The primary and secondary bundles 
were limited by slits: horizontal — 0.25 mm, 
vertical — 6 mm, and Soller slits — 0.5 mm. The 
rotation speed of  the sample is 120 revolutions 
per minute (the axis is in the survey plane).

According to the results of  X-ray 
phase analysis, 4-methylphenylhydrazone 
N-isoamylisatin in the solid phase showed that 
this organic material has tetragonal syngony with 
the sides: a = 19.27 Å; b = 19.27 Å; c = 14.14 
Å; and it belongs to space group I -4 2 m with 
angles α = 90°; β = 90°; γ = 90°. Observations 
of  Fullerene C60 in the solid phase confirmed its 
molecular composition. The carbon material has 
a cubic syngony with the sides: a = 14.17 Å; b = 
14.17 Å; c = 14.17 Å and the spatial group Fm 
3 is aligned at angles: α = 90°; β = 90°; γ = 90°.

3. PRECIPITATION AND MICROSCOPY 
OF THIN FILMS
After confirming the initial composition of  
the substance by X-ray phase analysis, further 
studies were carried out directly with carbon 
and organic thin films. The formation of  film 
structures based on powder fullerene C60 and 
4-methylphenylhydrazone N-isoamylisatin 
was carried out by the method of  irrigation 
from solution [16]. Non-aromatic compounds 
were used as solvents: dichloromethane for 
fullerene and chloroform for isatin. The fixed 
concentration of  the starting material solid 
phase in the solution was 0.5 mg/ml. To assess 
the uniformity of  the films surface and to detect 
neoplasms, the starting materials in the solution 
were deposited on dielectric substrates of  18×18 
mm. geometric dimensions. The relief  of  the 
films was analyzed by transmission and reflected 
microscopy with the use of  LOMO Mii-4M 
microinterferometer with additional illumination 
by a semiconductor laser and an extended 
optical path to a camera with a 1/2FF 10MP 
matrix (Fig. 2). To determine the optimal mass 
of  the starting materials, five variations of  the 
experimental samples were formed. The gradual 
increase in the mass of  isatin (Fig. 2a-e) and C60 
(Fig. 2k-o) from 0.15 to 0.75 mg in increments of  
0.15 mg made it possible to dynamically evaluate 
the change in the geometry of  the film and the 
material distribution on the surface of  organic 
structures.

NANOSYSTEMS

Fig. 2. Microphotographs of  isatin films: (a - 0.15 mg; b - 0.3 mg; c - 0.45 mg; d - 0.6 mg; e - 0.75 mg), transition layer 
(f  - 0, 15 mg; g - 0.3 mg; h - 0.45 mg; I - 0.6 mg; j - 0.75 mg) and fullerene films (k - 0.15 mg; l - 0.3 mg; m - 0.45 mg; 

n - 0.6 mg; o - 0.75 mg). The line length is 50 microns.
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As a result, the surface analysis showed 
that an increase in the mass of  the starting 
material is clearly accompanied by a change in 
the surface morphology. Isatin films deposited 
with chloroform (CHCl3) can be described 
as relatively uniform. Initially, with a starting 
material mass of  0.15 mg (Fig. 2 a), the film 
surface has an island-like (dispersed) appearance 
with a thickness of  500–600 nm. With an 
increase in the mass of  the substance up to 0.3 
mg (Fig. 2b), the formation of  bonds between 
the “islands” is observed. The thickness of  
such films is 600–700 nm. A further increase 
in the amount of  the starting material leads to 
a complete (continuous) coating of  the entire 
surface of  the substrate (Fig. 2c-e). This fact is 
accompanied by a significant increase in the 
thickness of  the films: with masses of  0.45, 0.6, 
and 0.75 mg, the thickness is 2.2–2.3 μm 3–3.1 
μm and 3.6–3.7 μm, respectively.

Fullerene films deposited with 
dichloromethane (CH2Cl2) are characterized 
by relative surface heterogeneity. With a mass 
of  0.15 mg of  the starting material (Fig. 
2k), the appearance of  individual “point” 
particles with sizes of  1–3 μm is observed. 
Moreover, the film thickness is 300-400 nm. 
A sequential increase in matter to 0.3 and 0.45 
mg (Fig. 2l,m) is characterized by an increase 
in various agglomerations, and the initial 
formation of  “star-shaped” structures with 
sizes of  “rays” reaching 30–40 μm is also 
traced. The thickness of  such films increases 
to 400–500 and 500–600 nm, respectively. 
With an increase in mass to 0.6 and 0.75 mg 
(Fig. 2n,o), complete volumetric overlap of  the 
surface with carbon “star-shaped” structures 
organized by self-assembly is observed, the 
sizes of  which reach about 40–50 μm, In this 
case, the thickness increases to 600–700 nm 
for 0.6 mg and 700–800 nm for 0.75 mg. The 
fullerene-isatin transition layer has a mixed 
surface morphology (Fig. 2f-j), where C60 
molecules are formed into separate cores.

4. MID-WAVE IR ABSORBTION 
SPECTRA
Given the specifics of  the microobjects 
formation by self-assembly, the next step was 
to conduct a study using IR spectroscopy. This 
method was used to determine the possible 
changes in the molecular composition of  
the obtained thin films. The interaction of  
medium-wave IR radiation and carbon and 
organic material was studied using an Agilent 
Cary 630 FTIR IR Fourier spectrometer with 
an attenuated total internal reflection (ATR) 
attachment in the spatial frequency range of  
650-4000 cm-1 and a resolution of  4 cm−1. For 
the convenience of  analyzing the interaction 
of  infrared electromagnetic waves and carbon 
and organic films, the intervals: 650–1250 
cm–1, 1250–1850 cm–1 and 2650–3250 cm–1 
were separately set.

When studying the spectral dependences of  
the mid-wave IR range, it is necessary to note a 
significant number of  absorption peaks in the 
organic film, which is due to the complexity of  
the structure of  the 4-methylphenylhydrazone 
molecule of  N-isoamylisatin (Fig. 3a). In the 
region of  small wavelengths of  2650–3250 
cm–1, peaks were observed associated with 
vibrations of  the C–H and N–H atom groups. 
Peaks observed due to the presence of  C=O 
and C=N bonds, were detected in the frequency 
interval 1250–1850 cm–1. Besides, the C=O 
bond stretching vibrations, in the range of  
1630-1740 cm-1, assign the substance to the 
amide class I. The peak at the wavelength of  
1612 cm-1 is associated with the N–H bending 
vibration and the N–C=O stretching vibration, 
which is characteristic of  the amide class II. The 
main contribution to the absorption of  the IR 
electromagnetic wave, in the region 1364–1610 
cm–1, is made by stretching vibrations С=С of  
benzene rings. The 650–1250 cm–1 region was 
distinguished by the sequence of  absorption 
maxima, which are caused by the action of  
deformation and stretching vibrations of  
groups of  C–N, С–С, С–H atoms. It is worth 
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noting the significant contribution of  bending 
vibrations of  С–H groups in benzene rings and 
an alkyl substituent in the frequency range 744–
1128 cm–1.

The analysis of  carbon films in the IR range, 
for different masses of  the substance, showed 
the presence of  a significantly smaller number of  
absorption peaks compared to organic films (Fig. 
3b). This is due to the more uniform structure of  
the fullerene molecule. In the frequency range 
2650–3250 cm–1, a double peak of  low intensity 
is observed, which is typical of  the Csp3–H bond 
in higher hydrocarbons. Also, this connection is 
characterized by the presence of  an absorption 
band at the frequency of  1370 cm–1. The peaks, 
that characterize the obtained carbon films as 
fullerene, are present at frequencies of  1182 
and 1429 cm-1, and the absorption band at the 
frequency of  1429 cm–1 coalesces with the band 
from the alkyl group of  1456 cm–1. Feebly marked 
absorption bands in the regions of  1649–1659 
cm–1 are specific to the C=O group vibrations. 
The presence of  methane chlorine derivatives at 
the wave numbers of  668 cm–1 and 741 cm–1 is 
due to the use of  dichloromethane (СH2Cl2) as a 
solvent for fullerene.

Integrating data on the diversity of  the 
medium-wave IR interaction spectrum, it can be 
noted that an increase in the mass of  functional 
layers practically does not affect the shape and 
shift of  the absorption peaks. However, an 

increase in the intensity of  absorption peaks 
with an increase in the amount of  substance is 
clearly traced, which indicates the formation of  
a greater number of  intermolecular bonds and 
the formation of  a more uniform absorbing 
layer, which is characteristic of  the starting 
material.

5. CURRENT-VOLTAGE 
CHARACTERISTICS OF THIN FILMS 
To determine the optimal mass of  active 
layers in order to improve their transforming 
properties, we studied the heterostructure 
based on C60 fullerene and N-isoamylisatin 
4-methylphenylhydrazone. Electrodynamic 
parameters were investigated using a Keysight 
B1500A semiconductor analyzer. The 
measurements were carried out at least 10 times 
at room temperature, followed by averaging. To 
evaluate photoactivity, we used a LED matrix 
with a flux density of  about 300 W/m2 and an 
incoming power of  60 mW. Indium tin oxide 
(ITO), with a specific resistance of  16–18 Ω/
sq, and aluminum deposited on a sitall, with the 
resistance of  20 Ω/sq and the thickness of  120 
nm, were used as a contact group. The geometric 
dimensions of  the substrates (Al and ITO) were 
10×10 mm. The heterostructure (ITO-isatin-C60-
Al) was a “sandwich”, with fullerene deposited 
on aluminum and isatin deposited on indium tin 
oxide. The study of  the charge kinetics of  active 

NANOSYSTEMS

Fig. 3. IR optical absorption spectra of  Isatin (a) and Fullerene (b) films, with masses: 1) 0.15 mg; 2) 0.3 mg; 3) 0.45 mg; 
4) 0.6 mg; 5) 0.75 mg.
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layers was carried out by measuring the current-
voltage characteristics (Fig. 4).

To determine the optimal mass of  the 
starting material, five similar variations of  the 
experimental samples with masses from 0.15 
to 0.75 mg were formed. All samples showed 
photosensitivity. Specifically, for a sample 
with the mass of  0.15 mg the light current 
totaled 50.9 μA which is 1.87 times as large 
as the dark one – 27.2 μA. Doubling of  the 
starting material was accompanied by a slight 
decrease in photosensitivity up to 1.35 times. 
A heterostructure with 0.45 mg of  the starting 
material was  characterized by the dark current 
of  18.9 μA and the light current of  66.3 μA, 
which is an increase in current by 3.5 times. A 
further increase in the amount of  the starting 
material was accompanied by a significant 
increase in the kinetics of  charge carriers. 
Thus, for a sample with a mass of  0.6 mg, the 
current is 91 times greater than the dark CVC, 
the heterostructure being exposed to irradiation 
with an electromagnetic wave of  the visible 
range. A 0.75 mg sample showed a 70-fold 
increase in photocurrent.

The increase in photocurrent with an 
increase in the bulk density of  the active 
layers can most likely be accounted for by the 
formation of  an extended pseudo-crystalline 
atomic structure, which provides acceptable 
conductivity by increasing the mobility of  
charge carriers directly inside individual 

formations - macroparticles. Also, an increase 
in mass leads to a decrease in the activation 
energy of  the hopping conduction mechanism, 
thereby increasing the current collection of  
photoactive charge carriers [17].

6. CONCLUSION
The key result of  the study is determination of  
the substance optimal mass by an experimental 
way to build a potential barrier on the basis 
of  fullerene and the organic compound 4 
-methylphenylhydrazone N-isoamylisatin. 
The microscopic analysis made it possible 
to demonstrate the phased formation of  
microstructured objects. The interaction of  the 
IR range electromagnetic radiation and thin-
film structures showed that a change in the 
mass fraction of  active layers practically does 
not affect the shape and shift of  the absorption 
peaks, but leads to an increase in their intensity. 
This trend can be accounted for by the formation 
of  a uniform absorbing layer and an increasing 
number of  intermolecular bonds. The analysis 
of  heterojunctions photoelectric characteristics, 
masses of  which were 0.6 and 0.75 mg, showed 
an increase in direct currents by two orders of  
magnitude, compared with direct currents in 
samples with masses: 0.15, 0.3 and 0.45 mg. 
This fact leads us to deduce an inference about 
the formation of  a potential barrier at the isatin 
– C60 interface which is due to the different 
morphology of  basic molecular systems.

NANOSYSTEMS

Fig. 4. Light (1) and dark (2) current-voltage characteristics of  the ITO-isatin-C60-Al heterostructure, with mass fractions: 
a - 0.15 mg; b - 0.3 mg; c - 0.45 mg; d - 0.6 mg; e - 0.75 mg.
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Abstract: Expanding range of  nanostructured materials applications based on aluminum 
initiates the search for new methods for their preparation. A promising method for the 
synthesis of  aluminum nanostructures using the total energy of  pulsed plasma and the 
energy of  the interface is proposed in this article. Aluminum nanostructures have been 
synthesized by dispersing aluminum electrodes in a microemulsion (water-benzene), in 
benzene and distilled water, using the energy of  a pulsed plasma. Obtained nanostructures 
of  aluminum were subjected to X-ray phase and electron microscopic analyzes. Particle 
sizes are calculated using the Debye-Scherrer formula. The specific surface area (BET 
method) and porosity (BJH method) of  nanostructures synthesized in microemulsion 
(water-benzene) were determined by the method of  physical nitrogen adsorption. 
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1. INTRODUCTION
Recently, in connection with the creation 
of  new technologies for producing 
nanopowders metals and bringing their 
production to semi-industrial scale, 
sharply increased interest in the study 
of  nanopowders and nanomaterials. 
Aluminum nanopowders (ANP) are used 
as a component metallized mixtures, when 
obtaining refractory ceramic materials and 
fuel mixtures during metals processing 
(welding, cutting and etc.) [1]. According 
to marketing analysis share of  all produced 
nanopowders aluminum nanopowder is 
2.1% (third place among metal powders 
after Ni and Cu, annual production is ~ 
1250 tons) [2]. Nanoparticles aluminum are 
used as additives to protective corrosion-
resistant coatings, sprayed with dispersion. 
Also nanoparticles aluminum are used in 
processes sintering ceramics. So, adding 
5-10% of  aluminum nanoparticles in 
ordinary aluminum powder improves   
sintering process of  ceramics, with high 
heat transfer performance and increased 
density. Intensely the need for nanopowders 
is growing aluminum and in hydrogen 
energy [3]. As a result, passivation and 
stabilization aluminum nanoparticles by 
coating PE-CVD have demonstrated that 
nanoparticle technology can be used to 

improve thermal characteristics and energy 
density of  the fuel [4].

Reducing the particle size of  powders 
aluminum leads to an increase in them the 
proportion of  oxides and hydroxides. High 
losses metal aluminum and unstable state 
of  aluminum nanopowders (NPA) makes 
them unsuitable for practical use. Therefore, 
the problem is reliable passivation of  
nanopowders with sufficient content metal 
aluminum [5].

In work [6], annealing was carried out 
coarse aluminum and NPA, obtained by 
electric explosion conductors (EEC), in the 
range 450°-600°C. Research results have 
shown that both samples contain an oxide 
coating, and in nano-sized aluminum in the 
composition of  the oxide film was α-Al2O3. 
There is a work that says the structure of  the 
oxide layer affects on the mechanical strength 
of  crystallites metal, thermal expansion and 
melting point [7].

Very great interest is shown to coated 
aluminum nanoparticles oxide shell 
(α-Al2O3), which are used for creation of  
composite materials, with a combination of  
high heat-conducting and electrical insulating 
properties. Aluminum nanoparticles with 
have a protective oxide film high ohmic 
resistance (due to the formation of  a film from 
high temperature, very strong modification 
α-Al2O3). Similar aluminum nanoparticles 
used as filler for heat-conducting dielectrics 
with high breakdown voltage, increased 
thermal conductivity. Oxide film on surface 
of  nanoparticles provides increased adhesion 
between them and matrix [8]. The known 
method obtaining ultrafine powders oxide 
coated aluminum electric wire explosion, in 
which oxide layer on the surface aluminum 
particles form upon contact ultrafine 
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powders with oxygen air, including in 
mixtures with inert gas - argon [9]. There is 
a way to get oxide coatings on nanoparticles 
aluminum [10], according to which the 
metal placed in a crucible at the bottom of  
the reactor and subject it to high-frequency 
heating before evaporation. Despite the 
considerable number of  publications of  
nanostructures aluminum with a protective 
film Al2O3, synthesis and study of  patterns 
the formation of  aluminum nanoparticles 
covered with a durable oxide film α-Al2O3 
necessary for their further applications are 
few and scattered.

Recently, the main focus scientists 
devoted to the formation nanostructures on 
interphase surfaces, at the interface between 
two liquid immiscible phases. Review [11] 
various approaches to creating ordered 
structures at interfacial surfaces. Surface 
energy focused on the interface (phase 
interface), is excessive compared to energy 
in volume.

There are many chemical ways obtaining, 
nanostructures on the interfacial surfaces, 
e.g. synthesis method semiconductor 
nanorods cadmium hydroxide from 
Cd(C6H5N2O2)2 by surface reaction 
toluene-aqueous hydroxide solution 
sodium [12].

Various types of  synthesis are known 
nanoparticles in microemulsions containing 
immiscible components such as oil and water, 
as well as some surfactants (surfactants). 
Water-in-oil microemulsion or reverse 
microemulsion is a thermodynamically stable 
microheterogeneous system consisting from 
reverse micelles (nanoscale water droplets 
coated with a monolayer (surfactant)) 
in a non-polar liquid. Synthesis method 
nanoparticles in reverse microemulsions 

practically suitable in those cases when 
too narrow is not required particle size 
distribution or high concentration of  
nanoparticles [13].

Well-known synthesis technologies 
of  nanoparticles on the interfacial 
surfaces, in microemulsions along with 
their advantages, also have a number 
of  disadvantages, remaining difficult 
and economically unprofitable. So the 
search and development of  simple 
and accessible technologies obtaining 
nanoparticles of  aluminum, including 
including, with a protective oxide 
film is an urgent task. Successful her 
the solution provides opportunities 
for creating materials with improved 
catalytic, biological, mechanical and 
electronic properties.

We are offering implementation method 
available for producing of  aluminum 
nanoparticles at the interface two 
immiscible liquids (water-benzene), using 
the pulsed plasma energy. Immiscible in 
normal conditions water-benzene liquid 
capable of  forming microemulsions with 
vigorous stirring. Microemulsions have 
great mobility and large surface phase 
separation and can serve as a medium for 
carrying out many chemical syntheses, 
for example, to obtain nanoclusters and 
nanostructures of  metals [14].

The aim of  this work was to synthesize 
and study of  aluminum nanoparticles 
coated oxide film using energies of  pulsed 
plasma and interphase surface. Developing 
effective method for the synthesis of  
aluminum nanopowders with the protective 
film α-Al2O3 opens great prospects for their 
application in various fields of  industry and 
technology.
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2. MATERIALS AND METHODS
The task is being solved dispersion 
(nanostructuring) aluminum in water-
benzene microemulsion, using the pulsed 
plasma energy created between two 
electrodes, at an energy of  a single pulse 
0.04 J, frequency of  unit impulses - 70 
Hz. Microemulsion formed by stirring the 
mixture (water-benzene) by magnetic stirrer 
brand MMS-3000 at a rotation speed of  
1500 rpm.

To compare results research, 
nanostructuring aluminum was carried 
out in microemulsion (water-benzene), 
distilled water and in benzene. As electrodes 
used aluminum grade "chemically pure" 
99.98% purity. Reagent grade benzene 
GOST5955-75, manufactured by CJSC 
LenReaktiv (Russia). The volume of  the 
emulsion where aluminum dispersion was 
100 ml, in which 25 ml is benzene, the rest 
for distilled water.

Pulsed plasma in liquid dielectrics 
occurs as a result of  breakdown 
interelectrode space at high potential 
difference between electrodes and 
relatively low power a source insufficient 
to excite arc discharge. Single impulse has 
an extremely short duration (10-3-10-5 s), 
high current density (106-108 A/cm2) in 
the affected area, very high temperature 
in the discharge channel (104-105K) and 
pressure 3-10 kbar.

Schematic diagram nanostructuring 
provided at Fig. 1. Here AC is a source of  
constant current; R1, R2 – load resistances; 
C – capacitor bank; T1, T2 – thyristors; D 
– diode; L – lamp; electrode 1 connected 
to negative power supply pole; processed 
electrode 2 connected to the positive pole; 
liquid medium.

The energy of  a single pulse can steam 
and melt any conductive material. Further, 
from the steam and melt nanoparticles 
of  a dispersible material were formed 
[15]. It was shown [16] that, the mobility 
liquid medium is favorable for obtaining 
nanoparticles. Rotation of  the emulsion 
promotes the removal of  nanoparticles 
from high temperature discharge 
zone, which prevents the growth of  
nanoparticles.

Transition from high temperature 
discharge zones into the surrounding 
liquid room temperature contributes high 
temperature, high speed quenching of  
nanoparticles due to high temperature 
and pressure gradient due to transience 
of  a single impulse. AT this statement 
is supported by results. Experimentally 
it was shown by the authors of  [17] that 
a decrease temperature by only 20 K 
leads to decrease in the average size of  
nanoparticles threefold - from 220 to 70 
nm. Study of  the obtained powders carried 
out by methods of  X-ray phase analysis 
and transmission electron microscopy. 

 

Fig. 1. Technological scheme of  nanostructuring metals 
in pulsed plasma generated in liquids.
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For aluminum nanostructures obtained at 
the interface specific surface area (BET) 
determined and pore volume (BJH) by 
physical nitrogen adsorption.

3. RESULTS
As a result of  dispersion of  aluminum 
electrodes in microemulsion (water-
benzene) using pulse energy plasma is 
collected at the bottom of  the reactor 
gray precipitate that separated from liquid 
medium by centrifugation. The dried sample 
was analyzed on the X-ray apparatus Rigaku 
Geigerflex X-Ray Diffractometer with Cu 
Kα radiation.

Fig. 2 shows the diffractogram 
product of  destruction of  aluminum 
in microemulsions (water-benzene). 
Diffractograms analysis established the 
most intense peaks (111), (200), (220) and 
(331) refers to metallic aluminum with 
fcc lattice, crystal parameter lattice aA = 
2.99716 Å.

Reflexes (300) and (036) correspond 
to trigonal Al2O3 with space group – R3С, 
parameters crystal lattice aЭ = 3.5864 Å, aЭ 
= 11.9856 Å, literature data – aА = 4.759 
Å, w = 12.399 Å. To compare research 
results nanostructures were synthesized 
aluminum by dispersing aluminum in 
distilled water and benzene, using pulse 
energy plasma

Diffractogram of  the destruction 
product aluminum in water contained 
mainly reflections (111), (200), (220) and 
(222) (Fig. 3), related to metal nanoparticles 
aluminum with fcc lattice (Fm3m) and 
crystal lattice parameter aЭ = 2.8811 Å, 
where aА = 4.0486 Å. Found diffraction 
lines with indices 204, 241 monoclinic 
Al(OH)3 with spatial group P21/n. When 

dispersing aluminum metal electrodes in 
benzene, nanoparticles are formed metal 
aluminum and carbide aluminum (Fig. 4). 
Most intense peaks correspond to FCC 
aluminum with the parameter aЭ = 3.0007 
Å, for hexagonal carbide aluminum (Al4C3) 
parameters crystal lattices aЭ = 3.9846 Å, 
сЭ = 24.0548 Å, (aА = 3.335 Å, cА = 24.97 
Å).

NANOSYSTEMS

 

Fig. 2. Diffraction pattern of  Al nanostructures, 
synthesized in microemulsion (water-benzene), with using 

the energy of  the IPL

 

Fig. 4. Diffraction pattern for Al nanostructures, 
synthesized in benzene, using energy IPL.
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4. DISCUSSION
According to the results of  the study of  
the phase composition when dispersing 
aluminum in different environments using 
energy pulsed plasma can be observed 
changing the parameters of  crystal gratings. 
Crystalline parameter gratings of  massive fcc 
metal aluminum was aА = 4.0486 Å, and the 
parameters crystal lattices for nanoparticles 
FCC aluminum obtained in microemulsion 
was aЭ = 2.99716 Å, in a medium benzene - 
aЭ = 3.0007 Å, distilled water – aЭ = 2.8811 
Å.

Also happens changing the parameters 
of  crystal lattices of  nanoparticles of  
aluminum oxide (Fig. 2) and aluminum 
carbide (Fig. 4), in comparison with literary 
the parameters of  the crystal gratings of  
massive aluminum oxide and aluminum 
carbide.

Besides the main phases metallic 
aluminum in aluminum dispersion 
product in microemulsion (Fig. 2), found 
high-temperature phase α-Al2O3, from 
nanoparticle protector film metallic 
aluminum. Stabilization aluminum 
nanoparticles provided not only high 
temperature high-speed quenching, 

but also oxide film. Education is film, 
as shown earlier, gives nanoparticles 
high ohmic resistance [8]. Formation 
protective film α-Al2O3 around 
aluminum nanoparticles dictated mainly 
by conditions synthesis – one of  the 
most localized and efficient high-energy 
effects of  pulsed plasma and energy the 
interface of  the microemulsion.

When aluminum is dispersed in distilled 
water and benzene in addition to the 
main phase of  the nanoscale aluminum, 
Al(OH)3 and Al4C3 are formed, where the 
formation of  oxide films.

Study of  morphology and 
determination of  product dispersion 
destruction of  aluminum in microemulsion 
(water-benzene) were carried out by 
TEM pictures shown in Fig. 5. The size 
of  aluminum nanoparticles is set using 
ImageJ program measuring diameters of  
100 nanoparticles per TEM images. TEM 
image of  the product nanostructuring 
of  aluminum in microemulsions (water-
benzene) (Fig. 5) visible spherical 
nanoparticles, sizes which are in the range 
from 6 to 50 nm. When nanostructuring 
aluminum in aluminum nanoparticles 

 

Fig. 5.a) Histogram of  particle distribution over sizes; b) TEM images of  Al in microemulsion (water- benzene).
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are formed in water with sizes 20-60 
nm (average size 25 nm). Nanoparticle 
reflection lines detected aluminum 
hydroxide, the size of  which calculated 
based on X-ray phase data analysis (55-
200 nm).

In benzene at a given energy single 
pulse metal aluminum nanoparticles were 
formed with sizes 10-70 nm (average 
size 20 nm) (Fig. 6). Except aluminum 
nanoparticles in the product of  
aluminum dispersion in benzene, carbide 
nanoparticles are formed aluminum Al4C3. 
Thus, for the synthesis of  nanoparticles 
aluminum with oxide tread film is 
the optimal medium microemulsion - 
water-benzene. In clean the synthesis 
of  similar nanoparticles is possible in 
water aluminum, but are formed in 
water except high temperature oxide film 
aluminum hydroxide nanoparticles with 
less density and, therefore, less durability. 
In light of  the above protective film of  
aluminum nanoparticles, synthesized in 
water, looser, those. these nanoparticles 
are more susceptible to oxidation 

than nanoparticles of  aluminum from 
microemulsions.

4.1. specific surface area and pore volume 
alumInum nanopartIcles synthesIzed In 
mIcroemulsIon (water-benzene)
Physical gas adsorption method one of  the 
methods for determining the specific surface 
area, porosity (micro-, mesoporosity), 
pore volume, distribution pore sizes 
of  solids. Most common adsorbate for 
these targets is nitrogen. Sorption study 
carried out at the boiling point of  the 
liquid nitrogen in the pressure range from 
minimum possible up to saturated vapor 
pressure nitrogen at a given temperature. 
Surface of  nanostructures of  aluminum, 
synthesized in microemulsion (water- 
benzene), using energy PI, studied by the 
BET method (BET – Bruner-Emmett-
Teller method, Brunauer-Emmett-Teller) 
and BJH (BJH – Barrett-Joyner-Khalenda, 
Barrett-Joyner-Halenda).

In Fig. 7 presented nitrogen 
adsorption and desorption isotherms for 
nanostructuring product aluminum (nano-
sized aluminum + aluminium oxide). 
Based on the analysis specific surface area 

NANOSYSTEMS

 

Fig. 6. Particle size distribution for Al nanostructures obtained: a) in benzene, b) in distilled water.
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was 96.7 m2/g, pore volume 0.33 cm3/g, 
average pore diameter 5 nm. The data 
obtained allows us to attribute sample 
to mesoporous systems in which pore 
diameter is in the range of  2-50 nm, which 
is confirmed by the presence of  a loop 
hysteresis. The pore shape can be attributed 
to wedge-shaped pores, with narrowing in 
one or at both ends [18]. The authors of  
[19] synthesized α-Al2O3 using the sol-gel 
method with subsequent heat treatment at 
temperatures over 1400°C. Specific surface 
of  the obtained powder Al2O3 amounted to 
51 m2/g, which is almost 2 times less than 
the sample obtained us in microemulsion. 
Probably, high energy impact single pulse 
allows synthesize smaller nanoparticles 
aluminum with an oxide film, i.e. with 
more specific surface area.

5. CONCLUSION
Aluminum nanoparticles were synthesized 
in microemulsion (water-benzene), using 
pulse energy plasma in the interface. 
X-ray diffraction analyses results when 
dispersing aluminum on phase boundary, in 
microemulsion (water-benzene) are mainly 

formed aluminum nanoparticles coated 
protective film of  nanoscale high temperature 
alumina modifications.

Translucent method electron 
microscopy (TEM) product morphology 
studied electrospark dispersion aluminum 
in microemulsion (water-benzene). TEM 
images show mostly spherical nanoparticles 
aluminum. Aluminum nanostructures, 
obtained at the interface, more dispersed, 
possibly due to additional energy 
saturation the energy of  the interface, in 
comparison with nanostructures obtained 
in benzene and distilled water. So way, it 
can be argued that exactly additional energy 
generated by interface in microemulsion 
(water-benzene), affects the formation 
high-temperature phase α-Al2O3. 
Specific surface for nanocomposite 
(nanostructures) of  aluminum, obtained 
at the interface, almost 2 times more than 
for nanoparticles, synthesized by the sol-
gel method. Aluminum nanoparticles with 
tread film from its high-temperature oxide 
were synthesized by us in one stage and 
for the first time.

Fig. 7. Isotherms of  adsorption and desorption nitrogen, nano alumina.
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Abstract: The physical meaning of  new algorithms for calculating the intensity of  a plane 
homogeneous monochromatic wave of  electromagnetic radiation after passing through 
a multilayer quasi-anisotropic plane-parallel plate is discussed, taking into account the 
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1. INTRODUCTION

The general theory of  the propagation of  
linear electromagnetic waves [1,2,3] guarantees 
solvability, makes it possible to verify and 
interpret solutions to many problems of  
interference and diffraction. In rather difficult 
cases, it is necessary to use specialized 
approaches. A widely known specialized 
approach to the description of  stationary 
electromagnetic waves in multilayer plane-
parallel plates is the calculation of  the Fresnel 
and Fresnel-Airy coefficients. The use of  these 
coefficients is an effective method for solving a 
number of  problems in optics [1,4,5], acoustics 
[6], ellipsometry [7], X-ray optics [8,9], remote 
sensing of  the environment [10].

While the Fresnel approach is effective, 
it comes with a number of  fairly stringent 
constraints. In the classical Fresnel formulas 
for electromagnetic waves [1,4-6], radiation 
is assumed to be stationary, monochromatic, 
the linear local Maxwell equations are valid. 
Layers of  plane-parallel plates are considered 

transparent, isotropic, with smooth boundaries. 
The incident, reflected and refracted waves are 
coherent and homogeneous. In this case, the 
s- and p-polarization waves do not interact and 
propagate independently. Generalization of  
Fresnel's formulas to media with absorption was 
of  great practical and methodological importance 
at the beginning of  the 20th century [1-10]. If  
in Snell's laws and Fresnel's formulas it is purely 
formal to admit the possibility of  complex 
refractive indices, then one can obtain results that 
are usually correct, but cause certain difficulties 
in interpreting the complex values of  the angles. 
This approach is insufficient for solving Fresnel 
problems in amplified environments [11]. The 
principle of  continuity of  the tangent component 
of  the complex wave vector makes it possible 
to correctly derive the Fresnel formulas for 
transparent and damped media [1]. This principle 
is used in this work. Currently, the development 
of  methods that remove restrictions and adapt 
the application of  Fresnel formulas to various 
ranges of  electromagnetic waves remains 
relevant and promising. The development of  
experimental and theoretical approaches to the 
study of  the propagation of  electromagnetic 
waves in the microwave range was summarized in 
monographs [10,12].

In this work, attempts continue to generalize 
the Fresnel formulas to a limited, but rather wide 
class of  anisotropic media, to quasi-anisotropic 
media. The concept of  p-polarization waves was 
used in [13] to describe some surface and bulk 
electromagnetic waves in ferromagnetic films. The 
films considered were magnetized to saturation, 
i.e. the medium was essentially anisotropic. 
Under what general restrictions on the tensors of  
the magnetic and dielectric permittivity, s- and/
or p-polarization waves propagate independently, 
but the media are anisotropic? The answer to this 
question is considered in [14-16], algorithms are 
obtained that generalize the Fresnel formulas for 
such “quasi-anisotropic media”. The algorithms 
were used for the theoretical study of  multilayer 
plates made of  ferromagnets and dielectrics [15]. 
Further, using the mathematical apparatus of  
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extremely sparse matrices [17,18], the algorithms 
were generalized to the case of  an arbitrary 
number of  layers of  multilayer quasi-anisotropic 
plane-parallel plates, the concept of  a quasi-
anisotropic medium was refined [16]. Anisotropy 
in three orthogonal directions is admissible: 
orthogonal to the surface of  the plate, along the 
projection of  the wave vector of  waves on the 
surface of  the plate and along the surface of  the 
plate, but orthogonal to the wave vector. For a 
multilayer plate, a system of  linear equations was 
automatically formed, its solutions were Fresnel-
Airy coefficients. The results of  [16] were used 
in [19] for a theoretical study of  the reflection 
and transmission coefficients of  electromagnetic 
waves in the L-band (1-2 GHz) in free plates of  
isotropic and anisotropic ice. For the L-band, 
there are commercially available domestic [23,24] 
and foreign [25] radiometers used to monitor the 
Earth's ice cover using aircraft. It is known that 
the Fresnel approach is adequate for describing 
the propagation of  L-band and lower frequency 
electromagnetic waves in ice. For higher 
frequencies, it is necessary to study and apply more 
complex theoretical models [26]. Therefore, the 
theoretical study of  the properties of  isotropic 
and anisotropic ice in the L-range and the testing 
of  new theoretical approaches and algorithms 
seem promising for the subsequent development 
of  the theory for higher frequencies.

Formula

ya efT Tκ=  (1)

is the theoretical basis for many works on remote 
sensing of  the Earth's surface using aircraft 
[10]. This formula connects Tef the effective 
surface temperature of  the observed object 
and Tya the brightness temperature observed 
with a microwave radiometer. The coefficient 
is calculated based on the Fresnel formulas, it 
depends on the polarization, viewing angle and 
frequency. It is possible to interpret the coefficient 
as the transmittance of  microwave radiation by the 
surface of  the body. In this case, the temperature 
in (1) can be interpreted as the radiation intensity 
in the microwave range, written in units of  the 
Kelvin temperature. Generalizations of  formula 

(1) to the cases of  isotropic plates of  several layers 
are known [10]. The possibility of  generalizing 
formula (1) to multilayer quasi-anisotropic plates 
seems promising from the point of  view of  
application in the field of  remote sensing of  both 
the earth's surface and other objects. In [19], 
the reflection and transmission coefficients of  
anisotropic free ice sheets at various thicknesses 
were discussed. The calculations were greatly 
simplified by the assumption that the plane-
parallel plate is free, i.e. is in the air (vacuum). 
The use of  the results for free wafers is limited 
to laboratory applications. It seemed promising 
to develop the ability to calculate the Fresnel and 
Fresnel-Airy coefficients for multilayer quasi-
anisotropic plates for the cases where the sources 
of  plane waves are located inside the layers of  the 
plate. In addition, the question arose about the 
influence of  the intrinsic thermal radio emission 
of  the ice plate on the observed brightness 
temperature. The problems of  calculating and 
observing the intrinsic thermal radiation of  a 
multilayer plate are relevant for use in remote 
sensing, for example, on an ice plate floating in 
water. In [12], the assessment of  the intensity of  
intrinsic thermal radiation of  semi-infinite space 
in the microwave range was made on the basis 
of  the Rayleigh-Jeans law and Kirchhoff's law 
for radiation. It was assumed that the radiation 
sources are completely incoherent. Based on 
the same laws, the formula for the intensity of  
intrinsic thermal radiation and the attenuation 
of  the radiation intensity by a plate of  finite 
thickness was discussed in [20].

In formula (1), one can see the following 
logical subtlety. In this formula, at the beginning,  
the total intensity of  incoherent waves of  thermal 
radiation of  the half-space is estimated. This sum 
is then replaced by an “equivalent wave” with the 
same intensity. “Equivalent wave” is considered 
as a plane wave source in Fresnel formulas. The 
amplitude of  the observed radiation is calculated 
using Fresnel's formulas, and at the end Tya the 
intensity is estimated, expressed in units of  
temperature. This approach is convenient, it 
would be desirable to apply it for multilayer 
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media, but it must be justified. appendix contains 
mathematical calculations showing that, provided 
that thermal radiation sources are completely 
incoherent, then the “equivalent wave” approach 
is correct.

Microwave radiometers have certain 
limitations related to the properties of  their 
antennas. It was shown in [19, 21] that with 
an ice thickness of  4.2 m, the presence of  a 2 
MHz radiometer passband in the L-band leads 
to a complete smoothing of  the inhomogeneity 
in the polarization-angular dependences of  
the reflection and transmission coefficients. 
With an ice thickness of  50 cm, the presence 
of  the radiometer passband can be neglected 
at observation angles less than 70 degrees and 
the radiometer can be considered ideal. The 
question arises: what other constraints should 
an ideal radiometer satisfy and how to use the 
idea of  an ideal radiometer to take into account 
the bandwidth of  real radiometers? In this work, 
the radiometer is considered ideal, i.e. we neglect 
its bandwidth. In addition, it is assumed that an 
ideal radiometer detects separately the s- and 
p-polarization waves and these plane waves are 
homogeneous. An ideal radiometer does not 
register inhomogeneous plane waves. In the 
considered range of  parameters, these properties 
of  an ideal radiometer are close to the properties 
of  real radiometers used in [23-25]

The new algorithms being developed are very 
complex and it was supposed to check them 
by exact reproduction of  the rather interesting 
result obtained earlier in [19] before studying 
more complex cases. In accordance with the 
results of  [19], at an isotropic ice thickness of  50 
cm and a temperature near 0°C, there should be 
a transparency band at an angle of  incidence of  
30 degrees, for both polarizations simultaneously. 
The presence of  ice anisotropy modifies the 
effects of  bleaching and anti-bleaching near this 
transparency band. The question arose about 
assessing the influence of  the intrinsic thermal 
radiation of  the plate. In addition, the question 
also arises of  controlling the theoretically 
possible accumulation of  errors in calculations. 

In [12], the component of  the Poynting vector, 
averaged over the oscillation period, orthogonal 
to the plate surface, is considered. It allows you 
to control the balance of  energy flow between 
the layers. The energy fluxes along the surface of  
the layers are also not arbitrary; they must also 
obey certain balance relations. It is also useful to 
refine these relationships and use them to control 
calculations.

The purpose of  this article is to discuss the 
physical meaning of  new algorithms that take into 
account the intrinsic thermal microwave radiation 
of  the layers and make it possible to calculate the 
intensity of  a plane uniform monochromatic wave 
passing through a multilayer plane-parallel plate 
consisting of  quasi-anisotropic layers with smooth 
plane boundaries.

This article discusses the registration of  
radiation with an ideal radiometer, which has a 
number of  special properties that simplify the 
task. This radiometer is located in a homogeneous 
isotropic medium (in vacuum) outside the plate. 
The radiometer measures the intensities of  
monochromatic homogeneous waves and the 
directions of  their propagation, and separately for 
s- and p-polarization waves.

The problem is to generalize formula (1). 
It includes the calculation of  the Fresnel-Airy 
coefficients for plane-parallel plates made 
of  quasi-anisotropic media. The assumption 
is made that the heat sources are completely 
incoherent. It is also possible to consider 
external incoherent sources of  plane waves 
(incoherent with each other and with heat 
sources).

2. MATERIALS AND METHODS

2.1. ideal radiometer and connected subsets 
of coherent waves

When deriving the Fresnel formulas, a plane 
monochromatic wave of  s- or p-polarization 
of  a given amplitude is considered, incident 
on a smooth plane interface between media. 
Wave vectors and complex amplitudes of  the 
reflected and refracted waves are calculated [1-7]. 
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It is assumed that s- and p-polarization waves 
propagate independently From the point of  view 
of  remote sensing problems, somewhat different 
problems are of  interest, when the wave vector 
and the amplitude of  the observed refracted wave 
are given, and the parameters of  the incident wave 
are calculated [10]. Such problems are solvable 
using Fresnel coefficients. In a multilayer plate, 
the Fresnel-Airy coefficients play the same role. 
Coherent reflected and refracted waves, generated 
by one incident wave, form a connected set with 
the same property. If  the complex amplitude 
and wave vector of  one of  the waves are known, 
then the parameters of  all other waves can be 
calculated

In this paper, only an ideal radiometer is 
considered, which has a number of  special 
properties that determine the properties of  
waves in the mathematical model. An ideal 
radiometer is located in a homogeneous 
isotropic medium (in a vacuum). The radiometer 
measures the intensities of  monochromatic 
homogeneous waves and the directions of  their 
propagation, separately for s- and p-polarization 
waves. It follows from these properties of  an 
ideal radiometer that in a mathematical model 
one can restrict oneself  to considering waves 
with the following properties. First, these are 
monochromatic waves of  a given frequency. 
Second, all considered waves must have the same 
real projection of  the complex wave vector onto 
the surface of  the plate. The second property 
follows from the principle of  continuity of  
the wave vector component, tangent to the 
surface of  a plane-parallel multilayer plate. The 
imaginary part of  this projection must be zero, 
i.e. the complex wave amplitude is constant 
parallel to the plate surface. This property 
is fulfilled provided that an ideal radiometer 
records homogeneous waves in an isotropic 
homogeneous medium.

Let's choose a coordinate system 
corresponding to the properties of  the waves. 
Let the direction of  the coordinate axis “y” 
coincide with the projection of  the wave vector 
onto the surface of  the plate. Let the direction 

of  the “x” axis be normal to the surface of  the 
multilayer plate under consideration. Then, in 
quasi-anisotropic media, the "s"-component of  
the wave vector should be equal to zero [14]. For 
possible projections of  the complex wave vector 
of  such waves on the x-axis, from Maxwell's 
equations for a given homogeneous layer, a 
quadratic equation is obtained. One solution to 
this equation corresponds to a refracted wave, 
the second – to a reflected wave in the same layer. 
Since there are only two solutions, the wave vector 
of  a coherent incident wave from a wave source 
in this layer must coincide with the direction of  
the wave vector of  the incident or reflected wave 
in this layer.

For each of  the boundaries of  the layers in a 
multilayer plate, it is possible to write down the 
conditions for the continuity of  the tangential 
surfaces of  the layers of  the plate of  the electric 
and magnetic field components. As a result, for a 
multilayer plate, separately for s- and p-polarization 
waves, it turns out to be possible to automatically 
form a nondegenerate, well-defined system 
of  linear equations connecting the complex 
amplitudes of  reflected and refracted waves with 
the complex amplitudes of  wave sources. The 
solutions of  this system of  equations are the 
Fresnel-Airy coefficients for a multilayer plate, 
this was done in [16].

The concept of  an ideal radiometer is 
implicitly used in measurements. All waves in 
a multilayer quasi-anisotropic plate are divided 
into disjoint connected subsets determined 
by the common value of  ky, frequency and 
polarization. From each measurement, the 
properties of  the associated waves in each layer 
can be calculated. Theoretically, by increasing 
the number of  measurements at different 
frequencies, ky and polarizations, it is possible, 
in the limit, to obtain a complete picture of  the 
properties of  all waves of  a given range. In this 
work, the radiometer is considered ideal. The 
properties of  the mathematical model and issues 
related to the imperfection of  the radiometer 
are discussed in more detail in the Discussion 
of  Results section.
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2.2. squ- specIfIcatIon of waves In a multIlayer 
quasI-anIsotropIc plate

In quasi-anisotropic media, s- and p-polarization 
waves do not interact [14-16]. In the formulas 
presented below, it is assumed that to take 
into account the change in polarization, it is 
sufficient to change the sign of  the parameter 
s. The possibility of  formally transforming 
formulas for s-polarization into formulas for 
p-polarization was described in [4] for isotropic 
plates. In [16], the realization of  this possibility 
for quasi-anisotropic media was substantiated by 
a substitution that preserves Maxwell's equations 
for a medium without external currents and 
charges. The wave polarization will be identified 
by the parameter s = 1 for s-polarization, s = −1 
for p-polarization.

The wave vector component orthogonal to 
the plane of  the plate (kx) is calculated for a given 
polarization based on Maxwell's equations and 
the values of  the components of  the magnetic 
and dielectric permittivity matrices for each layer. 
The corresponding equation has two complex 
solutions  kx: for refracted and reflected waves 
[14,15]. Let us introduce for them the parameter 
q, the sign of  the real part kx, which determines 
the direction of  the phase velocity of  the wave 
in the layer with respect to its boundaries, q = 
sign(Re(kx)). One solution has a positive real 
part (q = 1), the other has a negative one (q = 
−1). In the case of  isotropic media, kx should 
be the same for s- and p-polarized waves. In the 
general case for a quasi-anisotropic medium, 
all 4 values kx may differ [16]. For each layer, 
with the number u and a given polarization s, 
two complex solutions kx(s,q,u) are obtained, with 
the parameters q = −1 and q = + 1. The total 
of  such waves in a plate with the number of  
layers U, for a given polarization s, is equal to 
2U (counting also the layers of  the half-spaces 
surrounding the plate). The waves are coherent, 
agree with each other at the layer boundaries 
and, as a result of  multiple reflections, come to 
a stationary state with amplitudes E(s,q,u). E(s=+1,q,u) 
is the complex amplitude of  the s-wave electric 
field. E(s=-1,q,u) is the complex amplitude of  the 

p-wave magnetic field. E(s,q,u) – the amplitude of  
the wave with the direction of  propagation q, in 
the layer u “at the boundary (−q)”. The words 
“at the border (−q)” mean the following. The 
layer u, in the general case, has two boundaries. 
One − for a smaller, the second – for a larger, 
x-coordinate. Let us introduce the parameter g 
= –1 for the border with a smaller x, g = + 1 − 
for the border with a large x. If  the wave has a 
direction q, then it propagates in the medium 
u from the boundary g = −q to the boundary 
with g = + q. The complex wave amplitude 
at the boundary g = −q matters, E(s,q,u). The 
complex wave amplitude at the boundary g = 
+ q matters E(s,q,u) exp(ikx(s,q,u)qdu), where du is the 
layer thickness. The exceptions to this rule are 
the first and last layers, which are semi-infinite 
spaces. The amplitude of  the reflected wave and 
the amplitude of  the transmitted wave in an 
ordinary layer are set at the boundaries according 
to the general rule, but with the following 
exceptions. The border g = −1 for the first layer 
is moved to infinity, as well as the border g = + 1 
for the last layer. Therefore, as an exception, we 
assume that the amplitude E(s,q=1,u=1) is set at the 
boundary g = 1 of  the first layer (and not at the 
boundary g = −1, which is absent). Similarly, on 
the last layer U, the amplitude E(s,q=−1,u=U) is set at 
the boundary g = −1. The wave observed by the 
measuring device belongs to the set of  waves 
specified by integer parameters (s,q,u). The 
introduction of  the parameters u, s, q, g makes 
it possible to separate very complex variants of  
the conditions for considering wave processes in 
a given problem and is a means of  overcoming 
the logical problems that arise.

When deriving the Fresnel-Airy formulas in 
[1-7,16], it is assumed that an external radiation 
source creates an incident plane wave of  a 
known complex amplitude. At given values 
of  the frequency (1.41 Hz) and, as a result of  
multiple reflections, a stationary state of  the 
amplitudes of  the set of  waves is formed, given 
by the parameters (s, q, u). The generalization 
of  the problem to the case when the source 
of  plane waves can be located not only outside 
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the plate, but also in one of  its inner layers is 
described by a linear equation with the same 
matrix as in [16], but with a modified column 
of  free terms. The amplitudes of  the set of  
waves (s, q, u) are represented as a 2U vector. 
The law of  interaction of  waves is represented 
as a matrix (2U by 2U) The direct action of  
the incident wave on the system of  waves 
(s, q, u) gives a column of  free terms of  the 
linear system of  equations. The matrix and the 
column are sparse, it is convenient to generate 
them automatically using the usual Fresnel 
coefficients for layer boundaries and extremely 
sparse matrices [17, 18]. Calculation of  the 
Fresnel-Airy coefficients is reduced to solving 
an automatically generated linear system of  
equations [16].

When interpreting the solution in the 
case of  sources of  plane waves inside the 
plate, logical subtleties appear, which can be 
expressed by the following casuistic question. 
Is the wave created by the original plane wave 
source associated with the set of  reflected and 
refracted waves? The answer to this question is 
negative, but with a caveat. Coherent sources 
of  plane waves create waves with wave vectors 
that coincide with wave vectors from the 
set specified by the parameters (s, q, u). Let 
there be one such source, has a unit complex 
amplitude and is specified by parameters (s, q0, 
u0), i.e. has polarization s, is in the layer u0 at its 
boundary −q0 and shines in the direction q0. 
Then the complex amplitudes of  the waves (s, 
q, u) in the multilayer plate will be equal to the 
corresponding Fresnel-Airy coefficients, with 
one exception. This exception is a wave with 
parameters (s, q0, u0). The complex amplitude of  
the source wave should be added to the Fresnel-
Airy coefficient of  this wave, i.e. unit, the result 
is a complex wave amplitude with parameters (s, 
q0, u0). The Fresnel problem is linear, therefore, 
if  the source wave is not unitary, then all 
amplitudes should be multiplied by its complex 
amplitude. If  there are several coherent sources 
of  plane waves, then the effects of  their 
complex amplitudes are summed up.

2.3. fresnel-aIry coeffIcIent specIfIcatIon

The relationship between the directions of  
wave propagation in a layer (parameter q) and 
layer boundaries (parameter g) should be taken 
into account when identifying the Fresnel-
Airy coefficient. We will assume that the wave 
frequency and the y-component of  the wave 
vector are given. The specification of  the 
Fresnel-Airy coefficient can be represented as a 
function 

0 0( , , , , )s q u q uf , where s is the polarization, 
q0, u0 − the external incident wave is specified: 
in the layer u0, it propagates in the direction 
q0 near the boundary q0. If  the amplitude of  
the incident wave is unit, then the value of  the 
function determines the amplitude of  the wave in 
the layer u, near the boundary (−q) propagating 
in the direction (q). The amplitude of  the wave 
in the u layer, with the direction q near the 
boundary (−q), is obtained as the product of  
the Fresnel-Airy coefficient by the amplitude of  
the original wave 

0 0 0 0( , , , , ) ( , , )s q u q u s q uf E . To take into 
account the sources of  plane waves at different 
boundaries in different layers, the complex 
amplitudes are summed; therefore, the function

0 0( , , , , )s q u q uf   can be interpreted as an analogue of  
the Green's function. The representation of  
the Fresnel-Airy coefficients in the form of  a 
function

0 0( , , , , )s q u q uf   makes it possible to write 
down rather conveniently solutions to problems 
of  many coherent sources in a multilayer quasi-
anisotropic plate.

2.4. averaGInG the poytInG vector over the 
oscillation period

The amplitude of  the s-polarized wave (s = 1) is 
conveniently considered the amplitude of  the 
electric field lying in the plane of  the plate. The 
amplitude of  p-polarization waves (s = -1) in [1] 
was considered the complex amplitude of  the 
magnetic field lying in the plane of  the plate. In 
[16,19] and in this article, the same approach is 
adopted.

Let S = s0EH, where S, E, H are the complex 
amplitudes of  the Poyting vector and the 
orthogonal electric and magnetic fields. Here s0 = 
c/4π is the coefficient  in the Gaussian system, s0 = 
1 in SI system [1].
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appendix  shows that P, the value of S averaged 
over the oscillation period, can berepresented in 
terms of  the complex amplitudes E and H in the 
form

2 2

0 0
| | | |Re Re .

2 2
E H H EP s s

E H
   = =   
   

 (2)

In accordance with [14, 15], for a wave in 
a quasi-anisotropic medium, we obtain for the 
period-averaged components of  the Poyting 
vector at the boundary (–q) of  the layer u:
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Let us introduce the parameters h, and 
the coefficients  that allow us to calculate the 
components of  the Poyting vector for a given 
wave , averaged over the oscillation period, and 
its absolute value at the boundary (-q), if  the wave 
amplitude is specified.
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For s = + 1, algorithms are obtained that make 
it possible to calculate the intensities for s-polarized 
waves.

For s = −1, algorithms for calculating the 
intensities for p-polarized waves are obtained.

The parameter h = 1 allows one to obtain 
the period-averaged component of  the Poynting 
vector directed orthogonal to the plate surface for 
a wave in the u layer propagating in the q direction.

The parameter h = 2 corresponds to the 
period-averaged component of  the Poynting 
vector directed tangentially to the plate surface.

The parameter h = 0 − corresponds to the 
period-averaged absolute value of  the Poynting 
vector.

2.5. poyntInG vector of waves at the 
interfaces of layers

In the Fresnel problem, the incident, reflected and 
refracted waves are coherent. In superposition, 
their complex amplitudes are added, but the 
intensities (energy fluxes) must be calculated in a 
more complex way.

The energy flux (i.e., the Pointing vector) 
near the boundary q of  the u layer is determined 
by the vector product of  the total electric field 
and the total magnetic field. At the interfaces 
between the layers, the tangential components 
of  the magnetic and electric fields are preserved. 
Therefore, at the interfaces between layers must 
be constant Sx, Sy, in general, it is not preserved 
at the interface between layers. Nevertheless, to 
check the calculations, it would be desirable to 
have values similar to the energies that should 
be stored at the boundaries in the directions 
tangential to the interface. Such quantities 
can be constructed, since the field inductions, 
orthogonal to the surface, must be constant at 
the interfaces. For s-polarization, after averaging 
over the oscillation period, the vector products 
of  the electric field and the x-component of  
the magnetic induction and the vector product 
of  the x-component of  the magnetic induction 
and the y-component of  the magnetic field must 
be preserved. For p-polarization, respectively, 
is the vector product of  the magnetic field and 
the x-component of  the electric induction and 
the vector product of  the x-component of  the 
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electric induction and the y-component of  the 
electric field.

Let's note an interesting detail. For non-
magnetic media, the induction of  the magnetic 
field in the x-direction coincides with the magnetic 
field; therefore, for the s-polarization, not only 
the x-component, but also the y-component 
should be preserved, i.e. the entire Pointing 
vector. P-polarized waves do not possess this 
property.

For the problems of  estimating energy fluxes, 
the V(s,q,u,h) coefficients are convenient, but their 
application is limited, since the intensities of  
coherent waves do not add up, but their amplitudes 
add up. The amplitude of  the total electric field 
of  an s-polarized wave near the boundary (q) in 
the u layer is not the amplitude of  only one wave. 
To the complex amplitude of  a wave propagating 
in the (-q) direction, add the complex amplitude 
of  a wave traveling in the (+q) direction, taking 
into account its phase shift. If  the wave source is 
in the u layer and radiates in the q direction, then 
the source wave amplitude must also be added to 
the sum (but without the phase shift). The total 
сomplementary field (magnetic field in the case 
of  s-polarization) is also obtained as the sum of  
the сomplementary fields of  these three waves. 
The vector product of  the corresponding fields, 
averaged over the oscillation period, should be 
calculated by formula (2). It is proportional to 
half  the square of  the modulus of  the incident 
wave amplitude. The aspect ratio is calculated 
using the Fresnel-Airy coefficients. Let us write 
it as a function with the following specification 
for waves generated by an incident wave of  unit 
intensity from a source of  a given polarization 
located in a layer u0 that shines in the direction q0 
and gives a 

0 0( , , , , , )s q u g u hF  function in the u layer at 
the g boundary.

For s = 1

For h = 1, the function F is determined by the 
vector product E3 by H2 and gives the coefficient 
for calculating the x-component of  the Poyting 
vector averaged over the oscillation period.

For h = 2, the function F is determined by the 
vector product E3 by H1 and gives the coefficient 
for calculating the y-component of  the Poyting 
vector averaged over the oscillation period.

For h = 0, the function F gives the absolute 
value of  the Poyting vector averaged over the 
oscillation period

For h = −2, the function F is determined by 
the vector product E3 by B1 and gives the value 
that must be preserved at the interface between 
the media.

For h = −3, the function F is determined by 
the vector product H2 by B1 and gives the value 
that must be preserved at the interface between 
the media.

When s = −1, values for the p-polarization are 
obtained, the fields E and H and their inductions 
change their roles.

If  the amplitude of  the radiation 
source were known, then the product 

0 0

0 0

2
( , , )

0 ( , , , , , )
| |

.
2

s q u
s q u q u h

E
s F  would be an energy 
flux in the h direction in the u layer at the g 
boundary. For applications in remote sensing, a 
slightly different interpretation of  the observed 
radiation intensity seems promising. In the 
region of  radio waves and in the microwave 
region of  the spectrum, the radiation intensity 
can be interpreted as the brightness temperature 
and related to the effective temperature of  the 
observed object [10].

2.6. summatIon of the enerGy of Incoherent 
waves. brIGhtness temperature

In [20], based on the Kirchhoff  law of  radiation, 
a formula was obtained for the intensity I of  
radio waves emitted by a uniform layer Iv = 
B(v,T)(1 − exp(−τ)). A similar formula was 
used to estimate the brightness temperature 
of  a cloud formation in the atmosphere in 
the isothermal approximation in the spectral 
region where scattering can be neglected [12]. 
B(v,T) − Planck function, depending on the 
radiation frequency and layer temperature, τ −
optical layer thickness.
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For the radio and microwave ranges, the 
Planck formula degenerates into the Rayleigh-
Jeans formula, in which the radiation intensity is 
proportional to the temperature. In our case, Im 
(ky) = 0, kz =0, therefore, absorption and emission 
are associated only with kx. Therefore

( , , ) ( , , )

( , , ) ( , , )

( , ),

1 exp(2 Im( )).
s q g u s q g u u

s q g u x s q u u

I A B v T

A k qd
= =

=

=

= −
 (5)

2

2
2( , ) ,Bk vB v T T

c
=  c - peed of  light, kB is the 

Boltzmann constant, v is the frequency, T is the 
temperature in degrees Kelvin.

For an infinitely thick homogeneous layer, 
the integrating coefficient A degenerates into 
unity. The intensity at the layer boundary 
becomes proportional to the layer temperature. 

The coefficient 
2

2
2 Bk v

c
 allows you to convert the 

observed intensity into the brightness temperature. 
This coefficient is reduced in the ratio (1). Relation 
(1) is considered in [10] as a theoretical basis for 
many methods of  remote sensing of  the earth's 
surface using radiometers.

In the case of  multilayer media, the observed 
brightness temperature should be the sum of  the 
effect of  the intrinsic thermal radiation of  all 
layers. 0 0

0

.ya u u
u

T Tκ=∑  (In all formulas in the article  
- the number of  the layer where the radiation 
source is located). The 

0uκ  coefficients are not 
independent. Changing, for example, the thickness 
of  one layer affects the coefficients of  all layers. 
All 

0uκ  coefficients depend on the polarization 
s. The problem of  calculating these coefficients 
is not easy, but in a number of  isotropic cases its 
solutions are known from the literature [10]. The 
algorithms developed in this work make it possible 
for quasi-anisotropic media to take into account 
the anisotropy of  the media in calculations, to 
evaluate the effect of  each layer, and to ensure the 
comparability of  the results in the formation of  
complex dependences on the observation angle at 
different polarizations.

If  measured with a radiometer in the first layer, 
then

0 0
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0 0 0
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In this formula, the coefficient A provides the 
summation of  the intensities of  heat sources 
over the thickness of  the layer with the number 
u0. Dividing by a factor 

0 00 ( , , , 0)s q u hs V =  converts the 
radiation intensity into the equivalent amplitude 
at the layer boundary. Multiplication by s0V(s,-

1,1,h=0) performs the inverse transformation in 

the radiometer layer. The coefficients 
2

2
2 Bk v

c
 

associated with the units of  measure of  intensity 
are abbreviated and are not present in the formula 
for the observed brightness temperature. For s = 
1, formulas for the s-polarization are obtained. 
When s = -1 - for p-polarization.

General formula for calculating energy fluxes 
averaged over the period taken at the boundaries 
of  the layers:

0 0

0

0 0

0 0 0

0 0 0

( , , , ) ( , , , , )

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

{ 1,1} ( , , , 0)
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.

s q u h s u g u h u
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s q u
s u g u h s q u g u h

q s q u h

T T

A
F

V

κ

κ
= − =

=

=

∑

∑
 (7)

For h = 1, the y-period-averaged energy flux is 
obtained orthogonal to the plate plane, for h = 2 - 
parallel to the plate plane, for h = 0 - the absolute 
value of  the Poiting vector averaged over the 
oscillation period.

The introduction of  parameters s, q0, u0, q, u, 
g made it possible to reveal and express logical 
subtleties in the description of  waves in multilayer 
media. There is a certain subtlety in the fact that 
the parameters of  the quantities V and f include 
the direction of  propagation of  the wave q, while 
the parameters of  the quantities F include the 
boundary number g.

The question of  the legitimacy of  introducing 
the concept of  equivalent amplitude at the 
interface between media instead of  the sum of  the 
intensities of  many incoherent waves is considered 
in more detail in appendix 1.2.7.
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2.7. electrical properties of ice and water

In the calculations presented in the next section, as 
in [19], the value of  the relative complex dielectric 
constant of  ice near 0°C at a frequency of  1.41 
GHz is used, which is equal to ε = 3.18 + 0.0007i 
[12,27–29]. The relative error in measuring the 
imaginary part is usually large and amounts to 
tens of  percent. In [30,31], ice models based on 
extrapolation and averaging of  various literature 
data are considered. The structure of  water and 
models for calculating its complex dielectric 
constant were considered in [27-29]. We use the 
value of  the relative complex dielectric constant 
of  water near 0°C at a frequency of  1.41 GHz 
equal ε = 85.79 + 12.72i .

3. CALCULATION RESULTS
As the first application of  the algorithms 
developed above, polarization-angular diagrams 
of  radiation of  a free ice plate 50 cm thick were 
obtained under illumination by radiation with a 
brightness temperature with a frequency of  1.41 
GHz s- and p-polarization taking into account 
the intrinsic thermal radiation of  the ice plate 
at this temperature (Fig. 1). The solid line is the 
curve of  the absolute value of  the Poyting vector 
(intensity) averaged over the oscillation period 
for s-polarization. The dotted line corresponds 
to p-polarization. The dashed lines show the 
results of  calculations when the intrinsic thermal 
radiation of  the ice plate is not taken into 
account. This version reproduces the results of  

[19] obtained by another method: the reflection 
and transmission coefficients of  free ice plates 
were considered under the given conditions. 
In the region of  observation angles of  30-40 
degrees, there is a transparency region, both for 
s-polarization waves and for p-polarization waves 
(the total maximum of  all curves). Around 60 
degrees, the second maximum of  the p-wave curve 
corresponds to the Brewster angle for ice under 
the conditions under consideration. The dotted 
curves were obtained without taking into account 
the intrinsic radiation of  ice and correspond to 
the results of  [19].

At viewing angles of  0-70 degrees, the 
contribution of  the intrinsic thermal radiation 
is no more than 2-5 Colvin degrees. As the 
observation angles approach 90 degrees (more 
than 70 degrees), the behavior of  the curves is 
significantly different and requires additional 
study. It is necessary to take into account the 
bandwidth of  the radiometer, the roughness 
of  the surface, separate observation and the 
calculation of  the Poynting vector components.

How will the polarization-angle diagrams 
change if  the same plate floats in water and is 
illuminated not by external radiation, but by its own 
radiation. Fig. 2 shows the case of  a 50 cm thick 
plate floating in water. Solid curve - s-polarization, 
dots represent the curve for p-polarization. Changes 
in the conditions of  reflection and transmission at 
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Fig. 1. Polarization-angular diagrams of  the brightness 
temperature for a free plate of  ice 50 cm thick, under illumination 

with radiation with a brightness temperature 273.15 K.

Fig. 2. Polarization-angle diagrams of  the brightness 
temperature in the direction orthogonal to the surface of  the ice 
plate floating in water at. Plate thickness 50 cm. Solid curve - 

s-polarization. The dotted curve is p-polarization.
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the ice-substrate interface when replacing air with 
ice qualitatively changes the course of  the curves 
in Figs. 1 and 2.

The wavelength for isotropic ice at the 
considered frequency is about 12 cm. Fig. 3, 
as well as in Fig. 2, shows the case of  a plate 
floating in water at. Plate thickness 47 cm, i.e. 
the thickness of  the plate in Fig. 3 differs by a 
quarter wave from Fig. 2. Comparing Fig. 1, Fig. 
2, and Fig. 3, it can be concluded that replacing 
the substrate layer from air to water with a 
simultaneous change in the wafer thickness by a 
quarter of  the wavelength leads to the restoration 
of  the bleaching region in the region of  30 
degrees for both polarizations. According to the 
p-polarization, one can note the restoration of  the 
bleaching conditions in the region of  60 degrees 
(Brewster's angle for ice). Such transformations 
of  the curves can be associated with the mutual 
substitution of  the conditions of  anti-reflection 
and anti-reflection of  plane-parallel plates, which 
is known in the theory of  optics of  multilayer 
coatings [5].

In [19], the influence of  ice anisotropy on 
polarization-angle diagrams for the selected 
frequency 1.41 GHz and thickness 50 cm was 
noted. Fig. 4 shows the polarization-angle 
diagrams of  p-polarization waves for the case when 
the anisotropy axis is directed orthogonally to the 
plate surface (solid curve). Anisotropy coefficient - 
15%. The dotted line represents isotropic ice.

If  the anisotropy axis is parallel to the plane 
of  the plate, then the effect of  anisotropy 
on the polarization-angle diagrams increases 
significantly. Fig. 5 shows the curves for the case 
of  an anisotropic surface, 50 cm thick, floating 
in water. 

Controlling the values stored at interfaces (see 
Section 2.5) gives relative error 10-13 in double 
precision calculations. There is practically no 
accumulation of  errors in calculations.
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Fig. 3. Curves for the case as in Fig. 2, but the plate thickness 
is reduced by a quarter of  the wavelength and became 47 cm. 

The conditions of  the plate antireflection were restored

Fig. 4. Polarization-angle diagram of  the brightness 
temperature of  an ice plate floating in water for p-polarization 
waves. The dotted curve is an isotropic plate. The solid curve 
is anisotropic ice with a coefficient of  15% in the direction 

orthogonal to the plane of  the plate.

Fig. 5. Angular diagram of  the brightness temperature for 
p-polarization waves of  anisotropic ice floating in water. The 
point curve is an isotropic plate. The dashed curve corresponds 
to the anisotropy coefficient of  3% in the direction ε22. The 
solid curve corresponds to an anisotropy coefficient of  15% in 

direction ε22.
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4. DISCUSSION OF THE RESULTS
The use of  the Fresnel and Fresnel-Airy coefficients 
is an effective approach to solving many physical 
problems [1-7], but an adequate application of  
the Fresnel approach is associated with a number 
of  limitations mentioned in the introduction. 
Generalization of  the Fresnel approach to 
media with absorption [1,5-7] had an important 
methodological and practical importance at 
the beginning of  the 20th century, but it is not 
universal, for example, it is not applicable to media 
with amplification [11]. Attempts to go beyond 
the Fresnel approach are being made in our time 
and remain relevant. For turbid media and media 
with high internal scattering (for example, for 
snow), methods based on the theory of  radiation 
transfer [30–32] are used; the methods described 
here are inapplicable to such media. In this work, 
only linear waves (waves of  small amplitude) 
are considered, described by local Maxwell 
equations for homogeneous media with smooth 
boundaries without external currents and charges. 
Quantum effects are not considered. The ability to 
consider s- and p-polarization waves propagating 
independently in homogeneous isotropic 
media simplifies the problem. If  a number of  
constraints are imposed on tensors in Maxwell's 
equations, then independent propagation of  
s- and p-polarization waves in some anisotropic 
media is obtained [14,15]. In [16], a definition of  
quasi-anisotropic media is given and algorithms 
generalizing Fresnel's formulas are discussed.

In this article, it is noted that the concept 
of  an ideal radiometer makes it possible to split 
the set of  plane electromagnetic waves in a 
quasi-anisotropic multilayer plane-parallel plate 
into non-intersecting coupled subsets. These 
subsets are identified by frequency, polarization, 
projection of  the wave vector onto the surface 
of  the plate. Waves from different subsets are 
(completely) incoherent, i.e. their intensities add 
up. This circumstance makes it possible to take 
into account the presence of  a finite bandwidth 
in real radiometers in the calculation of  intensities 
by means of  integration [16,19,21]. In this paper, 
we discuss algorithms for an ideal radiometer, 

assuming further generalization to radiometers 
with complex bandwidth. In [19], the effects of  
smoothing of  inhomogeneities in the ballization-
angle diagrams, related to the bandwidth of  a real 
radiometer, were discussed. For ice thicknesses of  
the order of  50 cm and viewing angles less than 
70 degrees discussed in this article, the L-band 
radiometer can be considered close to ideal. In 
[23-25] the parameters of L-range radiometers 
are given, which record separately the intensities 
of  orthogonal polarizations of  radiation. When 
studying thicker ice sheets and considering viewing 
angles greater than 70 degrees, it is necessary to 
take into account the bandwidth of  the radiometer.

In this article, the term "homogeneous" is 
applied to different objects and its meaning is 
somewhat different. The layers of  the plates are 
“homogeneous”; do not have any defects and 
special parameters depending on coordinates. An 
ideal radiometer should be located in an isotropic 
homogeneous medium without absorption and 
register only homogeneous waves, while it (ideally) 
should not register inhomogeneous ones. It is not 
entirely obvious fact that inhomogeneous plane 
waves can exist in an isotropic homogeneous 
medium without absorption. Inhomogeneous 
waves exist in such media, for example, spherical 
waves. The decomposition of  a spherical wave into 
plane waves includes inhomogeneous plane waves 
[34]. The requirement that an ideal radiometer 
fixes only homogeneous waves is essential; 
it is determined by the radiometer's antenna. 
Moreover, this radiometer must be located outside 
the multilayer plate in a homogeneous transparent 
medium. Homogeneous waves recorded by such 
a radiometer will have real components of  wave 
vectors tangent to the surface of  the plate. All 
waves included in the mathematical model will 
have the same property, i.e. the amplitude of  such 
waves will remain constant along the surface of  the 
plate. Such waves are necessary Im(ky) = 0. In the 
layers of  the plate in a direction orthogonal to its 
surface, the waves turn out to be inhomogeneous 
in layers with damping.

When reproducing the results for free plates, 
an external source of  electromagnetic waves 
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is considered at the effective temperature . It 
is assumed that this is a large black screen, at a 
sufficiently large distance from the ice plate. 
Heat sources inside the plates are assumed to be 
completely incoherent, and their effect on the 
intensity of  the observed radiation can be taken 
into account by summation [12]. According to 
the Rayleigh-Jeans law, the intensity of  thermal 
radiation in the microwave range is proportional to 
the Kelvin temperature; therefore, it is convenient 
to use the Kelvin temperature as a measure 
of  radiation intensity [10]. The temperature 
dependences of  the complex permittivities of  water 
and ice were considered in [27–31]. It is assumed 
that further research will consider multilayer 
systems at different temperatures of  the layers. The 
Fresnel-Airy coefficients are the proportionality 
coefficients between the amplitudes of  the linear 
waves. The intensity of  external radiation can be 
measured in brightness temperature. The intensity 
of  the thermal radiation of  a layer is determined 
by its effective (energy) temperature. Therefore, 
it is possible to estimate the contribution of  the 
intrinsic thermal radiation of  the plate layer to the 
observed brightness temperature as corrections 
to the results obtained in [19]. Fig. 1 shows 
the polarization-angular dependences of  the 
brightness temperature for a free plate of  ice, 
which is illuminated by an external radiation source 
with a brightness temperature of  273.15 K (°C). 
The solid curve corresponds to the s-polarization. 
The dotted curve corresponds to p-polarization. 
Dotted curves - dependences calculated without 
taking into account the contribution of  thermal 
sources of  ice. For the observation angles range 
of  0-70 degrees, the contribution to the brightness 
temperature of  the intrinsic radiation of  the 
considered ice plate is insignificant: 2-5 degrees. 
The dotted lines represent the transmittances 
of  a 50 cm thick ice sheet multiplied by 273.15 
K (°C). These curves correspond exactly to the 
results of  [19]. Inherent thermal electromagnetic 
radiation exists in all frequency ranges. For a black 
body, the intensity must obey the Planck formula, 
in the microwave region, the Rayleigh-Jeans law 
[12]. The intensity of  real bodies is always less 
than the intensity of  an absolutely black body. If  

we interpret the effective temperature in formulas 
(1,6-7) as thermodynamic temperature, then the 
calculations will give slightly overestimated values. 
“The radio-thermal radiation of  homogeneous 
solids and liquids in most cases does not have 
intense selective components and the brightness 
of  the emitters varies little over the spectrum” [12]. 
This means that a spectral emissivity correction 
can be entered for water and ice. For a vacuum, 
such a correction factor is 0, for an absolutely black 
body it is equal to 1. It would be very interesting 
to obtain corrections for “blackness” for water 
and ice and their dependences on ice anisotropy. 
According to data from [33], for water and ice, this 
coefficient is close to 0.9 and depends on the type 
of  ice (annual, long-term). Data on the anisotropy 
of  the permittivity for various types of  Arctic ice 
are discussed in [34].

In the optics of  thin-layer coatings [5], there is 
a theorem that the conditions for anti-bleaching 
bleaching are reversed if  the monotonic change 
in the refractive indices in the substrate, film, and 
environment changes to a non-monotonic change. 
Strictly speaking, the theorem is formulated for real 
refractive indices and for small angles of  incidence, 
but it can serve as an explanation for the transition 
from Fig. 1 to Fig. 2. For a free plate (Fig. 1), the 
refractive indices change non-monotonically, and 
for a plate floating in water (Fig. 2), these changes 
can be considered monotonic. The reason for the 
rearrangement of  the polarization-angle diagrams 
is the change in the phase of  the reflected wave 
by a value close to. Changing the thickness of  the 
plate changes the phase of  the reflected wave, 
therefore, changing the thickness of  the plate 
floating in water by ¼ of  the wavelength restores 
the conditions of  bleaching in the region of  30 
degrees for both polarizations (Fig. 3).

For quasi-anisotropic media, the amplitudes 
of  the s-polarized waves depend only on ε33. 
The amplitudes of  p-polarized waves depend on 
ε11, ε22 (and also on ε12,ε21) [16]. The curves for 
p-polarization depend on different fusion of  the 
anisotropy axis and are shown in Figs. 4, 5.

With the help of  the proposed mathematical 
apparatus, it is possible to calculate the energy 
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fluxes of  monochromatic waves in any layer 
of  a multilayer plate. In this work, it is assumed 
that thermal sources of  microwave radiation are 
incoherent. The difficulty in solving the problem 
of  the intrinsic radiation of  the layers lies in the 
need to separate and adequately take into account 
coherent and incoherent effects. Conventionally 
speaking, a “wave from one heat source” 
generates many reflected and transmitted waves in 
multilayer plates, they are coherent and obey the 
Airy equations based on the Fresnel coefficients. 
Their amplitudes can be added, and the energy 
is calculated in a more complex way, through the 
Poiting vectors. At the same time, the thermal 
sources of  electromagnetic waves themselves are 
incoherent and their energies can be added. Based 
on the Fresnel-Airy coefficients (functions f), 
functions F are constructed to calculate the Poyting 
vectors averaged over the oscillation period of  
coherent waves at a given boundary of  a multilayer 
plate. appendix substantiates the possibility of  
using the concept of  the effective amplitude of  
radiation sources at the layer boundary. At the 
function specification level, there is a subtle but 
significant difference between f and F. Among the 
parameters of  the function f there is a parameter 
(q) that fixes the direction of  propagation of  the 
calculated wave. Instead of  this parameter, the 
function F contains a parameter (g) that fixes 
the number of  the boundary around which the 
energy flux is calculated. This subtlety is taken into 
account in formulas (6,7).

The developed mathematical apparatus is 
rather complicated, therefore, for the automated 
control of  calculations, it is proposed to use a 
number of  quantities that must be stored at the 
interfaces between layers. It is checked for a 20-layer 
medium of  ice, air and water layers, that there is no 
accumulation of  errors in calculations, Poynting 
vectors and other auxiliary values are stored at 
the boundaries of  media sections with a relative 
error of  no more than 10-13, when calculating with 
double precision.

It is convenient to write solutions of  linear 
inhomogeneous non-degenerate systems of  
equations using the inverse operator. The 

kernel of  such an integral operator in physics is 
called the Green's function. The use of  Green's 
functions turns out to be an effective and 
productive mathematical apparatus, for example, 
in the equations of  mathematical physics [35]. 
Is it possible to construct an analogue of  the 
Green's function to solve the Fresnel problems 
in multilayer quasi-anisotropic plates? The set 
of  Fresnel-Airy coefficients, in essence, are such 
a discrete analogue of  the Green's function; it 
remains only to write it in the appropriate form, 
this is the function f (see Section 2.3). In the 
event that the radiation sources are completely 
incoherent, with the superposition of  waves, 
their intensities can be added. The problem of  
calculating the intensities at the boundaries of  the 
layers at given intensities of  incoherent sources 
turns out to be linear. To solve it, there must also 
be a discrete analogue of  the Green's function. 
These are the coefficients κ  in formula (1) and 
in its generalization (7) (see Section 2.6). The 
derivation of  these coefficients is complicated 
by the need to take into account coherent and 
incoherent effects in a multilayer plate, as well 
as by the need to construct an adequate method 
for identifying the waves and energy fluxes under 
consideration. The introduction of  the parameters 
(s, q, u, g) turned out to be sufficient for adequate 
identification of  waves and energy fluxes in a 
multilayer plate. (section 2.2). The V coefficients 
relate the amplitudes and intensities of  the waves 
(Section 2.4). The coefficients F have the structure 
of  Green's functions and allow calculating the 
components of  the Poynting vectors averaged 
over the oscillation period taken at the boundaries 
of  the layers (Section 2.5). The products of  the 
functions 

0 0

2
( , , , ) ( , , , , )| |s q u h s q u q uV f , which give the 

intensities of  the observed waves, have the same 
property. This mathematical apparatus allows you 
to calculate the coefficients κ , change the context 
of  problems using the parameters s and h.

This article introduced the specifications 
for the function f. The functions F have been 
extended over the functions f to calculate the 
radiation intensities. They were implemented 
solely for research purposes: to reveal the physical 
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essence and the possibilities of  numerical solution 
of  the problem in the most general possible 
form. For narrower and more utilitarian purposes, 
more efficient implementations are possible and 
necessary. The transition to more developed 
methods of  using computing resources, described, 
for example, in the textbook [36].

5. CONCLUSION
Using the algorithms developed in the article, 
the polarization-angular dependences of  the 
brightness temperatures of  isotropic and 
anisotropic ice sheets 50 cm thick, at 0°C, for 
a microwave radiation frequency of  1.41 GHz, 
were theoretically obtained. In the case of  free 
ice sheets, they are illuminated by radiation with a 
brightness temperature of  273.15 K. The curves 
have exactly the same characteristic features as 
the transmission coefficients obtained earlier 
in [19]. In addition to the results of  [19], the 
influence of  the self-radiation of  the ice plate 
on the intensity recorded by the radiometer was 
estimated. For angles 0-70 degrees, it does not 
exceed 2%. For large angles, the influence of  
intrinsic radiation increases and requires more 
detailed study.

Additionally, the case is considered when there 
is no illumination, but the plate floats in water. 
In this case, the sign of  the amplitude Fresnel 
reflection coefficient between the ice-substrate 
layers changes. Therefore, on the curves, the highs 
and lows are reversed. Changing the plate thickness 
can also change the sign of  the Fresnel coefficient. 
With a plate thickness of  47 cm, the curves for 
a plate floating in water are similar to those for 
free plates of  50 cm. The obtained calculations 
of  the polarization-angular dependences of  
the brightness temperature correspond to the 
estimates and concepts developed in [16,19] for 
the reflection and transmission coefficients of  free 
ice plates. For thicker ice plates, it is necessary to 
take into account the bandwidth of  the radiometer 
[19,21].

The generalized Fresnel-Airy coefficients 
obtained in [16] are generalized below. They 
are reduced to a form 

0 0( , , , , )s q u q uf  that can be 

considered as a method for constructing a 
solution to the linear problem of  interference 
of  coherent plane waves in multilayer plates with 
quasi-anisotropic layers. It is assumed that the 
frequency and projection of  the wave vector of  
waves on the surface of  the plate are given. The 
parameter sign (s) identifies the s- or p-polarization 
of  the wave. The parameters set the location of  
the plane wave source, which can be located not 
only outside the plate, but also inside one of  the 
layers.

Using functions 
0 0( , , , , )s q u q uf , functions 

0 0( , , , , , )s q u q u hF  are constructed which can also be 
considered as a way to construct a solution to 
the linear problem of  interference of  completely 
incoherent plane waves in multilayer plates 
with quasi-anisotropic layers. The coefficients 

0 0( , , , , , )s q u q u hF  relate the intensity of  the plane 
wave source to the intensity of  reflected and 
refracted waves in all layers of  the plate. With 
the help of  the parameter h, it is possible to 
obtain the components of  the Poynting vector 
and quantities similar to the energy, which 
are constants at the interfaces of  the quasi-
anisotropic layers.

It has been verified that in the case of  20 
layers of  ice, water and air, the control values 
at the boundaries of  the layers are preserved 
with an accuracy 10-13, i.e. there is practically no 
accumulation of  computational errors.

The work was carried out at the expense of  
budget funding within the framework of  a state 
assignment.

APPENDIX. Explanation of  the effective 
wave concept use.

The following theorems on averaging over the 
oscillation period are useful.

Let X(t) = |X|exp(iwt + φX), Y(t) = |Y|exp(iwt 
+ φY) – complex oscillating functions with 
frequency w and phase shifts.

Mt(X(t),Y(t)) – the average over the period 
from the product of  these functions.

Then Mt(X(t),Y(t)) = (|X||Y|/2)cos(φX – φY).
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This theorem is well known in electrical 
engineering, for example [37]. Corollary of  this 
theorem:

2 2

| |Re cos( ) ( ( ), ( ))
| |
| | | |Re Re .

2 2

X Y t
X X M X t Y t
Y Y

Y X X Y
X Y

ϕ ϕ  = − ⇒ = 
 

   = ≡   
   

 (A1)

The following statements are also valid: if  (a) and 
(b) are complex numbers, (a*) and (b*) are their 
complex conjugates, then

2 2| | | |( ( ), ( )) Re( ) Re( ),
2 2

( ), ( ) ( ( ), ( )).

t

t i j t i j
i j i j

X XM aX t bX t ab a b

M X t Y t M X t Y t

∗ ∗= ≡

 
= 

 
∑ ∑ ∑∑

There are coherent electromagnetic waves, 
partially coherent and incoherent waves 
(completely incoherent waves) [4]. When 
considering a superposition of  linear coherent 
waves, the amplitudes of  the waves must add up. 
When considering the superposition of  completely 
incoherent waves, their intensities must add up. 
The intermediate case of  the superposition of  
partially coherent waves is not considered in the 
article.

Heat sources of  waves in the microwave range 
are completely incoherent with each other [12]. 
The ability to restrict consideration of  completely 
incoherent and coherent waves greatly simplifies 
the algorithms for calculating the intensities. I 
would like to calculate the contribution to the 
radiation intensity of  thermal sources of  a given 
layer as follows, implicitly used in formula (1).

1. Calculate the intensity of  waves from heat 
sources of  a given layer with a given wave 
vector and polarization at the boundaries of  
the layer.

2. To convert the intensity into the amplitude of  
the corresponding effective wave.

3. The effective wave is refracted and reflected in 
the multilayer plate and reaches a given place 
in the form of  a superрosition of  coherent 
waves. Convert this superposition of  waves to 

intensity and get the desired contribution to 
the calculated intensity.

The superposition of  waves: waves of  radiation 
sources, waves reflected from the boundaries and 
waves going to the opposite boundaries of  this layer 
– transfers energy, but its calculation is not trivial. 
Waves received from one source are coherent, so 
their intensities cannot be added. However, you 
cannot add their amplitudes either, since they have 
different wave vectors. In order to correctly obtain 
the energy flow, it is necessary to add the electric 
fields of  these waves, the magnetic fields of  these 
waves, obtain the Poynting vector from these sums 
and average over the oscillation period. It turns out 
that all these non-obvious operations can be folded 
into F coefficients (Section 2.5) if  the radiation 
sources are statistically independent. Further, we 
use the coefficients F and V in a simplified form; 
in the text of  the article, the arguments of  these 
functions are discussed in more detail.

We consider only monochromatic waves with 
a given frequency and wave vector ky. Let's choose 
layer (m) in a multilayer plate, some point in it and 
calculate the intensity in it. We will consider the 
contribution to this intensity of  the sources in the 
layer with the number n (then going to sum up the 
contributions of  the layers). Let us narrow down 
the task even more. Let us choose one boundary (g) 
of  the (n) layer and consider the waves of  intrinsic 
thermal radiation going towards this boundary. 
The patterns established for such a contribution 
to intensity can be carried over to their sum. The 
source waves in layer (n) are incoherent, but have 
the same wave vector. Let them be numbered (i). 
The amplitude of  each wave will be multiplied by 
a complex coefficient when it reaches the border 
g and gives LiEi. Further, E(t) = FE(m,n,h)LiEi, 
H(t) = FH(m,n,h)LiEi the products will give the 
contribution of  the source (i) to factors for the 
component (h) of  the energy variable P(m, h) at 
the selected place of  the layer (m).

The intensity of  each source, according to 
Planck's formula, is related to a certain small volume 
of  the medium (v). With a decrease in this volume, 
the number of  sources increases, their intensities 
proportionally decrease. Random variables can be 
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considered independent (uncorrelated) therefore 
in the limit (v → 0):

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

( ( , , ) , ( , , ) ).

t E i i H j j
i j

t E i i H i i
i
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→

∑

∑  (A2)

The wave intensity in layer n with amplitude E 

is given by the product 
2| |( ) .

2
EV n

I(n,g) – radiation intensity of  sources in the layer 
(n) at the boundary (g).

Then
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These equalities make it possible to quite reasonably 
introduce the definitions: I(n,g) - the intensity of  
sources at the boundary (g) of  the layer (n); Eef - the 
amplitude of  the effective wave and the function 
F(m,n,h).

22 ( , ) 1;    ( , ) (| || |) ( );
( ) 2

( , , ) Re( ( , , )( ( , , )) ).

ef i i
i

E D

I n gE I n g L E V n
V n

F m n h F m n h F m n h ∗

= =

=

∑

Note that the concept of  an effective wave is 
correct only under a number of  restrictions. First, 
heat sources are considered completely incoherent 
(formula (A2)). Second, the behavior of  the waves 
is described quite well by the complex wave vector, 
i.e. in the layer environment, internal reflections 
can be neglected. Third, the quasi-anisotropic 
medium of  the layer is transparent or a medium 
with absorption. Media with amplification and 
internal reflections are not considered.
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Abstract: The focus of  this paper is directed towards the investigation of  the characteristics of  
symbol-by-symbol iterative decoding algorithms for error-correcting block product-codes (block 
turbo-codes) which enable to reliable information transfer at relatively low received signal/noise 
and provide high power efficiency. Specific feature of  investigated product codes is construction 
with usage of  low-density parity-check codes (LDPC) and these code constructions are in the class 
of  LDPC too. According to this fact the considered code constructions have symbol-by-symbol 
decoding algorithms developed for total class LDPC codes, namely BP (belief  propagation) and its 
modification MIN_SUM_BP. The BP decoding algorithm is iterative and for implementation the 
signal/noise is required, for implementation of  MIN_SUM_BP decoding algorithm the signal/
noise is not required. The resulted characteristics of  product codes constructed with usage of  
LDPC based on project geometry (length of  code words, information volume, code rate, error 
performances) are presented in this paper. These component LDPC codes are cyclic and have 
encoding and decoding algorithms with low complexity implementation. The computer simulations 
for encoding and iterative symbol-by-symbol decoding algorithms for the number of  turbo-codes 
with different code rate and information volumes are performed. The results of  computer simulations 
have shown that MIN_SUM_BP decoding algorithm is more effective than BP decoding algorithm 
for channel with additive white gaussian noise concerning error-performances.

Keywords: noise-immune, product codes, error-correcting low density parity-check codes, signals, 
noise, iterative symbol-by-symbol decoding
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1. INTRODUCTION
Error-correction codes are used to improve 
reliability of  the information transmission 
through the channels with noise [1-3]. 
Code constructions, that in general named 
as product-codes (block turbo-codes) are 
considered to be ones of  the most effective 
in terms of  probabilistic characteristics (Pb 
– probability of  error for information bit, 
Per – probability of  errors for decoding of  
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codewords) at the decoding phase [4-6]. 
These codes belong to certain groups of  
accepted standards (satellite communication 
systems (IESS-15, IESS-315), broadband 
wireless access IEEE 802.16, digital systems 
TV and radio broadcasting, optical systems 
transmission of  information [5,7]).

The development of  the theory of  
product-codes (PC) is an independent 
scientific field of  investigations [4-9]. 
Specific algorithms of  iterative decoding 
for PC have been invented [4,9] that 
are simpler in implementation than the 
algorithms of  the optimal decoding with 
a mild degradation of  the probabilistic 
characteristics. Recent studies demonstrate 
the probabilistic decoding characteristics 
can reach the theoretical limited conditions 
with augmentation of  the PC information 
volumes for transmission channels with the 
additive white Gaussian noise (AWGN) [9].

In general, the product-codes are formed 
on the component block error-correcting 
codes usage [1]. Complexity of  algorithms of  
the iterative PC decoding is determined by the 
complexity of  the decoding algorithms for 
component block codes. The class of  known 
component codes satisfying the condition of  
low complexity of  decoding algorithms is 
constrained - block Hamming codes, block 
Hamming codes with the generalized parity 
check [4,6,9].

The open problem is expansion of  the 
class product-codes with the variation of  the 
parameters such as information volume and 
code rate. These parameters are employed for 
digital communication systems with adaptive 
mode noise-immune transmission. One of  
the solutions for this problem is the PC by 
shortening the information volume block of  
the source code [10].

The second direction is based on the 
low-density parity-check codes (LDPC) as 
the component error-correcting codes [11], 
in particular, the projective geometry LDPC 
[1].

Thus, the actual problem is investigation 
and simulation of  algorithms for iterative 
decoding in terms of  error-performances 
for the emerged family of  product-codes.

2. FORMULATION OF THE 
PROBLEM
Codewords of  PC based on C1, C2 component 
codes with parameters (n1, k1, d1) and (n2, k2, 
d2) are represented as a two-dimensional 
matrix, where rows are coded words of  C1 
code and columns are C2 coded words [1]. 
Here n, k, d are the length, information 
volume and minimum Hamming weight 
of  code words correspondingly. For PC we 
have n = n1n2, k = k1k2, d = d1d2, code rate R 
= k/n.

Optimal decoding algorithms for code 
(n, k, d) are based on the implementation 
of  min(2k, 2(n-k)) correlators [3]. Under 
conditions min(k, n–k) >> 1 execution of  
the optimal decoding algorithms in real 
time remains a challenging problem. For 
this purpose, the algorithms based on the 
principle of  turbo-decoding have been 
developed [2,9]. These algorithms require 
significantly less complex implementation 
with insufficient energy losses in comparison 
with algorithms for optimal decoding. 
The basis of  these algorithms are iterative 
procedures for decoding of  codes C1 and C2. 
Every iteration comprises of  two steps. The 
first step computes a posteriori probabilities 
for the C1 code symbols using the input 
data and a priori probabilities of  the code 
symbols [4]. Functionals derived from the 
calculated a posteriori probabilities are used 



401

RENSIT | 2020 | Vol. 12 | No. 3

INFORMATION TECHNOLOGIES DECODING ALGORITMS FOR ERROR-CORRECTING 
PRODUCT-CODES BASED ON PROJECT GEOMETRY...

later as the a priori probabilities for the code 
symbols on the second step of  the iteration 
when estimating a posteriori probabilities 
of  the C2 code symbols. The decisions 
regarding the PC code symbols are made 
upon the fulfillment of  the stop condition 
of  the iterative processing

Product-codes based on the component 
block error-correcting LDPC codes are 
also belong to the class of  the LDPC 
codes [11,12]. Therefore, the set of  PC 
decoding algorithms can be applied for the 
iterative decoding specifically developed 
for the low-density check-parity codes. 
Modeling studies revealed that these 
algorithms are generally more efficient 
than those based on decoding PC based 
on the principle of  turbo-decoding. The 
component LDPC codes based on the finite 
projective geometry are described below. 
These consider to be promising for the 
applications due to the mild complexity of  
algorithms of  coded words encoding and 
decoding owing to their cyclic structure 
[1].

Herein, the essence of  the considered 
problem is description and investigation of  the 
iterative decoding algorithms for PC based on 
the component projective geometry LDPC 
codes.

3. THE PROJECTIVE GEOMETRY 
LDPC AND PC BASED ON THESE
Let us denote the class of  LDPC codes on 
the projective geometry over the field GF(2s) 
as PG(m,2s) (m, s are positive integer) [1]. 
Assume α is a primitive element in the field 
GF(2(m+1)s), that is in its turn, an extension 
of  the field GF(2s). We consider an element 
β = αn, n = (2(m+1)s – 1)⁄(2s – 1) with the 
order to be equal to (2s – 1). The set {0, 1, 
β, ..., β2s–2} is denoted as the field GF(2s). 

While examining row {1, α, α2, ..., αn–1} and 
partition of  the GF(2(m+1)s) to the disjoint 
sets (αi) = {αi, βαi, ..., β2s–2αi}, 0 ≤ i < n, the 
geometry PG(m,2s) contains n points that 
are equivalent to the elements (αi) in terms 
of  a vector with (m + 1) consisting of  the 
components of  the field GF(2s). Points 
(η1α

i + η2α
j) define a line passing through 

linearly independent points (αi), (αj). Here 
η1, η2 are the elements of  the field GF(2s) 
that not equal to zero at the same time. 
Geometry PG(m, 2s) contains J = (2(m+1)s – 
1)(2ms – 1))⁄(2s + 1)(2s – 1)2 lines summed 
up to 2s + 1 points. Suppose HPG(m, s) to 
be a matrix over the field GF(2) with rows 
that are equivalent to geometry lines PG(m, 
2s). The matrix HPG(m, s) is a check matrix 
of  the LDPC code PG(m, 2s) that contains 
J rows and n columns. Rows and columns 
of  the HPG(m, s) have Hamming weight 
of  Jl = 2s + 1 and Jr = (2ms – 1)/(2s – 1) 
respectively.

LDPC based on geometry PG(m, 2s) 
with a check matrix HPG(m, s) are cyclic and 
are defined by the generating polynomial 
gPG(x) [1]. Assuming α is a primitive element 
belonging to a field GF(2(m+1)s). The element 
αh(0 < h < 2(m+1)s – 1, h is divided by of  2s – 
1) is a root of  gPG(x) when condition [1] is 
satisfied:

( )
20

0 max( ( )) (2 1),    0 1,s
l s

l s
W h j j m

≤ <
< ≤ − ≤ ≤ −  (1)

0 1 12
( ) ... ,s mW h δ δ δ −= + + +  (2)

 h = δ0 + δ12
s + ... + δm-12

(m-1)s.       (3)

Here 0 ≤ δi < 2s, 0 ≤ i < m are parameters 
in equations (2), (3); h(l) – a remainder of  
division of  2lh by (2(m+1)s – 1) in condition (1). 
Table 1 contains the parameters n, k, d, Jl, Jr, 
as well as the degree of  a primitive element 
α of  generating polynomials gPG(x) for a set 
of  codes PG(m, 2s). PC based on LDPC with 
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parameters Jl and Jr belong to the class of  
LDPC with parameters Jl and 2Jr [9]. Table 2 
reveals these parameters for the considered 
PC

4. THE DECODING ALGORITHMS 
FOR LDPC CODES
We represent H = (hli; 0 ≤ l < n – k; 0 ≤ i < 
n) as a check matrix of  the LDPC code (n, 
k), B



 = (b0, b1, ..., bn–1) – are the code words. 
Let us assume Y



 = (y0, y1, ..., yn-1) as a vector 
with samples yi = si + ni that are the signal 
demodulator output. Here si, ni are signal and 
noise components, i = 0, 1, ..., n–1. While 
introducing vector notation x  = (x0, x1, ..., 
xn–1) we denote two “hard” solutions: xi = 0 
if  yi ≥ 0 and xi = 1 otherwise.

LDPC codes on the PG(m, 2s) geometry 
possess the property of  the orthogonal 
relations for symbols bi of  words B



 [1,2]. 
Here we introduce parameters: N(m) = 
(i: hmi = 1) is a set of  numbers of  code 
symbols of  volume JN(m) in the m-th check 
relation; N(m)/l - is a set N(m) without 
the l-th symbol; D(l) = (m: hml = 1) is a 
set of  orthogonal relations for the code 
symbol bl of  volume JD(l); D(l)/m is a set 
of  orthogonal relations D(l) omitting m-th 
check. For LDPC codes on the projective 

geometry PG(m, 2s) the conditions JN(m) = 
Jl, JD(l) = Jr are satisfied.

Below we consider the results of  employing 
the most effective algorithms for the iterative 
symbol-by-symbol decoding of  LDPC codes 
in terms of  probabilistic characteristics – the 
BP (belief  propagation) algorithm and its 
modification MIN_SUM_BP [2,9].

When applying BP algorithm, the 
parameter (γ = 2A)⁄N0 is required, where A 
is an amplitude of  the signal component 
and N0 is the spectral density (one-sided) of  
the AWGN. Before executing the iteration, 
the initialization zmi = (γyi; m∈JD(i), 0 ≤ i < 
n) is required. Iterative decoding procedure 
includes the following steps [2].

Step 1. Calculation of  the elements of  the 
arrays Tmi  and ( ( ),  0 )mi DL m J i i n∈ ≤ <

,( / )
tanh( / 2),mi l il N m i

T z
∈

=∏  (4)

ln((1 ) / (1 )).mi mi miL T T= − +  (5)
Step 2. Calculation of  the values

( )/ .mi i l D i m liz y Lµ ∈= + ∑  for the symbol bi.

Step 3. If  the condition for stopping of  
the iterative decoding algorithm has not 
been satisfied, then processes (4) and (5) 
continue. When the stopping condition is 
fulfilled (for example, when the specified 
number of  iterations is reached) the values 

( )i i lil D i
z y Lµ

∈
= + ∑  are calculated and 

decisions are made regarding the values of  
the code symbols: bi = 0 if  zi > 0, otherwise bi 
= 1. Here μ is a constant to be determined by 
the criteria upon modeling the BP algorithm. 
The criteria based on the achievement of  the 
minimum values of  the error probabilities Pb, 
Per.

The decoding algorithm MIN_SUM_BP 
[2] is easier for implementation than BP while 
not requiring of  parameter γ. Before executing 

Table 2
Parameters of PC based on LDPC component codes 

(Table 1).
Component 

code
n k d Jl Jr R

PG(3, 22) 441 121 36 5 10 0.27

PG(3, 23) 5329 2025 100 9 18 0.38

Table 1
Parameters of LDPC codes on the projective geometry 

PG(m,2s) (α is a primitive element of the field GF(2(m+1)s)).
(m,2s) n k d Jl Jr power i for αi

PG(3,22) 21 11 6 5 5 1, 3, 9

PG(3,23) 73 45 10 9 9 7, 21, 35
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the values ;  ( ),  0mi i Dz y m J i i n= ∈ ≤ <  are 
initialized. The MIN_SUM_BP algorithm 
includes the following steps [2].

Step 1. Computation of  the "hard" solutions
1, 0,
0, 0.

mi
mi

mi

z
z

σ
>

=  ≤
 (6)

The values σm, Lmi are computed for each 
orthogonal verification m

( )
,m mii N m

σ σ
∈

=∑  (7)
1

( )/
( 1) min (| |).m mi

mi mii N m i
L zσ σ⊕ ⊕

′′∈
= −  (8)

Operand ⊕  in (8) is identical to the 
addition in the field GF(2).

Step 2. Computation of  the values zmi 
based on Lmi

( )/
.mi i mim D i m

z y Lµ
∈

= + ∑  (9)

Step 3. Computation of  step 1 and step 
2 of  the next iteration if  the stop condition 
has not been met. If  the stop condition is 
gratified one should follow an IF condition 
regarding the symbols bi values using the 
expression 

( )
.i i mim D i

z y Lµ
∈

= + ∑  : bi = 0 if  zi ≥ 
0, otherwise bi = 1.

To increase the reliability of  the resulted 
decisions, the considered algorithms of  
iterative decoding can be supplemented with 
the orthogonal conditions 0THB =

 : when this 
condition is executed a decision regarding 
the calculated codeword B



 is made. In the 
opposite case an error is detected as a result. 
The basic characteristics of  such verification 
reside on the probability of  error detection 
Pdet. When receiving codewords, the error 
probability P(р,er) can be described as P(р,er) = Per 
– Pdet. Current approach is used in information 
transmission systems with Automatic Repeat 
Request (ARQ) [2].

5. SIMULATION RESULTS
The results of  the BP and MIN_SUM_BP 
simulations for the PC as well as the model 
parameters are shown in Table 2. The 
obtained curves revealed relationships of  the 
probabilities Pb and signal-to-noise ratios Eb/
N0 employing signals with binary phase shift 
keying for the AWGN channel. Here Eb is 
the signal energy per bit. The probabilities 
Pb and Per for an error-correcting code 
with parameters (n, k, d) are related by the 
approximate relationship Pb ≈ dPer/n [1].

The interval estimates of  the erroneous 
decoding probabilities were calculated during 
the simulations using the probability estimate 
x/u, where x is the number of  erroneous 
decisions among the sequence of  transmitted 
codewords u. The required volume u was 
determined by the size of  the confidence 
interval [0.5Per, 1.5Per] with a confidence 
probability P"cp" =0.95 [13].

Fig. 1 exhibits the values Pb for the PC 
based on the PG code (21,11) (PC parameters: 
n = 441, k = 121, d = 36, code rate R = 0.27). 
Curve 1 corresponds to the upper bound Pb 
of  random coding for AWGN which justifies 
the existence of  a code with parameter code 
rate of  the considered PC [4].

Curve 2 corresponds to the MIN_SUM_
BP decoding algorithm (parameter μ = 0.2), 

Fig. 1. Values P_b for the PC (441,121) based on the component 
PG code (21,11): curve 1 - upper bound of  random coding; curve 
2 - MIN_SUM_BP decoding algorithm; curve 3 - BP decoding 

algorithm.

DECODING ALGORITMS FOR ERROR-CORRECTING 
PRODUCT-CODES BASED ON PROJECT GEOMETRY...
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whereas curve 3 indicates the BP decoding 
algorithm (parameter μ = 0.19) (the number 
of  iterations does not exceed 20). MIN_
SUM_BP and the BP algorithms determine 
the energy loss compared to the theoretical 
curve 1 to be equal to 1.3 dB under the value 
Pб = 10-5. In addition, the MIN_SUM_BP 
algorithm reveals to be more efficient than 
the BP algorithm. Thus, the energy gain 
when using MIN_SUM_BP reaches 0.2 dB 
for Pб > 10-5. It should be also noted that the 
energy gain with examined PC for values Pб > 
10-5 reaches 0.8 dB with respect to the known 
convolutional code with a code rate of  1/3 
[3].

Fig. 2 shows the values Pb for the PC 
based on the PG code (73,45,10) (PC 
parameters: n = 5329, k = 2025, d = 100, 
code rate R = 0.38). Curve 1 corresponds 
to the upper bound Pb of  the random 
coding for AWGN [4]. Curve 2 and curve 
3 display results of  the MIN_SUM_BP 
algorithm (parameter μ = 0.17) and the 
BP algorithm (parameter μ = 0.226) (the 
number of  iterations does not exceed 20) 
correspondingly. The MIN_SUM_BP and 
the BP algorithms reveal the energy loss 
in relation to the theoretical curve 1 to be 
1.6 dB for the value Pб = 10-5. Based on the 

graphical representation the MIN_SUM_
BP and BP algorithms are practically 
equivalent with respect to the probabilistic 
characteristics for Pб > 10-5. It should be 
noted that the considered PC is practically 
equivalent in terms of  probability 
characteristics to the most effective LDPC 
code AR4J with a code rate of  1/2 and 
parameters (4096,2048), i.e. the differences 
do not exceed of  0.2 dB for Pб < 10-5. The 
code AR4J is recommended for use in 
satellite communication systems [14].

Simulations of  iterative decoding 
algorithms in combination with the solution 
rejection strategy for the considered 
PC demonstrated the fulfillment of  the 
conditions Pdet = Per and P(р,er) = 0. This way, 
the information transmission was carried out 
in the error-free manner.

6. CONCLUSION
The investigations of  probabilistic 

characteristics for error-correcting product 
codes on the component LDPC codes have 
been performed. These code constructions 
appear to be low-density parity-check codes. 
Specific feature of  investigated PC that 
these are in the class of  LDPC too. These 
PC codes have symbol-by-symbol decoding 
algorithms developed for total class LDPC 
codes, namely BP (belief  propagation) 
and its modification MIN_SUM_BP. The 
parameters of  the considered PC codes (the 
length of  coded words, the information 
volume, minimum Hamming weight and 
the code rate) are represented, while being 
formed using a class of  component LDPC 
codes on finite projective geometry.

Generative and check matrices of  the 
projective geometry codes possess the 
cyclicity property, which determines the low 

Fig. 2. Values Pb for the PC (5329,2025) based on the component 
PG code (73,45): curve 1 - upper bound of  random coding; curve 
2 - MIN_SUM_BP decoding algorithm; curve 3 - BP decoding 
algorithm; curve 4 - LDPC code AR4J with code rate 1/2 [14].
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complexity of  the encoding and iterative 
decoding algorithms.

Simulations of  the iterative decoding 
algorithms for the AWGN channel was 
carried out for two PC codes. MIN_SUM_
BP algorithm has been shown to be the 
most efficient in terms of  probabilistic 
characteristics, in this case an estimate of  
the energy parameter has not been required. 
The probabilistic curves were demonstrated 
to be close to the probabilistic curves of  the 
theoretical upper bounds of  random coding. 
This determines the perspectives of  usage 
such code constructions for noise-immune 
transmission of  information.
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1. INTRODUCTION
A crowd is something beyond a simple sum of  
individuals. It has collective characteristics which 
could be described in general terms such as "angry 
crowd", and "peaceful crowd". A crowd can assume 
different and complex behaviors as those expected 
by their individuals.

Understanding crowd behavior helps in designing 
pedestrian facilities, for major layout modifications 
to existing areas and for the daily management of  
sites subject to crowd traffic. Conventional manual 
measurement techniques are not suitable for 
comprehensive data collection of  patterns of  site 
occupation and movement. Real time monitoring is 
tedious and tiring but safety-critical.

When congestion (crowd density) exceeds a 
certain level, this being dependent upon the collective 
objective of  the crowd and the environment, danger 
may occur for a variety of  reasons. Physical pressure 
may result directly in injury to individual or to the 
collapse of  parts of  the physical environment.

Crowd density analysis could be used to 
measure the comfort level in public spaces or 
detect potentially dangerous situations. There are 
real models developed to estimate the number of  
people in crowded scenarios using computer vision 
techniques such as; pixel-based analysis, texture-
based analysis, and object-level analysis.

An important and challenging problem related to 
the crowd phenomenon is crowd simulation which 
relates to the reproduction of  realistic crowds based 
on computer graphics techniques. Animations of  
crowds find applications in, for instance, evaluation 
of  crowd management techniques where for instance 
simulation of  the flow of  people leaving a football 
stadium after a match.
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Study of  methods used by human observers may 
help in the choice of  image processing algorithms 
likely to be useful in automatic assessment of  crowd 
behavior. Some works related to the topic of  this 
paper can be found in literatures[1-5].

2. DESIGN STAGES
The development of  the crowd size estimation 
program algorithm is divided into four main stages 
according to our computation strategy block diagram 
shown in Fig. 1. Then each main stage is broken into 
sub-steps according to the algorithm use. Every sub-
step is planned as a distinct algorithm, which could 
be written and tested separately, then incorporated 
into the main stage.
2.1. ImaGe acquIsItIon

At this stage we read the image from a digital camera 
or phone camera. The angle of  capture could be 
aerial, at an angle or directly frontal view.
2.2. ImaGe enhancement

We carry out image processing techniques at this 
stage. They include the following: 
• Segmentation
• Morphological Operations 
• Edge Detection
2.2.1. seGmentatIon

This technique segments an image into various 
components for object recognition. The read image 
is first converted to grayscale. The objects pixels 
are separated within an image from background 
pixels. Thresholding graylevel techniques separate 
an object from the background based upon the 
graylevel histogram of  an image. We use the 
graylevel discontinuities within the image. These 
discontinuities are then used to separate objects 
within an image from the background.

We use the gradient magnitude operation as the 
segmentation function. A popular one is the sobel 
operator which creates an image which emphasizes 
edge and transitions. Thus, we use the sobel edge 
masks, imfilter and some simple arithmetic to 
compute the gradient magnitude. The gradient is 
high at the borders of  the objects and low mostly 
inside the objects.
2.2.2. morpholoGIcal operatIons

We perform the following morphological operations 
on the segmented image.
• Define a circular structuring element ‘disk’
• Erosion
• Opening
2.2.2.1. defInInG structure element

A structuring element is a second set of  pixels with 
peculiar shape that acts on the pixels of  the image 
to produce an expected result. Thus we choose 
a structuring element the same size and shape as 
the objects we want to process in the input image, 
in our case we are using a circular structuring 
element to enable us identify the circular shape of  
the heads.

Morphological image processing is a collection 
of  non-linear operations related to the shape 
or morphology of  features in an image. The 
morphological operations rely only on the relative 
ordering of  pixel values, not on their numerical 
values, and therefore are especially suited to the 
processing of  binary images. Morphological 
operations can also be applied to greyscale images 
such that their light transfer functions are unknown 
and therefore their absolute pixel values are of  no 
or minor interest.

Morphological techniques probe an image with a 
small shape or template called a structuring element. 
The structuring element is positioned at all possible 
locations in the image and it is compared with the 
corresponding neighborhood of  pixels. Some 
operations test whether the element "fits" within the 
neighborhood, while others test whether it "hits" or 
intersects the neighborhood.

It is this that determines the precise details of  
the effect of  the sobel operator on the image. The 
structuring element is sometimes called the kernel, 
but we reserve that term for the similar objects used 
in convolutions. The structuring element consists of  
a pattern specified as the coordinates of  a number Fig. 1. Computation strategy block daigram.
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of  discrete points relative to some origin.
2.2.2.2. erosion

If  a binary image is eroded, the resultant image is 
one where there is a foreground pixel for every origin 
pixel where its surrounding structuring element 
sized, fit within the object. We combine two sets 
using vector subtraction of  set elements and is the 
dual operator of  dilation. It’s used to shrink the size 
of  the heads for easier identification.
The basic effect of  the operator on a binary image 
is to erode away the boundaries of  regions of  
foreground pixels (i.e. white pixels, typically). Thus 
areas of  foreground pixels shrink in size, and holes 
within those areas become larger. This therefore 
emphasizes the circular form of  the heads for easy 
identification and analyzing.
2.2.2.3. openInG

Application of  an erosion immediately followed by 
dilation of  the eroded object using same structural 
element. It closes or fills the gaps between objects 
used for smoothing outline of  objects after a 
digitization followed. It eliminates thin protrusion.
We can use morphological opening to remove small 
objects from an image while preserving the shape 
and size of  larger objects in the image. Thus we 
choose the operations to improve the quality of  the 
eroded image.
2.2.3. edGe detectIon

Edge is the boundary between an object and its 
background. If  edges of  images can be identified 
with precision, all the objects can be identified and 
their area, perimeter, shape etcetera can be calculated. 
We decided to use the Canny Edge detection 
because it detects strong edges plus it will find weak 
edges that are associated with strong edges. As edge 
detection is a fundamental step in computer vision, 
it is necessary to point out the true edges to get the 
best results from the matching process. That is why 
it is important to choose edge detectors.

The smoothing concept has been applied in 
this Gaussian operation, so the finding of  errors is 
effective by using the probability. The next advantage 
is improving the signal with respect to the noise ratio 
and this is established by Nonmaxima suppression 
method as it results in one pixel wide ridges as the 
output. The third advantage is better detection 
of  edges especially in noise state with the help of  
thresholding method. The major disadvantage is the 

time consumption because of   complex computation 
of  Gradient calculation for generating the angle of  
suppression.
2.3. feature extractIon

Features are inherent properties of  data, independent 
of  coordinate frames. In this context we are looking 
to extract heads for counting in estimation of  a 
crowd. Therefore, we incorporate the use of  Hough 
Transform to identify and mark the heads in form 
of  circles. Hough Transform is a mapping algorithm 
that processes data from a Cartesian coordinate 
space into a polar parameter space.

It is most useful for finding geometric lines and 
shapes in binary images. The Hough transform is 
a technique which can be used to isolate features 
of  a particular shape within an image. Because 
it requires that the desired features be specified 
in some parametric form, the classical Hough 
transform is most commonly used for the detection 
of  regular curves such as lines, circles, ellipses, etc. 
A generalized Hough transform can be employed in 
applications where a simple analytic description of  
a feature is not possible. Due to the computational 
complexity of  the generalized Hough algorithm, 
we restrict the main focus of  this discussion to 
the classical Hough transform. Despite its domain 
restrictions, the classical Hough transform retains 
many applications, as most manufactured parts 
(and many anatomical parts investigated in medical 
imagery) contain feature boundaries which can be 
described by regular curves. The main advantage of  
the Hough transform technique is that it is tolerant 
of  gaps in feature boundary descriptions and is 
relatively unaffected by image noise.
2.4. counter output

We display the total circle detected to be through a 
graphic user interface. Fig. 2 shows the flowchart of  
the design of  the graphic user interface.

Fig. 2. Flowchart.

IMAGE PROCESSING TECHNIQUES 
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3. IMPLEMENTATION AND RESULTS
Having Designed the program as well as the 
graphic user interface, we implement it on 
14 crowd pictures and tabulate the results 
of  the different behaviors to various image 
processing techniques as well as the results 
of  accuracy. First, taking the below choice 
photo (Fig. 6) for illustration of  our design 
implementation.

The image in Fig. 6  is what we use to put 
through the various image processing techniques 
designed in the design stage. It is a picture of  
a crowd at a concert taken from an angle aerial 
point of  view. As depicted in the picture, the 
"heads" in the foreground are bigger than 
those at the background part of  the image. We 
estimate a radius range in the Hough transform 
to accommodate the variant sizes. However still 
some “heads” are not counted and the program 
counts some hats as heads. Nevertheless we 
are able to achieve a good level of  accuracy as 
indicated later.

Below is the systematic hierarchy of  output 
pictures (Figs. 7-10) as the program is running. 
We indicate the various processes below each 
image for easier understanding.

Fig. 3. Graphic user interface-1.

Graphic user interface-1 in Fig. 3 shows the blank 
user interface before loading the image. Also 
graphical user interface in operation-1 in Fig. 4 
shows the user interface after loading the image 
and the total estimated crowd size displayed in a 
separate window.

Fig. 4. Graphic user interface in operation-1.

Fig. 5 shows the design of  the Graphic user 
interface with the different axes for displaying 
results of  various image processing techniques 
on the image. Moreover, we incorporate the use 
of  pushbuttons and pop- up menus to provide a 
wide variety of  user options.

Fig. 5. Design stage of  graphic user interface.

Fig. 6. Original image.

Fig. 7. Grayscale image. Fig. 8. Opening-reconstructed image.
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                                Fig. 9. Edge detected image.                                                       Fig. 10. Hough circle transformed image.

Fig. 11 indicates the total number of  heads counted by the program is 776. Manually, we count 
the number of  people in the picture and came up with an estimate of  1,100 people. Hence the percentage 
accuracy is; (776/1100)* 100= 70.545454%

However not all the images could achieve this level of  accuracy due to their characteristics. For instance 
some are taken from a side-view point of  view and their arms and legs are counted too thus the total 
achieved exceeding total number of  people in the picture. Moreover, we eliminate some image processing 
techniques while adding others to certain images to establish which combination of  processes works for 
each individual image.

                                                                    Fig. 11. Total of  circles.

Figs. 12-25 show the 14 different images of  crowds we work with.

                           Fig. 12. Crowd 1.                                                                   Fig. 13. Crowd 2.

                           Fig. 14. Crowd 3.                                                                   Fig. 15. Crowd 4.
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                           Fig. 16. Crowd 5.                                                                   Fig. 17. Crowd 6.

                           Fig. 18. Crowd 7.                                                                   Fig. 19. Crowd 8.

                           Fig. 20. Crowd 9.                                                                   Fig. 21. Crowd 10.

                           Fig. 22. Crowd 11.                                                                   Fig. 23. Crowd 12.

MOHANAD ABDULHAMID, LWANGA WANJIRA



413

RENSIT | 2020 | Vol. 12 | No. 3

INFORMATION TECHNOLOGIES

4. CONCLUSION
In this paper, there was an understanding of  
what a crowd is and how to incorporate various 
image processing techniques using algorithms 
to estimate a crowd size on a photograph. 
Exploration and familiarization with the different 
image processing techniques used to analyze the 
images was carried out and tested. A software was 
designed to be used for analysis and extraction 
of  features of  a photograph that most likely 
represent a person, which in our case was heads. 
The software was designed in such a fashion to 
take the image and determine what the system 
needs to do to get the total number of  people and 
display sequential effects on an image through a 

graphic user interface as well as total. Though 
tedious, total number of  people were counted 
manually so as to be compared and contrasted 
with the software output.
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1. INTRODUCTION
Differential diagnosis of  Parkinson's disease (PD) 
and essential tremor (ET) in the early stages is an 
urgent problem of  modern medicine. The existing 
methods of  clinical diagnostics do not allow in 
some cases to unambiguously make a diagnosis, 
that is, to distinguish between parkinsonian and 
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essential tremor. This is due to the fact that in 
some patients the form of  tremor is implicitly 
expressed, in addition, during the examination 
of  the patient, the tremor sometimes visually 
changes, which can lead to an incorrect diagnosis 
by the doctor.

Electromyogram (EMG) and accelerometer 
registration methods are usually used to study 
tremor [1-4]. There are different methods of  
signal processing, the main methods are spectral 
analysis [5] and phase synchronization research. 
Methods based on the use of  wavelets are a 
variety of  spectral analysis [7-13]. The advantage 
of  wavelet analysis is the ability to take into 
account the time-frequency dynamics of  signals. 
So, in the works of  Yu.V. Obukhov and co-
authors [14,15], the so-called “ridges” of  wavelet 
spectrograms are used. The use of  ridges allows 
to select the leading frequency in the signal, as 
well as to find signal areas with a high signal-to-
noise ratio. In [8-13], an approach is used based 
on the method of  analysis of  wave train electrical 
activity, a distinctive feature of  which is that 
not the original signals are analyzed, but wave 
trains of  the spectral power density on wavelet 
spectrograms. Unlike standard wavelet analysis, 
this method allows to reveal the properties of  
electrophysiological signals (EMG, tremor, and 
electroencephalograms) over long time intervals 
and at the same time, in comparison with Fourier 
analysis, take into account local time-frequency 
changes in the characteristics of  non-stationary 
signals.

This article will focus on another area 
of  research in the field of  biomedical signal 
processing - the study of  phase synchronization. 
Currently, a large number of  methods for 
analyzing phase synchronization have been 
developed [16-21]. When examining PD and ET, 
tremor of  the arms and legs are studied. There 
are several types of  tremor, including tremor with 
so-called alternating and synchronous patterns. 
An alternating pattern is a pair of  signals in 
which peaks in one signal alternate with peaks in 
another signal (Fig. 1, left). A synchronous pattern 
is a pair of  signals in which the peaks on one 
signal roughly coincide in time with the peaks on 
the other signal (Fig. 1, right). Unfortunately, it is 
not always possible to make an accurate diagnosis 
during the studying the morphology of  signals 
from real patients.

In Russia, the leading scientific direction in 
the study of  phase synchronization is the study 
of  coherence [1,2,22]. This approach compares 
the electromyographic signals of  antagonist 
muscles. In [22], it is indicated that in postural 
tremor both PD and ET are characterized 
by both alternating and synchronous tremor 
patterns, which makes it very difficult to 
distinguish tremor in PD from tremor in ET. 
In this approach, the phase shift is measured 
at the tremor frequency as estimated from 
accelerometer data. In [22], no statistically 
significant differences were found between 
the groups of  patients with PD and ET during 
postural tremor. In the study of  resting tremor, 
it was shown that the synchronous pattern 

  

Fig. 1. Envelopes of  EMG signals of  the left hand with trembling hyperkinesis. On the left - a sample with an alternating 
pattern; a patient with PD in the first stage. On the right - a sample with a synchronous pattern; patient with ET. Red line is 
signal from the extensor muscle; green line is signal from the flexor muscle. 1-second time intervals are considered. The patients 

were in a sitting position with their arms outstretched.
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does not allow distinguishing between ET 
and PD; moreover, the synchronous pattern is 
characteristic of  PD with an essential tremor 
phenotype. In addition, in [22] it was shown 
that the value of  coherence in the range of  
8-12 Hz is statistically significantly lower in 
the group of  patients with ET as compared to 
the group of  patients with PD. There were no 
statistically significant differences in the 4-7 Hz 
range, which was also considered by the authors 
[22], between the groups of  patients with PD 
and ET.

The disadvantage of  coherent analysis is that 
it is not designed to study non-stationary signals. 
Coherent analysis does not take into account the 
time-frequency dynamics of  signals, therefore, 
in a situation where the signal contains areas 
with different types of  tremor (alternating and 
synchronous), as well as areas of  the signal with 
different signal-to-noise ratios, the coherent 
analysis will produce an average picture that 
will vary depending on the ratio of  the lengths 
of  sections with different types of  tremor. To 
study the phase synchronization of  tremor 
in PD and ET, it is necessary to use a more 
accurate method of  analysis. In this paper, phase 
difference histograms are used to perform this 
analysis. The phase difference histograms show 
the statistical distribution of  the instantaneous 
phase difference observed on the two signals 
of  interest. If  there is no statistical relationship 
between the instantaneous phase of  the signals, 
then the histogram of  the phase difference 
will be a rectangular distribution. If  there is 
synchronization between the signals, then one 
or more peaks will be present on the histogram. 
In particular, if  a peak near zero is observed 
on the histogram of  the phase difference, 
this indicates the presence of  a statistical 
relationship between the signals; however, the 
reason for such synchronization can be both a 
real causal relationship between the signals, and 
the presence of  the same noise component in 
both signals. Therefore, of  special interest are 
cases when the peak on the histogram is shifted 
relative to zero. In this case, we can assume that 

there really is a statistical relationship between 
the signals, not due to the noise component. In 
addition, the presence of  a peak shifted relative 
to zero indicates that one signal is lagging 
behind the other. Note that synchronization 
between signals does not necessarily mean 
there is a causal relationship between signals; 
a statistical relationship may arise due to the 
fact that the source of  the first signal somehow 
influences the source of  the second signal, or 
both of  these signals are a consequence of  the 
influence of  some third source.

The instantaneous phase of  a signal can be 
calculated in different ways. This article compares 
two methods for calculating the instantaneous 
phase of  EMG signals. The first method is based 
on the calculation of  complex ridges of  wavelet 
spectrograms of  signals. The second method 
is based on the use of  band-pass filtering of  
signals and Hilbert transform [23]. A method 
for studying biomedical signals using the ridges 
of  wavelet spectrograms was proposed in the 
works of  Yu.V. Obukhov and co-authors [14,15]. 
The idea of  the method is in that it is possible 
to distinguish the trajectory of  the change in the 
leading signal frequency in time on the wavelet 
spectrogram. It is assumed that the leading signal 
frequency characterizes some oscillatory process 
that makes the greatest contribution to the power 
spectral density of  the signal under study. We use 
a complex ridge of  wavelet spectrograms [14]; 
the local maxima of  the spectral power density 
are calculated on the wavelet spectrograms of  
the envelope of  EMG signals at each moment of  
time, the calculated local maxima constitute the 
ridge of  the wavelet spectrogram. The complex 
values of  the ridge of  the wavelet spectrogram 
contain information about the instantaneous 
amplitude and instantaneous phase of  the signal 
at each moment of  time. We extract information 
about the instantaneous phase of  the signal from 
the complex values of  the ridge of  the wavelet 
spectrogram using the four-quadrant arctangent. 
The four-quadrant arctangent differs from the 
usual one in that its range of  values is in the range 
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from -π to π, and not from -π/2 to π/2 as in the 
usual arctangent.

The method for analyzing EMG signals is 
discussed in Section 2. Section 3 describes the 
experimental data used for the study. Section 
4 discusses the results of  group data analysis. 
Section 5 contains a discussion of  the results 
obtained.

2. METHOD OF ANALYSIS
When studying tremor using EMG, it is customary 
to analyze not the original signal, but its envelope 
[5]. We use the Hilbert transform to calculate 
the signal envelope. After that, we estimate the 
instantaneous phase of  the signal envelope 
and build histograms of  the difference in the 
instantaneous phase of  the EMG signal envelopes 
of  the antagonist muscles. For details on the 
measurement procedure, see Section 3.

Let us consider the histograms of  the 
phase difference of  the envelopes of  EMG 
signals in a patient with PD in the first stage 
with trembling hyperkinesis on the left hand 
(Fig. 2). The EMG recording was carried 
out in a pose with outstretched arms. Fig. 2 
shows that the arm with hyperkinesis tremors 
exhibits phase synchronization, with a phase 
shift of  approximately π radians. This phase 
shift corresponds to an alternating tremor. A 
fragment of  the original EMG signal is shown 
in Fig. 1 (left). In Fig. 2, the phase shift relative 

to zero is visually determined, however, in 
order to prove that phase synchronization 
occurs, it is necessary to analyze the histogram 
using mathematical statistics. Let us apply the 
Wilcoxon statistical test (one-sample Mann-
Whitney test). The test will show whether 
there is a difference between the median of  the 
general population of  the studied sample from 
zero. If  the probability of  error is low, less 
than 5%, it means that phase synchronization 
is present.

Let's consider a test case No. 1. It is specified 
that the phase difference at all points of  the signal 
is a random variable. Fig. 3 shows a histogram of  
the phase difference. The uniform distribution of  
random numbers is used on the interval from -π 
to π. The Wilcoxon test did not reveal statistically 
significant differences in the median of  the sample 
of  phase difference from zero (p-value = 0.48). 
This means that phase synchronization is not 
observed.

For the left hand with trembling hyperkinesis 
in the example in Fig. 2, p-value < 0.001 
(Wilcoxon test), that is, phase synchronization 
was detected.

Note that the phase is a cyclical quantity, so the 
peak in Fig. 2 is split; we see on the histogram part 
of  the peak on the left and part on the right. In 
such a situation, the statistical test may not reveal 
statistically significant differences in the median of  
the phase difference from zero. One way to solve 
this problem is to use two histograms in different 
ranges, shifted relative to each other. For example, 

 

Fig. 2. Histogram of  the phase difference of  the envelopes 
of  EMG signals in a patient with PD at the first stage with 
trembling hyperkinesis on the left hand. The EMG on the 
left arm is examined, the pose with outstretched arms. The 
instantaneous phase is calculated from the complex ridges of  
the wavelet spectrograms. The abscissa axis is radians; the 

ordinate axis is the number of  hits in the phase intervals.

 

Fig. 3. Histogram of  the difference of  random phases 
distributed according to a continuous uniform law. Range is 
from -π to π. The abscissa axis is radians; the ordinate axis 

is the number of  hits in the phase intervals.
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the first range is from -π to π and the second is 
from -π/2 to 2π-π/2.

Let's consider a test example No. 2. It is 
specified that the phase difference at all points 
of  the signal is equal to zero (Fig. 4). Left - in 
the range from -π/2 to 2π-π/2, on the right - in 
the range from -π to π. In the range from -π/2 
to 2π-π/2, statistically significant differences 
were found on the histogram (p-value = 0), 
while in the range from -π to π there are no 
such differences (p-value = 1). This means 
that if  we consider the range from -π to π, 
the Wilcoxon test will not reveal statistically 
significant differences in the median phase 
difference from zero. At the same time, when 
considering the range from -π/2 to 2π-π/2, the 
Wilcoxon test will reveal statistically significant 
differences from π/2 (that is, from the middle 
of  the range under consideration).

Let's recalculate the histogram of  the phase 
difference for the patient, considered in the 
example in Fig. 2, in a different range, namely in 

the range from -π/2 to 2π-π/2 (Fig. 5). For the left 
hand with trembling hyperkinesis, p-value < 0.001
(Wilcoxon test), that is, phase synchronization is 
observed. Note that the peak in the histogram is 
not split.

Let's consider a few more examples on real 
data. Fig. 6 shows a histogram of  the phase 
difference of  a patient with ET, the EMG of  the 
left arm with trembling hyperkinesis, a pose with 

  

Fig. 4. Histograms of  the phase difference in the degenerate case, when the phase difference is always zero. On the left - in the 
phase range from -π/2 to 2π-π/2, on the right - in the phase range from -π to π. The abscissa axis is radians; the ordinate axis 

is the number of  hits in the phase intervals.

  

Fig. 6. Histograms of  the phase difference of  the envelope EMG signals in a patient with ET. EMG is examined on the left 
arm with trembling hyperkinesis, a pose with outstretched arms. On the left - the phase is considered in the range from -π/2 to 
2π-π/2, on the right - in the range from -π to π. The instantaneous phase is calculated from the complex ridges of  the wavelet 

spectrograms. The abscissa axis is radians; the ordinate axis is the number of  hits in the phase intervals.

 

Fig. 5. Histogram of  the phase difference of  the envelopes 
of  EMG signals in a patient with PD at the first stage with 
trembling hyperkinesis on the left hand. The EMG on the 
left arm is examined, the pose with outstretched arms. The 
instantaneous phase is calculated from the complex ridges of  
the wavelet spectrograms. The abscissa axis is radians; the 

ordinate axis is the number of  hits in the phase intervals.



420

No. 3 | Vol. 12 | 2020 | RENSIT

OLGA S. SUSHKOVA, ALEXEY A. MOROZOV, IVAN A. KERSHNER, NADEZHDA G. PETROVA, 
ALEXANDRA V. GABOVA, LARISA A. CHIGALEYCHIK, ALEXEY V. KARABANOV MEDICAL PHYSICS

outstretched arms is examined. In the range from 
-π/2 to 2π-π/2 (Fig. 6, left), statistically significant 
differences were found (p-value < 0.001). At the 
same time, no statistically significant differences 
were found in the range from -π to π (Fig. 6, right) 
(p-value = 0.9). This example demonstrates the 
need to consider the phase in two different ranges 
to identify the phase synchronization of  EMG 
signals.

Fig. 7 shows a histogram of  the phase difference 
of  a patient with PD; the left hand without 
trembling hyperkinesis is considered. Relaxed arms 
pose. In the range from -π/2 to 2π-π/2 (Fig. 7, 
left), no statistically significant differences were 
found (p-value = 0.71). In the range from -π to 
π (Fig. 7, right), statistically significant differences 
were found (p-value < 0.001). Thus, in contrast to 
the example shown in Fig. 6, statistically significant 
differences are revealed when considering the 
phase in the range from -π to π.

In most of  the patients with PD at the first 
stage we studied, a phase shift of  approximately 

equal to π was observed in the arms with trembling 
hyperkinesis in the pose with outstretched 
arms. However, in some PD patients, a different 
phase shift was observed in the outstretched 
arms pose, or phase synchronization was not 
observed at all. In particular, 5 subjects in the 
PD group showed phase synchronization with 
a phase shift of  approximately zero. In a posse 
with relaxed arms in PD patients, a similar 
pattern is observed, in some patients there is a 
phase shift by π (see Fig. 8, left), while in other 
patients a different phase shift is observed, or 
phase synchronization is not observed at all. In 
particular, 2 subjects in the PD group showed 
phase synchronization with a phase shift of  
approximately zero.

Let us consider the histograms of  the phase 
difference in a patient with PD at the first 
stage (see Fig. 8). The hand with trembling 
hyperkinesis (left hand) is examined. This case 
is interesting because the patient has a π phase 
shift not in the pose with outstretched arms, 

  

Fig. 7. Histograms of  the phase difference of  the envelopes of  EMG signals in a patient with PD, a hand without trembling 
hyperkinesis (left hand), a pose with relaxed arms is considered. On the left - the phase is set in the range from -π/2 to 2π-
π/2, on the right - in the range from -π to π. The instantaneous phase is calculated from the complex ridges of  the wavelet 

spectrograms. The abscissa axis is radians; the ordinate axis is the number of  hits in the phase intervals.

  

Fig. 8. Histograms of  the phase difference of  the envelopes of  EMG signals in a patient with PD at the first stage with 
trembling hyperkinesis on the left hand. EMG on the left hand is examined. On the left - a pose with relaxed arms. On the 
right - a pose with outstretched arms. The instantaneous phase is calculated from the complex ridges of  the wavelet spectrograms. 

The abscissa axis is radians; the ordinate axis is the number of  hits in the phase intervals.
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but in a relaxed state. The phase difference 
histogram corresponding to the relaxed EMG 
recording is shown in Fig. 8, left. The histogram 
shows a phase shift by π, which corresponds to 
an alternating tremor. The histogram in Fig. 8 
(right) corresponds to an EMG recording in 
an outstretched arms pose. No phase shift is 
observed, which corresponds to synchronous 
tremor. Note that synchronous tremor is 
characteristic of  patients with ET, which could 
lead to erroneous diagnostics when examining 
EMG in only one pose. For resting tremor 
(Fig. 8, left) p-value < 0.001. For postural 
tremor (Fig. 8, right) p-value < 0.001.

Patients with ET are characterized by the 
absence of  a phase shift on the histogram 
of  the phase difference; in some cases, phase 
synchronization is not observed at all. Consider 
the histograms of  the phase difference in a 
patient with ET (Fig. 9). The EMG recording 
was carried out in a pose with outstretched 
arms. Trembling hyperkinesis is observed on 
both hands. Examination of  the histograms 
of  the phase difference shows the presence of  
phase synchronization on both hands, while no 
phase shift is observed. The absence of  a phase 
shift corresponds to a synchronous tremor. The 
section of  the EMG signal of  this patient is 
shown in Fig. 1 (right). For the left hand with 
trembling hyperkinesis, p-value = 0.006. For the 
right hand with trembling hyperkinesis, p-value < 
0.001.

We consider it appropriate to examine EMG 
recorded in two different poses. We proceed from 

the hypothesis that if  at least one posture shows 
a phase shift by π, then the diagnosis of  PD is 
confirmed. In order to test this hypothesis, a group 
analysis of  the data was carried out, the results of  
which are presented in Section 4.

A comparison was made between two 
methods for calculating the instantaneous phase. 
The first method is based on the calculation 
of  complex ridges of  wavelet spectrograms 
of  EMG signals. To calculate the wavelet 
spectrograms, the complex Morlet wavelet with 
the parameters Fb = 1, Fc = 1 was used. Local 
maxima on the wavelet spectrogram make up 
its ridge. In this work, the local maxima were 
calculated in the 4.1-7.9 Hz frequency band. 
The phase of  complex numbers that make 
up the ridge of  the wavelet spectrograms is 
taken as the instantaneous phase of  the signal. 
The second method is based on the use of  
band pass filtering and Hilbert transform. An 
8th order Butterworth bandpass filter was 
applied with a bandwidth from 4.1 to 7.9 Hz, 
filtering was carried out in the forward and 
then in the opposite direction. After that, the 
Hilbert transform was used to calculate the 
instantaneous phase. Thus, in signal processing, 
the Hilbert transform was used two times. The 
first time is to extract the envelope of  the signal, 
the second time is to calculate the instantaneous 
phase.

Fig. 10 shows an example of  calculating phase 
difference histograms in two different ways. 
In the histogram on the left, the instantaneous 
phase is calculated from the complex ridges of  

Fig. 9. Histograms of  the phase difference of  the envelopes of  EMG signals in a patient with ET. On the left - for the left 
hand with trembling hyperkinesis, on the right - for the right hand with trembling hyperkinesis. Outstretched arms pose. The 
instantaneous phase is calculated from the complex ridges of  the wavelet spectrograms. The abscissa axis is radians; the ordinate 

axis is the number of  hits in the phase intervals.
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the wavelet spectrograms. In the histogram on 
the right, the instantaneous phase is calculated 
using the Hilbert transform. The histograms 
demonstrate that the considered calculation 
methods give approximately the same results, 
while the mean values of  the phase differences 
differ. On the left histogram, the mean is -1.31 
radians, and on the right histogram, the mean is 
1.22 radians.

3. EXPERIMENTAL DATA
Data from untreated patients with early stage 
PD were compared with data from patients with 
ET. Note that the group of  PD patients included 
patients at the first stage of  PD according to 
the classical Hen-Yahr scale with onset (clinical 
manifestations of  tremor) on the left hand (10 
people) and on the right hand (12 people), 22 
people in total. The clinical diagnosis is a mixed 
form of  PD. The number of  ET patients was 
13. All PD and ET patients were right-handed. 
Patient participation in all studies conducted 
was voluntary. The subjects signed an informed 
consent in accordance with the standards of  the 
Declaration of  Helsinki of  the World Medical 
Association "Recommendations for physicians 
involved in biomedical research with human 
participation" [24].

EMG signals were recorded using a 41-channel 
multifunctional complex for neurophysiological 
studies Neuron-Spectrum-5 (Neurosoft). EMG 
electrodes were located both on the outer sides 
of  the arms, on the extensor muscles (Musculus 
extensor carpi radialis longus), and on the 

inner sides of  the arms, on the flexor muscles 
(Musculus flexor carpi radialis). During the EMG 
recording, the subjects were in two special poses: 
(1) sitting in a chair, arms extended in front of  
them (pose with outstretched arms), and (2) 
sitting in a chair, hands are on the armrests, 
hands are lowered (pose with relaxed arms). Each 
EMG recording was carried out for 2 minutes. To 
isolate the signal envelope, bandpass filtering and 
Hilbert transform were applied. Namely, an 8th 
order Butterworth filter with a bandwidth from 
60 to 240 Hz was used, filtering was carried out 
in the forward direction and then in the opposite 
direction.

4. GROUP DATA ANALYSIS
The majority of  the subjects showed phase 
synchronization in both poses. However, in the 
group of  patients with ET, in one of  13 people 
(7.6%), phase synchronization was observed 
only in the pose with outstretched arms, while 
phase synchronization was not observed in the 
pose with relaxed arms. In the group of  patients 
with PD, in one of  22 people (4.5%), phase 
synchronization was also observed only in the 
pose with outstretched arms.

To estimate the phase shift between 
EMG channels on histograms of  the phase 
difference, various methods can be used, such 
as calculating the median, mean, truncated 
mean. In this study, for group data analysis, 
we compared the mean values of  the phase 
differences in PD patients and in ET patients. 
To construct scatter diagrams and perform 

  

Fig. 10. Histograms of  the phase difference of  the envelopes of  EMG signals in a patient with PD at the first stage with 
trembling hyperkinesis on the left hand. EMG on the left hand is examined; pose with outstretched arms. On the left - the 
instantaneous phase is calculated from the complex ridges of  the wavelet spectrograms. On the right - the instantaneous phase is 
calculated using the Hilbert transform. The abscissa axis is radians; the ordinate axis is the number of  hits in the phase intervals.
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statistical analysis, we used the absolute values 
of  the phase differences. A two-sample Mann-
Whitney statistical test was applied, in addition, 
ROC curves were constructed and areas under 
the ROC curves (AUC) were calculated.

Consider a pose with outstretched arms. 
Let us compare the mean values of  the phase 
differences of  the envelopes of  EMG signals 
in the hands with trembling hyperkinesis in the 
group of  PD patients and in the group of  ET 
patients (Fig. 11). Fig. 11 on the left shows the 
scatter diagram of  the mean values of  the phase 
difference, the instantaneous phase is calculated 
from the complex ridges of  the wavelet 
spectrograms, on the right is a similar scatter 
diagram when calculating the instantaneous 
phase using the Hilbert transform. When 
calculating the phase from the complex ridges 
of  wavelet spectrograms, when comparing 
the phase differences on the left hands with 
trembling hyperkinesis in PD patients and in 
ET patients, statistically significant differences 
were found, p-value = 0.0021. The study of  the 
ROC curves showed that the area under the 
ROC curve AUC = 0.8923. When comparing 
the phase differences on the right hands with 
trembling hyperkinesis in PD patients and in 
patients with ET, p-value = 0.0114. The area 
under the ROC-curve AUC = 0.7981. When 
calculating the phase using the Hilbert transform 
when comparing the phase differences on the 
left hands with trembling hyperkinesis in PD 

patients and in patients with ET, p-value = 
0.00005. The area under the ROC-curve AUC = 
0.9308. When comparing the phase differences 
on the right hands with trembling hyperkinesis 
in PD patients and in ET patients, no statistically 
significant differences were found (p-value = 
0.1827). Thus, when considering the posture 
with outstretched arms on the subjects' right 
arms, the best results were obtained using the 
method based on calculating the phase from the 
ridges of  wavelet spectrograms. At the same 
time, when comparing the phase differences 
on the left hands, the best results were shown 
by the method based on calculating the phase 
using the Hilbert transform. It is obvious that 
the results of  comparing the methods for 
calculating the instantaneous phase turned out 
to be ambiguous.

Consider a pose with relaxed arms. Let us 
compare the mean values of  the phase difference 
in the hands with trembling hyperkinesis in 
the group of  PD patients and in the group of  
ET patients (Fig. 12). Fig. 12 on the left shows 
a scatter diagram of  the mean values of  the 
phase difference calculated from the complex 
ridges of  the wavelet spectrograms, on the right 
- a similar scatter diagram when calculating the 
instantaneous phase using the Hilbert transform. 
When calculating the phase from the complex 
ridges of  wavelet spectrograms when comparing 
the phase differences on the left hands with 
trembling hyperkinesis in patients with PD and 

  

Fig. 11. Scatter diagram of  the mean values of  the phase difference in hands with trembling hyperkinesis in a group of  PD 
patients and in a group of  ET patients. The abscissa axis corresponds to the phase difference on the left hand. The ordinate 
axis corresponds to the phase difference on the right hand. The axes are shown in a logarithmic scale. The pose with outstretched 
arms is considered. Green dots - patients with ET, red dots - PD patients with trembling hyperkinesis on the left hand, blue 
dots - PD patients with trembling hyperkinesis on the right hand. Left - the instantaneous phase is calculated from the complex 

ridges of  the wavelet spectrograms. Right - the instantaneous phase is calculated using the Hilbert transform.
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in patients with ET, p-value = 0.0017. The area 
under the ROC-curve AUC = 0.8923. When 
comparing the phase differences on the right 
hands with trembling hyperkinesis in PD patients 
and in patients with ET, p-value = 0.0036. Area 
under the ROC-curve AUC = 0.8462. When 
calculating the phase using the Hilbert transform 
when comparing the phase differences on the left 
hands with trembling hyperkinesis in PD patients 
and in patients with ET, p-value = 0.0048. The 
area under the ROC-curve AUC = 0.8577. When 
comparing the phase differences on the right 
hands with trembling hyperkinesis in PD patients 
and in ET patients, p-value = 0.0051. The area 
under the ROC-curve AUC = 0.8333. Thus, 
when considering the pose with relaxed arms 
for both arms of  the subjects, the best results 
were obtained using the method for calculating 
the instantaneous phase based on the use of  the 
ridges of  the wavelet spectrograms.

It follows from the data that statistically 
significant differences in the mean values of  
the phase difference were detected both in the 
pose with outstretched arms and in the pose 

with relaxed arms. As described above, this 
is due to the fact that the tremor in different 
patients manifests itself  in different positions. 
In view of  this, we decided to combine the 
mean values of  the phase difference for these 
two poses (hereinafter, S is the mean value of  
the phase shift for the pose with outstretched 
arms, R is the mean value of  the phase shift for 
the pose with relaxed arms) by calculating the 
mean value (S+R)/2.

Consider the combined metric M = (S+R)/2. 
Let us compare the values of  the M metric in 
the group of  PD patients and in the group of  
ET patients (Fig. 13). Fig. 13 on the left shows 
a scatter diagram of  the mean values of  the 
phase difference calculated from the complex 
ridges of  the wavelet spectrograms, on the right 
- a similar scatter diagram when calculating the 
instantaneous phase using the Hilbert transform. 
When calculating the phase from the complex 
ridges of  the wavelet spectrograms when 
comparing the phase differences on the left 
hands with trembling hyperkinesis in PD patients 
and in patients with ET, p-value = 0.00002. The 

  

Fig. 12. Scatter diagram of  the mean values of  the phase difference in the hands with trembling hyperkinesis in the group of  
patients with PD and in the group of  patients with ET. The position with relaxed arms is considered. The designations and 

axes are the same as in the previous figure.

  

Fig. 13. Scatter diagram of  the mean values of  the phase difference in the hands with trembling hyperkinesis in the group of  
patients with PD and in the group of  patients with ET. The combined metric M is considered. The designations and axes are 

the same as in Fig. 11.
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area under the ROC curve AUC = 0.9615. When 
comparing the phase differences in the right 
hands with trembling hyperkinesis in PD patients 
and in patients with ET, p-value = 0.00006. The 
area under the ROC curve AUC = 0.9038. When 
calculating the phase using the Hilbert transform 
when comparing the phase differences on the left 
hands with trembling hyperkinesis in PD patients 
and in patients with ET, p-value = 0.00004. Area 
under the ROC-curve AUC = 0.9385. When 
comparing the phase differences on the right 
arms with trembling hyperkinesis in PD patients 
and in patients with ET, p-value = 0.0043. The 
area under the ROC curve AUC = 0.8397. Thus, 
when considering the combined M metric, both 
p-value and AUC were better for both methods 
of  calculating phase, compared to considering 
outstretched arms and relaxed arms separately. In 
addition, when considering the combined metric, 
the best results were obtained using the method 
based on calculating the phase from the ridges 
of  wavelet spectrograms (for both arms of  the 
subjects). The obtained AUC values are close 
to 1, which shows that the proposed metric can 
be used not only for group analysis, but also for 
differential diagnosis of  patients with PD and 
ET.

5. DISCUSSION
Comparison of  the two methods for calculating 
the instantaneous phase showed that neither 
of  these methods has a clear advantage over 
the other. When calculating the phase using the 
Hilbert transform, the recognition results turned 
out to be better only in one case: when comparing 
the phase differences on the left arms with 

trembling hyperkinesis in patients with PD and 
ET when considering the pose with outstretched 
arms. In all other cases, the best results were 
obtained by calculating the instantaneous phase 
using complex ridges of  wavelet spectrograms. 
The results obtained are explained by the fact 
that at a sufficiently high signal-to-noise ratio, 
various methods for calculating the instantaneous 
phase give approximately the same results. At 
the same time, different methods for calculating 
the instantaneous phase are based on different 
assumptions about the properties of  the signal 
under study, in particular, the use of  complex 
ridges of  wavelet spectrograms assumes that in 
the frequency range under study there is only 
one leading frequency at any time. Unfortunately, 
the study of  real EMG data shows that this 
assumption is not always fulfilled; in some 
patients, not one, but two peaks are observed 
on the EMG signal envelope spectrum in the 
4.1-7.9 Hz range (Fig. 14, left), in some cases on 
In the spectrum of  the envelope of  the EMG 
signal, there is not a single pronounced peak at 
all. Obviously, in this situation, the ridge of  the 
wavelet spectrogram can give incorrect values of  
the instantaneous phase of  the signal, because 
the initial assumption about the uniqueness of  
the leading frequency is not fulfilled. The method 
for calculating the instantaneous phase, based on 
the Hilbert transform, in this situation can give 
an advantage, because the Hilbert transform 
allows mathematically to accurately determine 
the instantaneous phase of  any signal even 
in the absence of  a clearly expressed leading 
frequency [23]. Note that the widespread belief  
that the Hilbert transform can only be used to 

  

Fig. 14. Examples of  the spectra of  the EMG signal envelopes of  the extensor muscles in patients with PD. The left hand 
with trembling hyperkinesis was examined. On the left is an example of  a split-peak EMG spectrum. On the right is an 
example of  a spectrum with three additional harmonics. The abscissa is the frequency; the ordinate is the power spectral density.
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analyze narrowband signals is wrong; Hilbert 
transform (or the so-called analytical signal 
complement) is defined for any kind of  signals, 
including broadband ones. At the same time, in 
a situation where there is one pronounced peak 
in the signal spectrum, the method for calculating 
the instantaneous phase using complex ridges of  
wavelet spectrograms may be preferable, because 
it, in fact, performs nonlinear transformation 
of  the signal, isolating the component with the 
highest power spectral density and discarding the 
rest of  the signal components.

In the present study, the presence of  statistically 
significant differences in the mean values of  the 
phase difference of  the EMG signal envelopes 
in the 4.1-7.9 Hz range of  antagonist muscles in 
the group comparison of  PD patients and ET 
patients with both resting tremor and postural 
tremor was shown. Note that the authors of  [22] 
did not find differences between PD and ET in 
postural tremor. In resting tremor, differences 
were found only in the range of  8-12 Hz, no 
differences were found in the range of  4-7 Hz 
[22]. There are several possible reasons for this 
discrepancy. In article [22], the rectification 
method was used to isolate the envelope of  EMG 
signals. The term rectification in neurophysiology 
is the calculation of  the absolute value of  the 
signal. Rectification is not a mathematically 
rigorous way to calculate the signal envelope. 
As a result of  applying this operation, a certain 
mixture of  the signal envelope and the original 
signal itself  is obtained, which complicates the 
correct physiological interpretation of  the data 
analysis results. In addition, the authors of  [22] 
used coherent analysis. In our research, phase 
difference histograms were used to estimate the 
phase shift. We also note that the duration of  
patient records in [22] was significantly shorter 
than in our study. The length of  the patient 
records in [22] was about 30 seconds, in our work 
the length of  the records was about 90 seconds. 
In [22], it is noted that EMG spectra in PD are 
characterized by a greater number of  harmonic 
frequency peaks than in ET, namely, it is shown 
that PD is characterized by the presence of  four 

or more harmonics in the EMG spectrum of  
the elbow flexor. Our research showed that in 
PD patients, in addition to the main peak, one 
additional harmonic is usually observed on the 
spectra of  the envelopes of  EMG signals, rarely 
two or three (Fig. 14, right). With ET, additional 
harmonics in the spectra of  EMG signals are 
observed much less frequently.

6. CONCLUSION
The study of  surface EMG signals of  antagonist 
muscles in patients with PD and ET was carried 
out. Comparison of  two methods for calculating 
the instantaneous phase of  the envelopes of  
EMG signals is carried out - using the complex 
ridges of  wavelet spectrograms and using the 
Hilbert transform. It is shown that both methods 
give approximately the same results, but the mean 
values of  the phase differences differ. Statistically 
significant differences were found in the mean 
values of  the phase difference of  EMG signals 
envelopes of  antagonist muscles in the group 
comparison of  PD patients and ET patients 
both in the pose with outstretched arms and in 
the pose with relaxed arms. The most significant 
differences were obtained when analyzing a 
special metric that combines the results of  the 
analysis of  these two poses. When analyzing 
the ROC curves, AUC values close to 1 were 
obtained, which suggests that the studied metric 
can be used for differential diagnosis of  PD and 
ET.
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