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1. INTRODUCTION
Currently ongoing research and development 
in the field of  improving the means of  active 
location as a radio and acoustic. The most 
interesting is the choice of  the sounding signals 

because of  the frequency characteristics and 
the structure of  these signals depends on 
the basic parameters of  locators. To those 
features include the resolution of  the range 
and angular coordinates, the possibility of  
allocating the signals reflected from the 
targets at the background ambient noises over 
long distances to the targets, the possibility 
of  assessing the direction of  movement and 
speed targets, and others. This is an extensive 
literature. For example it is our article, 
published in this journal [1]. The real work is 
devoted to a concrete selection of  signals for 
the active location.

SOUNDING SIGNALS FOR THE ACTIVE LOCATION OF HIGH 
SPATIAL RESOLUTION
Nikolay N. Zalogin
Kotel'nikov Institute of  Radio-Engineering and Electronics, Russian Academy of  Sciences, http://cplire.ru
11/7, Mokhovaya str., 125009 Moscow, Russian Federation
zal.dunin@mail.ru
Anatoly V. Sknarya
Tikhomirov Scientific-Research Institute of  Instrument, http://www.niip.ru
3, Gagarina str., 140180 Zhukovsky, Moscow region, Russian Federation
sknarya.a@otd301.niip.ru
Abstract. Task of  active location is detection of  located object-target, determining the distance to 
it, the angular coordinates of  the target, its direction and its speed. The problem is solved by 
using signals, which sounding, exploring the target of  a non-contact method (remotely) - its 
irradiating, receiving reflected from the target (scattered from the target) signal and its processing. 
In active location of  high spatial resolution are used short tonal signals (rectangular pulses with 
sinusoidal filling) and long-term wideband chaotic signals (limited on band of  frequencies and 
duration of  implementation). Short pulses are used when the distance to the target is not more 
than tens of  meters. By increasing the distance to the target is required to increase the capacity 
to hundreds of  megawatts per pulse. This is possible by using special devices, but burdened with 
a large set of  problems. Processing outgoing and reflected short pulse produced oscillographic. 
Long-wideband chaotic signals formed by noise generators, using excitation in system of  multiple 
modes of  vibration and nonlinearity generator elements. Radiation, reception and processing of  
these signals provide the active location of  high spatial resolution. Processing of  chaotic signals is 
to construct a function of  cross-correlation between the sent and received signal by a method of  
double spectral processing. In paper is compared the use of  wideband chaotic signals in the radio- 
and hydrolocation.
Keywords: active location, sounding signals, tonal pulses, wideband chaotic signals, noise generator, 
dual spectral processing
UDC 621.396.96, 623.519
Bibliography – 2 references            Received 14.05.2016
RENSIT, 2016, 8(1):3-8        DOI: 10.17725/rensit.2016.08.003
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2. SPECIFICITY OF ACTIVE 
LOCATION OF HIGH SPATIAL 
RESOLUTION
Task of  the active location is detecting of  
objects which scatter the radiation, and the 
determination of  the distance to them, as 
well as the angular coordinates of  this objects 
(targets). The additional task is estimates 
of  motion direction and targets speed. 
According to the theory of  wave processes, 
the power flux density with distance from 
the source (transmitting antenna) decreases 
in proportion to the square of  the distance. 
Similarly, decreases flow power density of  
the signal reflected from located object 
(the target). As a result, the power of  the 
sounding signal in the propagation to the 
target and back suffer substantial losses, 
the greater the greater the distance to the 
target. In the acoustic devices operating in an 
aqueous medium, the matter is compounded 
by significant dissipative losses, the greater, 
the higher the frequency of  the sounding 
signal. Since reception of  the reflected 
signal from the target is carried out against 
the background of  the intrinsic noise of  
the receiving device and the ambient noise, 
important is the signal/noise ratio at the 
input of  the receiving device locator

2

2
,

inP dt
q

N
τ=
∫

defined as ratio of  integral of  the received 
power in time (signal power) to the power 
spectral density of  interference noises. With 
regard to surveillance radars for reliable 
target detection the value of  this ratio must 
be greater than the number of  25.

Assuming that emitted and, accordingly, 
taken power of  the sounding signal during 
the time send T is constant, and the noise 
is realized in the band Δf  of  frequencies 

occupied by the signal, then the above 
formula (S/N) can be written as follows:

2 .in

N

P
q fT

P
= ∆

The dimensionless expression ΔfT called 
signal base. Note that the process gain in 
the form of  a rectangular pulse with a sine 
waveform (tone), previously widely used in 
radio and in sonar, is equal to unity.

These ratios indicate the need for a sharp 
increase in energy probing signal to assure 
confident detection  of   signal with an 
increase in the target range. So by increasing 
the range action of  radar on the one order, 
the energy  of  the emitted signal must be 
increased by four orders of  magnitude. And 
in sonar devices even more. Note that we are 
talking about the energy of  signal. It can be 
increase not only due to the power, but also 
by increasing the base signal. An exception 
is the tone signal for which the base is equal 
unity. In this case it is necessary to increase 
the power only.

There are two basic ways in the processing 
of  sounding signals in active location. The 
first method – a direct measurement of  
the time interval between the moments of  
emission and the return signal reflected from 
the target. Typically this is implemented 
by displaying the detected signals on the 
oscilloscope screen, the scanning speed is so 
selected that the two pulse fit on the screen. 
And by the visual distance between them 
could easily have calculated the distance to 
the target. To improve the measurement 
accuracy, the outgoing pulse is not displayed. 
Starting the scan is performed with a delay, 
and the second beam oscilloscope is supplied 
with timestamps. This method is applicable 
for the sounding signal in the form of  very 
short pulses. It is necessary that the emitted 
and returned pulses do not overlap in time.

NIKOLAY N. ZALOGIN, ANATOLY V. SKNARYA RADIOELECTRONICS 
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The second way is to calculating the 
cross-correlation function between sent 
and returning signals. The advantage of  this 
method is the possibility to work with long 
sounding signals. In this case, the detection 
of  distant targets can not be realized by 
increasing the power level of  emitted signal, 
and by increasing the duration of  the parcels. 
In terms of  location of  high spatial resolution 
this is very important.

The main requirement for sounding signal 
is the unimodality of  its autocorrelation 
function – the presence of  a single bright 
pronounced peak. These statistical physics 
say that such properties are possessed by the 
so-called "white noise" – the chaotic signal, 
an unlimited on spectrum and time. The 
maximum of  the autocorrelation function 
of  this signal is a delta function. In fact, you 
can work and by chaotic signals, that are 
limited band frequencies and the duration 
of  implementation. Fig. 1 shows plots of  
the autocorrelation function of  the chaotic 
signal by narrowing of  its spectrum.

These graphs show that the long-chaotic 
signal with a spectrum of  finite width has the 
autocorrelation function with a single bright 
pronounced maximum. Its width determined 

by the upper boundary of  the frequency 
spectrum. When cutting of  spectrum up to 
the upper octave, function is left with a single 
maximum. Further cutting of  the spectrum 
leads to the appearance of  additional peaks, 
that are in the analysis can be seen as a mark 
of  false targets.

From these data it is evident, that expedient 
use in locators of  high spatial resolution, the 
prolonged broadband chaotic signals. An 
additional advantage of  such signals is the 
possibility of  a substantial increase in the 
resolution on the angular coordinates. When 
dealing with short parcels tone, to provide 
good resolution on the angle necessary to 
have an antenna system with a large aperture. 
For example, the radar 10 cm-range for 
resolution on the angle of  about 10 must have 
the diameter of  mirror antenna five meters. 
By working with a broadband chaotic signal, 
you can do small-sized antennas, spaced in 
space, using the interferometer principle, 
that widely used in the radio astronomical 
systems.

3. WORK FEATURES WITH TONAL 
SIGNALS AND SHORT PULSES
In high-precision radar systems the range 
resolution is determined by the pulse 
duration of  the sounding signal. If  the 
velocity of  propagation of  electromagnetic 
waves in an atmosphere of  C ~ 3·108 m/s 
and pulse duration is T then size L of  the 
wave packet C×T. This means that the 3rd 
meters (typical radar resolution) corresponds 
to the pulse duration of  10-8 seconds (10 
nsec). Accordingly, for 30 cm – 1 nsec. In 
sonar systems, wave propagation speed in 
water at 20 000 times smaller. Accordingly, 
the pulse duration is increased for providing 
range resolution. It allows you to work with a 
more low-frequence signal.

RADIOELECTRONICS SOUNDING SIGNALS FOR THE ACTIVE
LOCATION OF HIGH SPATIAL RESOLUTION

Fig. 1. Evolution of  the autocorrelation function of  the chaotic 
signal by narrowing the bandwidth.
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Since increasing of  resolution is 
connected to a decrease in the duration of  
the sounding signal, then for conservation 
of  signal energy is required increasing its 
power. With an increase in the target range 
is required an additional increase in power 
due to reduced pulse repetition frequency 
– the processing of  fewer pulses in a given 
time. Really we are talking about the power 
of  tens-hundreds of  megawatts per pulse. 
Such power in principle be achieved using 
so-called relativistic electron generators. It 
is extremely expensive to manufacture and 
operation of  electrovacuum devices, which 
working with high-precision electron beams 
accelerated to a speed close to the speed of  
light. When dealing with such devices have 
problems related to protecting highly sensitive 
equipment at the time of  the reception signal 
light, as well as the so-called "clutters", low-
angle radar land clutter – signals reflected 
from local objects and received on the side 
lobes of  the antenna pattern. The breakdown 
of  the atmosphere is unlikely because the 
pulse is short. With regard to the sonar 
devices, increasing of  power tonal signal 
leads to cavitation. Acceptable use of  simple 
high-power pulses without tonal filling. In 
the geolocation widely are used sources of  
sounding signals explosive type. With regard 
to a hydrolocation, should consider the 
features of  the propagation of  such signals 
in the aquatic environment. We are talking 
about the rapid attenuation of  high frequency 
components of  the spectrum. As a result, 
a short pulse transforms as it propagates 
into a long-term low-frequency package. In 
the atmosphere this is very clearly visible. 
Lightning in the immediate vicinity of  the 
observer sounds like a short, sharp click, 
which is turns into on the distance in long 
dull hum. Familiar military engineer, who was 

at the Semipalatinsk test site at the time of  the 
test of  the atomic bomb, told us that in fifty 
kilometers from the center of  the explosion 
sound of  it resembled the sound made by an 
intercontinental ballistic missile on takeoff.

It should also be noted that working with 
short pulses makes it impossible to determine 
the speeds of  targets by using the Doppler 
effect. An exception is possible only when 
working with long sequences of  tonal signals, 
as if  cut from a highly stable sine wave. 
From the above it can be concluded about 
the possibilities of  using the short pulse and 
tonal signals only at very small distances to 
targets. In radiolocation this units - tens of  
meters. In hydrolocation is even less.

4. WORK WITH A LONG WIDEBAND 
CHAOTIC SIGNALS
As already mentioned, processing of  results 
of  active locations by using broadband chaotic 
signals is possible by calculating the cross-
correlation function emitted and scattered 
from target (s) signaling implementations.

Sequence of  work with these signals 
consists of  several procedures. Firstly, is 
necessary to form signals of  predetermined 
duration, spectrum and autocorrelation 
characteristics. It can do by the analog and 
digital techniques. Secondly, it is necessary 
carry out the emission of  signals in a 
predetermined direction, and then to take the 
signals reflected from targets. Finally, need to 
obtain by joint correlative processing of  the 
emitted and received signals, the data about 
range to targets, the angular coordinates 
targets and, in the ideal case, the direction of  
movement and speed targets. Consider these 
procedures in detail.

The issues of  formation of  analog 
wideband chaotic signals have been studied 
in the Institute of  Radio Engineering and 

RADIOELECTRONICS NIKOLAY N. ZALOGIN, ANATOLY V. SKNARYA
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Electronics, Russian Academy of  Sciences. In 
1962 was discovered the effect of  generation 
of  noise fluctuations in the plasma system 
- an electron beam in a magnetic field. The 
development of  this work led to the creation 
shumotronov - noise generators on traveling-
wave tubes (TWT). It turned out that 
contributing to the chaoticness of  generated 
oscillations such factors as the possibility of  
excitation in system the several modes of  
oscillations as well as a specific non-linearity 
of  generator elements.

Further research and development led to 
the creation of  different types of  generators 
of  wideband noise in the microwave-range 
on solid-state element base [incl. 2]. Details 
about the generators of  wideband chaotic 
oscillations in [3]. Digital methods of  
implementing such fluctuations have been 
implemented on the basis of  mathematical 
modeling of  analog generators [4]. These 
studies revealed that the construction of  such 
models allows the use of  transformation and 
nonlinearities [5], unrealizable in the analog 
generators.

Digital methods allows also simulate a 
distribution as both of  electromagnetic, 
and well as acoustic waves in various media. 
Particularly interesting is the variation of  
the autocorrelation function of  the signal  
propagating in conditions of  a strong 
dependence of  the damping on the frequency, 
characteristic in acoustic and electromagnetic 
waves in the millimeter and submillimeter 
ranges. It is also possible modeling changes 
the structure of  the wave packet in the 
reflection from a moving object with a 
predetermined speed, which provides an 
estimate of  the velocity of  the target relative 
to the radar.

The greatest difficulties are related to the 
joint processing of  the emitted and received 

wideband chaotic sounding signals. The 
classic computer digital processing is currently 
only available for a relatively low-frequency 
signals. In reality maximum frequency should 
not exceed hundreds of  MHz. This means 
that the used in radiolocation of  high spatial 
resolution,  wideband  microwave signals can 
not be processed using digital techniques.  
Another thing - the hydrolocation, which 
working with signals in the tens - first few 
hundreds of  kHz. Obviously in this case not 
exist the alternative for wideband chaotic 
signals.

For wideband chaotic microwave - signals 
there is a way of  building cross-correlation 
function of  the emitted and received signals. 
This so-called the double spectral processing. 
It is based on the famous theorem Wiener-
Khinchin. According to this theorem, the 
cross-correlation function of  two chaotic 
signals can be obtained by analyzing the 
spectrum of  the sum of  these signals [6]. 
The spectrum of  the sum of  the two signals 
is usually obtained by sequential analysis, 
using narrowband tunable filter, with 
followed by detection. Secondary spectrum 
is computed already digitally way. Specificity 
of  this method is to increase the duration 
of  processing with increasing distance to 
the target. We have to reduce the bandwidth 
of  the tunable filter and the speed of  its 
changeover. As a result, satisfactory results 
when working with signals in the centimeter 
range are obtained when range to the target 
in meters - tens of  meters. Note also the 
possibility of  estimating the distance between 
two targets located close to each other. To 
do this, the return signal from the targets 
is subject to double spectral processing. 
Good to use double spectral processing for 
realization of  the interferometer. In this case, 
it is necessary to processing the sum of  the 

RADIOELECTRONICS SOUNDING SIGNALS FOR THE ACTIVE
LOCATION OF HIGH SPATIAL RESOLUTION



8

 No. 1 | Vol. 8 | 2016 | RENSIT

signals arriving at two spaced apart receiving 
antennas.

5. CONCLUSION
Summarizing the above, it can be argued 
that the use in active location of  high spatial 
resolution the short pulsed and tonal signals 
is only possible at very small distances to 
targets. In this case, attract the simplicity of  
the signal processing for determining the 
distance to the target. But even in this case, 
the use of  wideband chaotic sounding signals 
provides an additional benefit is the ability to 
substantially clarify the angular coordinates 
of  targets and velocities of  their movement. 
At large distances the use of  noise signals 
allows to determine the distance between 
targets, the arranged close to each other, or 
"shiny" points of  large-size target.

With regard to the possibilities for 
the implementation of  high-resolution 
radar range for remote purposes, the most 
promising are long signals with frequency 
modulation on a discrete frequency grid. 
With regard to the possibilities for the 
implementation of  high-resolution on range 
for radiolocation of  remote targets, the most 
promising are long signals with frequency 
modulation on a discrete frequency grid.
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1. INTRODUCTION 
Fiber-optic communication is the most 
common way of  transmission of  information 
in the modern world. In the field of  
telecommunications, digital data transmission 
systems are mostly employed. However, the 
simplest analog systems with RF/microwave 
intensity modulation of  the light produced 
by a semiconductor laser (direct modulation 
by varying the drive current of  the laser or 
external modulation by an electro-optic 
modulator), transportation of  the optical 
signal through an optical fiber and, finally, 
direct detection of  the optical signal by a 
photodiode at the output of  the fiber, are in 
demand for a variety of  applications. Among 
them are, for example, radio over fiber 
systems, on-board fiber-optic links, systems 
of  control of  positionally spaced radars, 
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TRANSMISSION OF LIGHT INTENSITY MODULATION SIGNALS 
IN ANALOG FIBER-OPTIC LINKS
Vladislav V. Shcherbakov, Anatoly F. Solodkov
JSC “Center for fiber optic communication systems”, http://www.centervospi.ru
3 Vvedenskogo Str., 117342 Moscow, Russian Federation
info@centervospi.ru
Anatoly A. Zadernovsky
Moscow Technological University (MIREA), Department of  physics, http://mirea.ru
78, Vernadskogo Аv., 119454 Moscow, Russian Federation
zadernovsky@mirea.ru
Abstract. We present experimental and theoretical results on signal transmission in analog fiber-
optic links (AFOLs) with direct or external RF/microwave modulation of  laser light intensity, 
transportation of  the optical signal through a fiber and direct detection of  the optical signal 
by a photodiode at receiver end of  the fiber. We consider in detail the linear and nonlinear 
signal distortions caused by the group velocity dispersion of  light waves in the optical fiber, by 
the frequency chirp of  light produced by directly modulated semiconductor laser and by the 
intrinsic nonlinearity of  electro-optic Mach-Zehnder modulator. Theoretical calculations are in 
a good agreement with the experimental results and will be useful for the engineering design 
of  analog fiber-optic links.
Keywords: analog fiber-optic links, frequency chirp of  laser light, dispersive signal distortions, 
Mach-Zehnder modulator
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antenna remoting and many others. Analog 
fiber-optic links (AFOLs) are often the only 
option for such systems, and, at the same 
time, they offer a reliable and cost-effective 
solution.

However, AFOLs have significant 
disadvantages. The most considerable of  
them are the linear and nonlinear distortions 
of  transmitted signals. The linear distortions 
manifest themselves in irregularity of  the 
intensity modulation response, namely in 
a suppression (down to the noise level) or 
revival of  signals at the output of  the fiber, 
which occur at certain modulation frequencies 
[1-4]. Such behavior is typical for the AFOLs 
employing standard single-mode fiber and 
single-frequency semiconductor lasers with 
the wavelength of  1550 nm. The primary 
reason for the linear distortions is the group 
velocity dispersion of  electromagnetic waves 
in the fiber. Some compensation techniques 
of  such distortions are discussed in [5-8].

At a high density of  optical power 
in a fiber, the various nonlinear optical 
phenomena leading to nonlinear distortions 
of  the transmitted signals start to play 
an appreciable role. The basic reason for 
these phenomena is the changes in optical 
properties of  the fiber medium due to 
interaction of  an intense laser light with 
matter. Dispersion of  the group velocity 
of  electromagnetic waves in a fiber and the 
frequency chirp [10-12] of  laser light give 
rise to the nonlinear distortions of  a special 
type. Such distortions are not related with 
the optical power of  transmitted signals and 
occur even at low laser light intensities. They 
manifest themselves in generation of  the 
higher order harmonics that are not presented 
in the original signal of  modulation.

In this paper we present theoretical 
and experimental results of  the study on 

transmission of  signals in AFOLs with direct 
or external modulation of  laser light intensity 
and direct detection of  the optical signal by 
a photodiode at receiver end of  the fiber. 
We consider consecutively all the stages of  
signal transmission. First, the conversion of  
an electrical signal to an optical signal of  light 
intensity modulation, then, transportation of  
the optical signal through a single-mode fiber 
with chromatic dispersion and finally, the 
conversion of  the optical signal back to the 
original electrical format by a photodiode at 
the output of  the fiber. We examine in detail 
the impact of  frequency chirp on linear and 
nonlinear dispersive distortions of  signals. 
For several AFOLs of  different lengths 
we experimentally obtain the dependence 
of  the output power of  the optical signals 
versus the modulation frequency. The 
contribution of  higher order harmonics of  
the modulation frequency is theoretically 
and experimentally investigated. We compare 
the dispersive harmonic distortions of  the 
optical signals produced by two different light 
sources: directly-modulated semiconductor 
laser (with chirp) and externally-modulated 
semiconductor laser (without chirp).

It is worth noting that in the majority of  
studies of  AFOLs, either numerical analysis 
[1, 13] or rather complicated mathematical 
apparatus [14] are usually used. This makes 
difficult obtaining the simple analytical 
expressions suitable for the engineering 
design of  the fiber-optic links. This paper is 
intended to fill this gap. We derive a simple 
analytical expression for the frequencies 
of  the signals with minimum or with 
maximum power at the output of  a fiber, 
as well as a simple analytical expression for 
the frequencies at which one can expect the 
minimum dispersive harmonic distortions.
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2. TRANSMISSION OF SIGNALS 
IN AFOLs WITH DIRECT LASER 
LIGHT INTENSITY MODULATION
2.1. electrical-to-optical conversion

Varying the drive current of  a semiconductor 
laser is the easiest way to convert electrical 
signals into optical ones. In modern lasers 
such a conversion, within the range of  
modulation frequencies up to 35 GHz, 
is usually accompanied by the minimal 
nonlinear distortions, so that in the above-
threshold regime of  generation and at 
moderate radiation powers the watt-ampere 
characteristic of  a semiconductor laser 
(Fig. 1) is well described by a linear function. 
Therefore, the electric signal of  current 
modulation
I = I0[1 + mcos(ωmt + φm)],      (1)
where I0 is the bias current, which shifts the 
laser operation point on the linear part of  
the watt-ampere characteristic and m is the 
depth of  modulation, will be converted into 
an optical signal of  the laser light power
P = P0[1 + mcos(ωmt + φm)]     (2)
with the same angular modulation frequency 
ωm and the phase φm.

The complex electric field E(t) of  the 
associated electromagnetic wave with the 
carrier frequency ω0 and the phase φ 0 is given 

by 
0 m m 0 01 cos( ) exp ( ).E E m t i tω ϕ ω φ= + + +  (3)

This expression can be expanded into a 
power series in m. If  we restrict ourselves 
only to the first-order term (it can be done 
at a small modulation depth m << 1), we 
come to the spectrum consisting of  the 
carrier frequency ω0 and two sidebands with 
the frequencies ω0 ± ωm. Such a spectrum is 
typical for amplitude modulation.

It should be noted, however, that equation 
(3) does not take into account a parasitic phase 
(and therefore frequency) modulation of  the 
electromagnetic wave – the effect which is 
referred to as the frequency chirp of  laser 
light. Indeed, the injection current modulation 
produces a variation in charge carriers 
concentration, which leads to a variation in 
the refractive index of  the laser active region 
and, therefore, to a frequency modulation 
of  laser light. Effect of  the frequency chirp 
on light produced by a directly-modulated 
laser is usually written in the form of  relation 
between the instantaneous frequency ω 
and the instantaneous power P of  the laser 
radiation, namely [10-12],

th 0 0
0

1 1 ( ) ,
2 2

dP dPkP k P P
P dt P dt

α αω ω ω
  = + + ≈ + + −  

     (4)
where α is the linewidth enhancement factor, 
also known as Henry factor, and k  is a laser-
specific parameter known as the adiabatic 
chirp coefficient. One can see from (4) that 
in the laser operating point with the output 
light power P0 the carrier frequency is equal 
to ω0 = ωth + (α/2) k P0 and it differs from 
the frequency ωth at the lasing threshold by 
the value of  (α/2)ωc , where ωc = k P0 is the 
characteristic frequency of  adiabatic chirp. 
With account of  the frequency chirp, the 
phase φ 0 in (3) will not be a constant and 
should be replaced by the function Φ(t), 
which is determined from the equation

TRANSMISSION OF LIGHT INTENSITY MODULATION 
SIGNALS IN ANALOG FIBER-OPTIC LINKS

Fig. 1. Watt - ampere characteristic of  a semiconductor laser.
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0
0

( ) 1 ( ) .
2

d t dP k P P
dt P dt

α  Φ
= + − 

   (5)
Typical values of  the chirp parameters for 
DFB InGaAs lasers (emission wavelength 
1550 nm) are as follows [12]: α is within the 
range from 2 to 4, and the characteristic 
frequency of  adiabatic chirp fc = ωc/2π varies 
from 1 to 3 GHz at the optical power P0 = 
1 – 2 mW.

Integration in (5) yields the following 
expression for the phase
Φ(t) = Msin(ωmt + φm + ψm) + φ0,    (6)
where φ0 is the integration constant and

( )2
c m( 2) 1M mα ω ω= +  (7)

is the amplitude of  phase modulation, ψm is an 
additional phase shift with respect to the signal 
modulation phase φm, and ctgψm = ωc/ωm.

Thus, the electric field of  the chirped 
electromagnetic wave can be represented at a 
small modulation depth m << 1 in the form

[ ]0 0 m m m( ) sin( )
0 m m1 ( 2)cos( ) .i t iM tE E e m t eω ϕ ω ϕ ψω ϕ+ + += + +  (8)

The spectral representation of  such a wave is 
given by the sum

0 0 m m( ) ( )
0 ,i t in t

n
n

E E e C eω ϕ ω ϕ
+∞

+ +

=−∞

= ∑  (9)
with

1

1

[ ( ) ( / 4) ( )

( / 4) ( ) ]

m

m m

i
n n n

i in
n

C J M m J M e

m J M e e

ψ

ψ ψ

−
−

+

= + +

+  (10)
and it can be obtained with the help of  well-
known Jacobi-Anger expansion [15] in Bessel 
functions of  the first kind Jn of  order n. One 
can see that the spectrum of  the chirped 
wave (9) consists of  the carrier frequency 
ω0 and an infinite number of  sidebands with 
the frequencies ω0 + nωm (where n = ±1, ±2, 
±3...), which are shifted left and right from   
ω0 by the interval equal to the modulation 
frequency ωm.

2.2. transportation of optical siGnals 
throuGh a fiber

As is known, the electric field in a 
mode of  an optical fiber has the form 

E = E0(r,φ)e i(ωt-βz), where β is the mode 
propagation constant. With the same type 
of  electric field distribution E0(r,φ) in the 
cross section of  a single mode fiber, it can 
guide a variety of  light waves with different 
frequencies. Chromatic dispersion of  these 
waves, which is expressed in dependence 
of  the propagation constant β on frequency 
ω, can result in severe degradation of  the 
transmitted signals.

In the vicinity of  the carrier frequency 
ω0 the function β(ω) can be represented as a 
power series β(ω) = β0 + β1(ω – ω0) + (β2/2)
(ω – ω0)

2 + ..., where β0 is the propagation 
constant at the carrier frequency, β1 = 1/u 
is equal to the inverse group velocity, u 
= dω/dβ, at the carrier frequency and the 
coefficient β2 is associated with the group 
velocity dispersion. It can be determined 
through the so-called chromatic dispersion 
coefficient D of  a fiber by means of  the 
well-known relation [9] 2

2 0 / 2 ,D cβ λ π= −  where 
c – the speed of  light in vacuum, λ0 – laser 
emission wavelength. Typical values for D at 
the emission wavelength 1550 nm are in the 
range (16 – 18) ps/(nm km).

In propagation through the fiber the 
different harmonics in the wave (9) acquire 
different phase changes due to dispersion. 
In particular, for the harmonic with 
frequency ω0 + nωm after passing through 
a fiber of  length L the phase shift is 

2 2
0 1 m 2 m(1 2) ...L L n L n Lβ β β ω β ω− = − − − −  As a 

result, at the fiber output we have the wave
2

0 0 0 m m( ) [ ( ) ]
0 ,i t L in t L uin

n
n

E E e C e eω β ϕ ω ϕθ
+∞

− + − +

=−∞

= ∑  (11)
where
θ = πc(ωm/ω0)

2DL     (12)
is the signal transportation parameter.

2.3. photocurrent

A photodiode placed at the receiver end 
of  the fiber, converts the optical signals 
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back to the original electrical format. Since 
the photodiode is a square-law device, it 
produces a photocurrent I(t) that is directly 
proportional to the square modulus of  the 
electric field magnitude E(t). We write down 
the photocurrent as

m m[ ( ) ]
m( ) ( ) ,in t L u

n
I t I n e ω ϕω

+∞
− +

=−∞

= ∑  (13)
where

2 2( ) *
m 0

( ) *
0

( )

,

i n k ik
n k k

k

i n k n ikn
n k k

k

I n RP C e C e

RP C e C e

θ θ

θ θ

ω
+∞

+ −
+

=−∞

+∞
+

+
=−∞

= =

=

∑

∑  (14)
is the complex amplitude of  photocurrent at 
the n-th harmonic and R is the photodiode 
responsivity at the laser emission wavelength. 
For the calculation of  |E(t)|2 = E(t)E*(t) with 
the electric field (11) we apply Graf's addition 
theorem for the Bessel functions [15], which 
can be rewritten in the form

( )
3 1 2( ) ( ) ( ) ,in i n k ik

n n k k
k

J z e J z e J z eγ α β
+∞

+
+

=−∞

= ∑
where the complex number 3

iz e γ is the sum 
of  two other complex numbers 1

iz e α  and 
2 .iz e β−−  As a result, we obtain in the first 

order in m the following expression [14]
{
}

m m

m

m 0 1

1

( ) ( ) ( 2)[ ( )

( ) ]cos ,

in in
n n n n

i
n n

I n RP i e J U i m J U e

J U e n

ψ ψ

ψ

ω

θ

−
−

+

= − −

−  (15)
where
Un = 2Msinnθ.     (16)

Compare the photocurrents that could be 
produced by the optical signal at the input 
and at the output of  the fiber. At the input 
we have L = 0 so that θ (12) and Un (16) are 
equal to zero as well. Bearing in mind that 
J0(0) = 1, while the rest of  Bessel functions 
in (15) vanish at the coordinate origin, we 
obtain
I(t) = RP0[1 + mcos(ωmt + φm)].    (17)
Spectrum of  the photocurrent (17) consists 
of  a zero-frequency term (direct current) 
and two terms at the sideband frequencies 
+ωm and –ωm. As expected, the photocurrent 

reproduces the initial electrical signal (1) of  
current modulation.

The photocurrent (13), detected at the 
output of  a fiber of  length L, reveals the 
propagation time delay L/u, where u is the 
optical signal group velocity. It contains the 
direct current term I(ω = 0) = RP0 and, in 
general case, an infinite number of  harmonics 
at frequencies nωm with n = ±1, ±2, ±3... 
In particular, when n = 1 we have for the 
complex amplitude (15) the expression

{
}

m

m

2
m 0 0 1 2 1

1 1

( ) ( 2) [ ( ) ( ) ]cos

(2 ) ( ) .

i

i

I m RP J U J U e

i m J U e

ψ

ψ

ω θ= − +

+  (18)
Comparing the output complex amplitude 
(18) with the corresponding input complex 
amplitude, mRP0/2 (17), we come to the 
following transfer function

m m2
m 0 1 2 1 1 1( , ) [ ( ) ( ) ]cos (2 ) ( )i iH L J U J U e i m J U eψ ψω θ= − + , (19)

which establishes relation between the 
photocurrents that could be produced by an 
optical signal before and after propagation 
through a fiber of  length L at the modulation 
frequency ωm. Separating the amplitude and 
the phase of  the transfer function (19), 
H(ωm,L) = |H(ωm,L)|eiχ, we can rewrite the 
photocurrent as
I(t) = RP0m|H(ωm,L)|cos[ωm(t – L/u) + φm +χ].
One can see that modulus of  the transfer 
function (19) determines the relative 
amplitude of  the electrical signal detected at 
the fiber output.

Consider some special cases. In the 
simplest case of  a laser source without chirp, 
the amplitude M (7) of  phase modulation 
is equal to zero and, therefore, U1 = 0. So 
that the modulus of  the transfer function 
(19) is reduced to |H(ωm,L)| = |cosθ| [1, 
2]. With the help of  (12) it is clear now that 
the signals with the frequencies, which can 
be determined from the equation θ = π/2 
+ lπ, with l = 0, 1, 2, 3..., vanish at the fiber 
output.

TRANSMISSION OF LIGHT INTENSITY MODULATION 
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For chirped laser sources the transfer 
function (19) can be simplified by applying 
the small-signal approximation. At small 
values of  U1 we can restrict ourselves only 
to the first-order terms in power series of  
Bessel functions in (19). In this case, the 
transfer function modulus can be written as 
[16-18]
|H(ωm,L)| = |cosθ – α(1 – iωc/ωm)sinθ|.  (20)
Fig. 2 shows a typical plot of  the squared 
modulus of  the transfer function (20), 
|H(ωm,L)|2, expressed in dB against the 
modulation frequency fm = ωm/2π for the 
optical fiber of  length L = 10 km with the 
fiber dispersion coefficient D = 17 ps/(nm 
km), the laser emission wavelength λ0 = 1550 
nm and the chirp parameters: α = 2, fc = 
ωc/2π = 2 GHz.

For extrema of  the function |H(ωm,L)|2 
we can obtain the following expression

2 2
c m

2tg2 .
[1 ( ) ] 1

αθ
α ω ω

=
+ −  (21)

For a given fiber length L this expression 
together with equation (12) specifies 
implicitly the frequencies at which the signal 
power extrema occur. As it can be seen from 
fig. 2, for the frequencies near to the power 
extrema we have (ωc/ωm)2<<1 and, therefore, 
this term in (21) can be neglected. In this case, 
we can get a very simple condition for the 
frequencies of  the power extrema, namely, θ 
= –arctgα + lπ/2 where odd positive integers 

l give the local minima, whereas even positive 
integers l give the local maxima. At the local 
minima, the squared modulus of  transfer 
function is

2 2 2
m c mmin

( , ) ( ) (1 ) ,H Lω αω ω α= +  (22)
whereas at the local maxima we have

2 2 2 2 2
m c mmax

( , ) 1 ( ) (1 ).H Lω α α ω ω α= + + +  (23)
Note also that it is possible to obtain 

analytical expressions for zeros of  the 
function in fig. 2 (in these points the modulus 
of  transfer function (20) is equal to unity). 
Solution of  the corresponding trigonometric 
equation contains the two sets of  roots: for 
the odd zeros in fig. 2, we have sinθ = 0 which 
yields θ = lπ with non-negative integers l = 
0, 1, 2, 3..., whereas for the even zeros we 
obtain

2 2
c m

2tg .
[1 ( ) ] 1

αθ
α ω ω

=
+ −  (24)

As in equation (21), the term (ωc/ωm)2 in (24) 
can be neglected. Then we obtain for the even 
zeros the following condition θ = –2arctgα + lπ 
with positive integers l = 1, 2, 3... .

2.4. harmonic distortions of 
transmitted siGnals

At a high density of  optical power in a fiber, the 
various nonlinear optical phenomena leading 
to nonlinear distortions of  the transmitted 
signals start to play an appreciable role. The 
primary reason for these phenomena is the 
changes in optical properties of  the fiber 
medium caused by interaction of  the intense 
laser light with matter. Impact of  the optical 
nonlinearity becomes noticeable at the laser 
light powers exceeding 10 mW. First of  
all it concerns to the stimulated Brillouin 
scattering, while the optical power threshold 
for the stimulated Raman scattering is much 
higher and amounts to approximately 1 W.

Dispersion of  the group velocity of  
electromagnetic waves in a fiber together 
with the frequency chirp of  laser light give 

RADIOELECTRONICS 

Fig. 2. Plot of  the intensity modulation response of  an analog 
fiber-optic link with direct modulation of  laser light intensity and 

direct detection of  the optical signal. 
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rise to the nonlinear distortions of  a special 
type. Such distortions are not related to 
the optical power of  transmitted signals 
and occur even at low laser light intensities. 
Indeed, let’s compare the photocurrents 
that could be produced by the optical signal 
at the input and at the output of  a fiber. In 
accordance with (17), the input optical signal 
produces a single-tone electrical signal of  
photocurrent with the frequency ωm. As it 
can be seen from the expression (13) with 
the complex amplitudes (15), spectrum of  
the photocurrent detected at the receiver end 
of  the fiber contains, in addition to the term 
with the frequency ωm, also the higher order 
harmonics. In other words, the optical signal 
transmitted through a fiber undergoes the 
dispersive harmonic distortions.

It is important to emphasize that we treat 
the optical fiber as a linear medium and the 
primary reason for the harmonic distortions 
is the group velocity dispersion of  light waves 
and the frequency chirp of  light produced by 
a directly-modulated laser. Note, however, 
that the presence (due to the chirp) in 
spectrum of  the input wave (9) an infinite 
number of  sidebands, still does not mean 
nonlinearity of  the detected photocurrent. 
Phase relations between the harmonics in the 
input wave (9) are such that the photocurrent 
(17) remains a single-tone electrical signal. 
After linear propagation through a fiber the 
different spectral components of  the wave 
(11), associated with the chirped optical 
signal, acquire different phase changes due 
to dispersion. This leads to appearance in 
the detected photocurrent the higher order 
harmonics which are not presented in the 
original signal. The principal difference of  the 
dispersive harmonic distortions is that they 
occur in the electromagnetic wave envelope, 
rather than in the carrier as it would be, when 

the light propagates through a nonlinear 
medium.

On the other hand, if  there were no 
frequency chirp, the amplitude of  the phase 
modulation M (7), and hence, Un (16) would 
be equal to zero. Bearing in mind that in (15) 
J0(0) = 1, while the rest of  Bessel functions 
vanish at the coordinate origin, we obtain for 
the photocurrent detected at the fiber output a 
single-tone electrical signal with frequency ωm 
without any dispersive harmonic distortions 
(in the first order in the depth of  modulation 
m). At the same time, the linear distortions 
of  the output signals are presence and can be 
described by the transfer function H(ωm,L) 
with the modulus equal to |cosθ|.

It is interesting to note, that in the odd 
zeros of  the function 10lg|H(ωm,L)|2 in fig. 
2, when sinθ = 0 (which yields θ = lπ with 
non-negative integers l), all the complex 
amplitudes (15), except the zero with n = 
0 and the first one with n = 1, are vanish. 
Hence, the transmission of  signals with the 
frequencies

m 0 0 ,l
cDL cDL
θω ω ω

π
= =  (25)

where l =1, 2, 3..., are not subjected to the 
harmonic distortions (in the first order in the 
depth of  modulation m). The modulus of  
transfer function for these signals is equal to 
unity, that is the power of  signals at the input 
and at the output of  the fiber are equal to 
each other (without attenuation in the fiber). 
For the fiber-optic link with parameters used 
in fig. 2, we obtain for the frequencies (25) 
the following estimates: fm1 = 27.93 GHz and 
fm2 = 39.49 GHz.

Usually, the main contributions to the 
nonlinear distortions make the second 
and the third harmonics. However, these 
contributions disappear at the certain 
frequencies. As it can be seen from (15), the 
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complex amplitude of  the second harmonic 
vanish at sin2θ = 0 (which yields θ = lπ/2 
with non-negative integers l), whereas for the 
third harmonic the similar condition looks 
like sin3θ = 0 (which yields θ = lπ/3 with non-
negative integers l). With the parameters used 
in fig. 2, we obtain the following estimates:   

(2) (2)
m1 m1 2f ω π= = 19.75 GHz and (2)

m2f =  27.93 
GHz (at these frequencies the second 
harmonic disappears) and (3) (3)

m1 m1 2f ω π= =  
16.13 GHz and (3)

m2f =  22.80 GHz (at these 
frequencies the third harmonic disappears).

One can see from fig. 2 that for the 
AFOLs with the above specified parameters, 
the most attractive operation area is located in 
the frequency domain from 19 to 23 GHz. In 
this area the electrical-to-optical conversion 
occurs with relatively small distortions. In 
this area it takes place the dispersive power 
enhancement of  the output signal. This 
area is characterized by relatively low linear 
distortions of  the output signal. Finally, in 
this area the second or the third harmonics 
disappear (at 19.75 GHz and 22.80 GHz, 
respectively), and, consequently, it is possible 
to minimize the signal harmonic distortions.

3. TRANSMISSION OF SIGNALS IN 
AFOLs WITH EXTERNAL LASER 
LIGHT INTENSITY MODULATION
3.1. mach-Zehnder modulator

Operation of  most optical modulators 
is based on the electro-optic effect [19], 
consisting in a change of  the refractive index 
n or birefringence in some crystals (potassium 
dihydrogen phosphate – KH2PO4 (KDP), 
barium titanate – BaTiO3, lithium niobate 
– LiNbO3, lithium tantalite – LiTaO3 and 
others), which results from the application of  
an electric field Ê . For classification of  the 
electro-optic effect, we expand the function  
n( Ê ) in a power series

2
0 1 2

ˆ ˆ ˆ( ) ( 2) ...,n E n a E a E= + + +  (26)
where 

0
ˆ( ) .n n

n E
a d n dE

=
=  If  the third term 

can be neglected, then n is a linear function 
of  the electric field Ê  (Pockels effect). The 
Pockels effect can occur only in the crystals 
with non-centrosymmetric lattice. If  the 
coefficient a1 = 0, the quadratic dependence 
the refractive index n on the electric field 
is advanced to the forefront (Kerr effect). 
Electro-optic effect is very fast (the response 
time is about 10−10 ÷ 10−11 c), so that, in 
principle, the upper limit of  the modulation 
frequency can reach 100 GHz (in practice, 
the –3 dB modulation bandwidth of  modern 
modulators amounts to 40-50 GHz). We 
consider in more detail the electro-optic 
modulator of  laser light intensity, based on 
the Mach-Zehnder interferometer.

Schematic diagram of  the Mach-Zehnder 
modulator is shown in Fig. 3. The modulator 
consists of  a system of  optical waveguide 
channels with one input and one output, 
which are formed on a monocrystalline 
substrate (most often from lithium niobate) 
by thermal diffusion of  titanium. The input 
optical channel is split into two independent 
waveguides providing a spatial separation of  
the input light beam into two identical beams 
which are then combined together at the 
output channel. A number of  electrodes are 
mounted on the substrate at both sides of  
the waveguides. The voltage applied to these 
electrodes creates an electric field penetrating 
into the cross section of  each of  the 
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Fig. 3. Schematic diagram of  the dual-drive Mach–Zehnder modulator.
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waveguides. The input light beam should be 
polarized in the direction of  the electric field 
strength. Orientation of  the substrate crystal 
provides the appearance of  the linear electro-
optic Pockels effect. By applying a drive 
voltage to the electrodes, a phase difference 
between the split light beams is created, and 
then interference occurs as a result of  their 
combination in the output channel. The light 
beam intensity at the output of  the modulator 
depends on the phase difference, which, in 
turn, is determined by the drive voltages in 
the arms of  the interferometer (dual-drive 
Mach–Zehnder modulator).

The input electromagnetic wave with the 
frequency ω0 and the electric field E is split 
in the modulator with symmetric waveguide 
geometry (fig. 3) into two waves of  equal 
amplitude E0/2. At the modulator output we 
obtain

0 0 1 0 0 2

0 0 1 2 1 2

( 2)exp ( ) ( 2)exp ( )
exp( )cos[( ) 2]exp[ ( ) 2].

E E i t E i t
E i t i

ω ϕ ω ϕ
ω ϕ ϕ ϕ ϕ

= + + + =
− +  (27)

The phase changes φ1 and φ2, acquired each 
of  the waves on passing through their own 
waveguides of  the length L and the thickness 
d, are determined by the drive voltages U1 
and U2. Since the Pockels effect is linear, the 
reversal in direction of  the applied electric 
field Ê , results in the reversal in sign of  the 
change of  the refractive index. Therefore, we 
have

1 1
1 0 1 0 1

0 0 0

2 2 2 ,U ULn La La
d d

π π πϕ ϕ
λ λ λ

= + = +  (28)
2 2

2 0 1 0 1
0 0 0

2 2 2 .U ULn La La
d d

π π πϕ ϕ
λ λ λ

= − = −  (29)
To quantify the Pockels effect in the 

modulator with a given geometry, the voltage 
U1 = U2 = Uπ, is used at which the phase 
difference of  (28) and (29) due to action of  
the electric field is equal to π. At this voltage 
the output electromagnetic waves cancel each 
other and the light intensity becomes equal to 
zero. The voltage Uπ is specific to each device 

and it is called the half-wave voltage of  the 
modulator. With the help of  this parameter, 
the wave (27) takes the form

1 2 1 2
0 0 0exp ( )cos exp .

4 4
U U U UiE E i t

U Uπ π

π πω ϕ
+ −

= +  (30)
By varying the drive voltages U1 and U2, the 

electric field (30) turns out to be modulated 
not only in the amplitude but in the phase as 
well. Thus, the output light wave is subjected 
to the frequency chirp [20-22]. It is evident, 
however, that by applying the equal voltages 
U1 = U2 = U one can get rid of  the chirp and 
this is an important advantage of  the external 
modulation of  light intensity as compared 
with direct modulation. The electric field of  
the chirp-free electromagnetic wave takes the 
form

0 0 0exp ( )cos ,
2

UE E i t
Uπ

πω ϕ= +  (31)
and, hence, the intensity of  light at the 
modulator output varies according to the law 
(we neglect the insertion loss)

2 2
0 1 2 0cos [( ) 2] cos .

2
UP P P
Uπ

πϕ ϕ= − =  (32)
Fig. 4 illustrates the dependence of  the 
relative light intensity P/P0 of  the modulator 
versus the normalized drive voltage U/Uπ.

Let the normalized drive voltage is 
harmonically modulated as
U/Uπ = u0 + ucos(ωmt + φm),   (33)
with the normalized bias voltage u0, the 

TRANSMISSION OF LIGHT INTENSITY MODULATION 
SIGNALS IN ANALOG FIBER-OPTIC LINKSRADIOELECTRONICS

Fig. 4. Modulation characteristic of  Mach–Zehnder modulator: dependence 
of  the relative light intensity P/P0 versus the normalized drive voltage U/Uπ.
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normalized voltage amplitude u, the 
modulation frequency ωm and the initial phase 
φm. The spectral representation of  the optical 
signal (32),
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 (34)
includes, beside the fundamental harmonic at 
the modulation frequency, an infinite number 
of  higher order harmonics at multiple 
frequencies. Thus, in contrast to the direct 
intensity modulation, the electrical-to-optical 
conversion with the help of  Mach-Zehnder 
modulator turns out to be nonlinear.

The degree of  nonlinearity can be reduced 
by the choice of  the operating point of  the 
modulator. Indeed, at certain normalized bias 
voltages equal to u0 = l + 1/2, where l = 0, ±1, 
±2, ±3..., (the quadrature operating points), 
all even harmonics in (34) disappear and the 
spectrum contains only odd harmonics. The 
power of  these harmonics at the normalized 
voltage amplitude, for example, u = 1/2 (this 
corresponds to 100% depth of  modulation 
at the normalized bias voltage u0 = ±1/2) 
are proportional to J1(π/2) = 0.567, J3(π/2) 
= 6.894×10–2 and J5(π/2) = 2.240×10–3, 
so that the power of  the third harmonic 
amounts to –9.15 dB of  the fundamental 
harmonic power, whereas the power of  the 
fifth harmonic is –24.03 dB. At u = 1/4 we 
obtain J1(π/4) = 0.363, J3(π/4) = 9.696×10–3, 
J5(π/4) = 7.566×10–5, so that the third and 
the fifth harmonic powers are only –15.73 
dB and –36.8 dB, accordingly. One can see, 
therefore, that at πu < 1 we can restrict 
ourselves only by the fundamental harmonic. 
In this approximation, the power of  the 
output optical signal is reduced to
P = P0[1/2 + (–1)l+1J1(πu)cos(ωmt + φm)].   (35)
It is worth noting that at even l the signal of  
light intensity modulation is out-of-phase 
with the drive voltage signal (33), whereas at 
odd l these signals are in-phase.

Comparison of  Fig. 4 and Fig. 1 reveals 
an important feature of  external modulation. 
The power of  an externally modulated signal 
is proportional to the power of  laser light P0, 
whereas the power of  a directly modulated 
signal is independent of  the optical power 
and it is determined solely by the laser slope 
efficiency.

In practice, the half-wave voltage Uπ of  
Mach-Zehnder modulator is subjected to 
drift and, therefore, the bias voltage should 
be continuously adjusted with the help 
of  a special control circuit [23] in order to 
maintain performance of  the modulator at 
the desired operating point. The lack of  even 
harmonics at the quadrature operating points 
can be employed to adjust the bias voltage 
[24]. Such an adjustment is usually realized 
by means of  a programmable voltage source 
with the regulation aimed at a suppression 
of  the second harmonic in the light intensity 
modulation signal.

3.2. transportation and photodetection 
of optical siGnals

Analysis of  transportation of  the optical 
signal (34) through a fiber can be performed 
in a manner similar to that it is used in Section 
2.2. With the drive voltage modulation (33), 
the electric field (31) in the electromagnetic 
wave at the output of  the modulator (at the 
input into a fiber) can be represented as a 
spectral sum (9) with the coefficients
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 (36)
After propagation through a dispersive 
fiber of  the length L, this spectral sum is 
transformed to the form (11).

The photocurrent I(t) (13), detected by 
a photodiode at the output of  the fiber, is 
directly proportional to the square modulus 
of  the electric field E(t) (11) with the 
coefficients (36). The corresponding complex 
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amplitudes I(nωm) of  different harmonics 
of  the photocurrent can be calculated with 
the help of  Graf's addition theorem for the 
Bessel functions. They have the form

m 0 0( ) ( 2) ( 1) ( sin ) cos( ) ( cos )n n
n nI n R P J u n u i J u nω π θ π π θ = − + 

for even integers n,     (37)
m 0 0( ) ( 2) sin( ) ( cos )n

nI n R P i u i J u nω π π θ=
for odd integers n.
Note, that at the quadrature bias voltages u0 
= l + 1/2, where l = 0, ±1, ±2, ±3..., the 
photocurrent contains both even and odd 
harmonics of  the fundamental frequency, 
despite the fact that the input optical signal 
(34) does not contain even harmonics.

In particular, for n = 1 the complex 
amplitude (37) takes the form
I(ωm) = –R(P0/2)sin(πu0)J1(πucosθ).  (38)
Comparing the photocurrent (38) with that 
could be produced by the optical signal at the 
input of  the fiber (at L = 0), we come to the 
following transfer function
H(ωm, L) = J1(πucosθ)/J1(πu).   (39)
Modulus of  the transfer function (39) 
determines the relative amplitude of  the 
electrical signal detected at the fiber output. 
In the area of  our interest, when πu < 1, the 
absolute value of  the transfer function (39) is 
not greater than unity. The function H(ωm,L) 
vanishes when cosθ = 0 and, therefore, the 
signals with the frequencies, determined from 
the condition θ = π/2 + lπ, where l = 0, 1, 2, 
3..., vanish at the output of  the fiber. At the 
frequencies, determined from the condition 
|cosθ| = 1, which yields θ = lπ with l = 0, 1, 
2, 3..., the modulus of  the transfer function 
(39) reaches the maximum value equal to 
unity and, thus, the power of  signals at the 
input and at the output of  the fiber are equal 
to each other (without attenuation in the 
fiber).

The function|H(ωm,L)|2 (39) (expressed 
in dB) versus the frequency of  modulation 

fm = ωm/2π is the intensity modulation 
response of  the considered AFOL. Fig. 5 
shows a typical plot of  this response in the 
area of  small amplitudes of  modulation πu < 
1 for the optical fiber of  length L = 25 km 
with the fiber dispersion coefficient D = 17 
ps/(nm km). The laser light wavelength 1550 
nm corresponds to the frequency f0 = ω0/2π 
= 193.414 ТHz.

3.3. harmonic distortions of 
transmitted siGnals

The original signal of  voltage modulation 
(33) is a single-tone electrical signal with the 
frequency ωm. It is subjected to nonlinear 
distortions already at the initial stage of  
signal transmission – the electrical-to-optical 
conversion. And although by the choice 
of  the quadrature bias we can eliminate 
the contribution of  all even harmonics of  
the modulation frequency ωm, and by the 
restriction πu < 1 of  the modulation voltage 
amplitudes we can significantly reduce the 
contribution of  odd higher harmonics, the 
nonlinear distortions, caused by operation of  
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Fig. 5. Plot of  the intensity modulation response of  an analog 
fiber-optic link with external modulation of  laser light intensity and 

direct detection of  the optical signal. 
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the Mach-Zehnder modulator, are basically 
unavoidable.

After transportation through a dispersive 
fiber, the optical signal can acquire additional 
harmonic distortions. Such distortions are not 
related with the optical power of  transmitted 
signals and occur even at low laser light 
intensities. One can see from the expression 
(37) that the photocurrent produced by the 
fiber output optical signal contains both 
even and odd harmonics of  the modulation 
frequency despite the fact that the input 
optical signal contains no even harmonics. 
However, the correct choice of  the signal 
transportation parameter (12), determined 
by the requirement |cosθ| = 1, ensures the 
suppression of  all even harmonics, whereas 
the optical powers of  odd harmonics in the 
input and output signals become equal to 
each other (without attenuation in the fiber). 
In this case, the harmonic distortions of  the 
output signal are entirely determined by the 
nonlinear properties of  the modulator. For 
other transportation parameters, the even 
harmonics are not only observed, but can 
provide a major contribution to the harmonic 
distortions of  the signal.

4. EXPERIMENT
A block diagram of  the stand for measuring 
the intensity modulation response of  analog 
fiber-optic links is shown in Fig. 6. The work 
procedure is as follows. The single-frequency 
1550 nm DFB InGaAsP laser NLKC5EBKA 
(2) is connected to the input of  photodetector 
U2t, XPDV2150R (3) by a short length of  
standard single-mode optical fiber (4) about 
1 m long and then we determine visually on 
screen of  the analyzer Agilent N5244A (1) 
the frequency range where the modulation 
response has no significant noise and sharp 
breaks. In this frequency range (in our 

case 10MHz – 35GHz) the signal power is 
normalized to unity. Then, the short cable 
(4) is replaced by a coil of  long optical fiber 
(5) and the output signal is displayed on the 
screen of  analyzer (1). Acting in a similar 
manner, we can get intensity modulation 
response for several lengths of  a single-
mode fiber. However, the laser light intensity 
should not be greater than 5-7 dBm because 
of  the risk of  stimulated Brillouin scattering 
and nonlinear distortions.

Fig. 7 shows the experimental curves 
for the output-to-input power ratio of  
the signals (expressed in dB) versus the 
modulation frequency fm for several coils of  
fiber of  different length L with the dispersion 
coefficient D = 17 ps/(nm km).

Nonlinear distortions manifest themselves 
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Fig. 7. The intensity modulation response of  several directly 
modulated analog fiber-optic links of  different length.

Fig. 6. A block diagram of  the stand for measuring the intensity 
modulation response of  analog fiber-optic links of  different length.
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in generation of  the harmonics that are not 
presented in the original signal. Figs. 8, 9 
represent the observed relative power of  
the 2nd and the 3rd harmonics, respectively, 
(harmonic-to-carrier power ratio) versus 
the power of  signal. We use two different 
sources of  light. The first source is a directly 
modulated single-frequency 1550 nm DFB 
InGaAsP laser (in the figures it is referred to 
as N43), built-in Agilent N4373A analyzer. 
The second source is the laser with an external 
chirp-free Mach-Zehnder modulator, which 
is not stabilized at the quadrature bias (in 
the figures it is referred to as L340). The 2.2 
GHz signal of  modulation is generated by 
Agilent E5071B with the microwave filter to 
suppress the intrinsic harmonic distortions. 
The optical signal is fed either directly to a 
photodetector Agilent N4373A, or through 
a coil of  Corning fiber of  25266m length 
(in the figures it is referred to as AD-1). The 
power of  harmonics in the output signal is 
measured by a spectrum analyzer Agilent 
E4404B in the segmented scanning mode.

5. DISCUSSION OF EXPERIMENTAL 
AND THEORETICAL RESULTS
One can readily see a qualitative consistency 
between the theoretical curve in fig. 2 
and the experimental curves in fig. 7 for 
the intensity modulation response of  the 
directly-modulated AFOLs. For a proper 
quantitative comparison between the theory 
and the experiment, the chirp parameters 

of  laser source are necessary to know. 
Unfortunately, laser vendors do not specify 
the chirp parameters. We will rely on the data 
presented in [25] for the 1550 nm single-
frequency InGaAsP lasers, namely: α = 
2.8±0.2 and k = (11.4 ± 0.5) c–1mW–1 (the 
latter gives for the characteristic frequency fc 
= kP0/2π = (1.8 ± 0.1) GHz at the laser light 
power P0 = 1mW).

Let us estimate the chirp parameters 
of  the laser used in our experiment. To 
determine the factor Henry α, we employ 
the result obtained from the equation (21) 
for the frequencies at which the signal power 
extrema occur

0

arctg 2 ,m
c lf

cDL
α π

λ π
− +

=  (40)
where odd positive integers l give the local 
minima, whereas even positive integers l give 
the local maxima. One can see from fig. 7 
that the dips in the output power occur at 
the frequencies: fm = 12.2 GHz for the fiber 
length L=5570 m, depth of  the dip –17.5 dB; 
fm = 16.3 GHz for the fiber length L=2781 
m, depth of  the dip –21.0 dB; fm = 23.5 GHz 
for the fiber length L=1386 m, depth of  the 
dip –28.5 dB. Wide maximum of  the output 
power is observed within the frequency range 
28.0 ÷ 28.2 GHz for the fiber length L = 5570 
m, an increase in the power is +7.5 dB. The 
requirement of  the best match between the 
experimental data and the calculations by the 
equation (40) leads to the estimate α = 2.9.

Using the obtained value of  the factor 
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Fig. 9. Relative power of  the third harmonic versus the power of  signal.

Fig. 8. Relative power of  the second harmonic versus the power of  signal.
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Henry α, we can estimate the characteristic 
frequency fc of  the adiabatic chirp by 
comparing of  the theoretical values for the 
minima (22) and for the maxima (23) of  the 
squared modulus of  the transfer function 
with the corresponding experimental data for 
the relative power of  signals at the output. 
The best match between the experimental 
data and the theoretical calculations provides 
the value fc = ωc/2π = 1.7 GHz. The obtained 
estimates indicate a good quantitative 
agreement between our experimental and 
theoretical results.

The experimental results of  the study of  
harmonic distortions, shown in figs. 8 and 
9, are also consistent with the theoretical 
conclusions presented in sections 2.4 and 3.3. 
Indeed, the relative powers of  the 2nd and 
the 3rd harmonics of  the signals produced 
at the output of  directly-modulated laser 
N43 (with chirp) are extremely small and 
constitute less than –55 dBc and –70 dBc, 
respectively. Practically, the laser operates 
as a linear electrical-to-optical convertor. 
Recall that in the theoretical analysis we 
neglect the nonlinearity of  the laser watt-
ampere characteristic, and assume that the 
laser output is a single-tone optical signal 
(2). After transportation of  the optical signal 
through the 25266 m fiber, the powers of  the 
2nd and the 3rd harmonics are significantly 
increased by 34 dBc and 36 dBc, respectively, 
and this increase is independent of  the 
power. The latter illustrates the nature of  
dispersive harmonic distortions, which 
are not associated with the optical power 
of  signals. The primary reason for the 
harmonic distortions is the frequency chirp 
of  light produced by a directly-modulated 
laser and the group velocity dispersion of  
electromagnetic waves in a fiber.

Conversely, when we employ the L340 

laser source with an external Mach-Zehnder 
modulator (without chirp), the inclusion into 
the optical circuit a fiber coil of  25266 m 
length practically does not change the relative 
powers of  the higher order harmonics. This 
is consistent with the equations (37) and 
(34). Indeed, from the intensity modulation 
response shown in fig. 5 one can see that at 
the applied modulation frequency 2.2 GHz 
the squared modulus of  the transfer function 
(39) is close to unity, so that we have cosθ ≈ 1. 
Therefore, the amplitudes of  the second and 
the third harmonics after propagation through 
the fiber (they are accordingly proportional to 
J2(πucos2θ) and J3(πucos3θ)) are close to the 
amplitudes of  these harmonics at the input 
of  the fiber (proportional to J2(πu) and J3(πu)). 
Thus, the harmonic distortions in AFOLs 
with external intensity modulation (without 
chirp) are due to intrinsic nonlinearity of  
Mach-Zehnder modulator (in the domain of  
maximum signal transmission).

6. CONCLUSION
In this paper we have presented experimental 
and theoretical results on signal transmission 
in AFOLs with direct or external RF/
microwave modulation of  laser light 
intensity, transportation of  the optical signal 
through a fiber and direct detection of  the 
optical signal by a photodiode at receiver 
end of  the fiber. We have experimentally 
obtained the intensity modulation response 
for several directly-modulated AFOLs of  
different lengths. We have demonstrated that 
the velocity dispersion of  light waves in the 
optical fiber can cause severe degradation 
of  the transmitted signals. They reveal 
ether power suppression or power revival 
depending on the modulation frequency. We 
have derived a simple analytical expression for 
the frequencies of  the signals with minimum 
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or maximum power at the fiber output.
We have examined dispersive harmonic 

distortions of  the transmitted signals. We 
have found that such distortions are not 
related to optical power of  the signals and 
occur even at low laser light intensities. The 
primary reason for the harmonic distortions 
is the frequency chirp of  light produced by 
a directly-modulated laser and the group 
velocity dispersion of  electromagnetic 
waves in the fiber. We have derived a simple 
analytical expression for the small-signal 
modulation frequencies at which there will 
be no dispersive harmonic distortions in 
directly-modulated AFOLs.

Chirp-free Mach-Zehnder external 
modulator has been examined as a solution 
to the problem of  harmonic distortion. 
However, the modulation response of  an 
ideal Mach-Zehnder modulator (even with 
no chirp) is found to be highly nonlinear and 
exhibits intrinsic harmonic distortions of  
the output optical signal. After propagation 
in a dispersive fiber this signal can acquire 
additional harmonic distortions. We have 
specified the signal transportation parameters 
and the operation conditions of  Mach-
Zehnder modulator, which ensure minimum 
harmonic distortions of  the transmitted 
signals.

Theoretical calculations are in a good 
agreement with the experimental results and 
will be useful for the engineering design of  
analog fiber-optic links.
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1. INTRODUCTION. A PROBLEM 
OF COMPLETENESS OF THE 
MEMBRANE MIMETIC DESIGN AND 
MODELING
Membrane structures are known to form the 
basis of  operation of  all the physiological 
(including cytophysiological) systems, providing 
selective transport of  ions and other agents into 
the cytoplasm, maintenance of  the biochemical 
gradients required for many physiological 
processes, molecular recognition/reception 
at the cellular surface, electrophysiological 
excitation/inhibition due to the biopotential 
generation and transduction, labile template 
fixation of  the interacting membrane proteins, 
mechanical stability and the barrier function, 
intercellular interaction, reaction-diffusion 
morphogenetic processes changing the form 
of  the organelles, cells and tissues up to the 
organs and an organism as a whole [1, 2].
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Thus, a system or structure considered as 
an adequate membrane-mimicking material 
should ideally possess not less than a full 
number of  the physico-chemical properties 
(or at least their phenomenological analogs) 
providing the performance of  the above 
mentioned functions of  the natural biological 
membranes. Otherwise, there is no reason 
to compare the functions of  the model 
and natural membranes, since the physico-
chemical systems capable of  performing 
several function of  the biomembranes 
(e.g. only ion exchange, energy storage or 
mechanical functions) are widespread both in 
nature and industry, but their consideration 
either as the reference or as the absolute 
membrane models leads to the reduction of  
the fundamentally important variables and 
introduction of  the a priori normalizations/
assumptions required for simplification 
and the inevitable error minimization, and 
decrease the heuristic value of  the modeling 
itself.

As follows from the modeling theory, 
the criteria of  the lover level model 
incompleteness are its impossibility to 
perform the functions of  the higher level 
structures and the necessity to introduce 
additional components in order to 
compensate the lack of  a certain function at 
the lower level [3-5]. This follows from the 
fact that for an adequate both structural and 
functional model should exist a one-to-one 
mapping mapping between the functional 
units of  the original and the elementary units 
of  the model. In the case of  the artificial 
membrane models (membrane mimetic 
materials) the criterion of  their insufficiency 
as the basic units of  the higher level models 
is evident – it is the impossibility of  most of  
them to perform a full number of  the above 
mentioned functions characteristic for the 
biological cell membranes.

2. THE AMBIGUITY OF THE 
MEMBRANE MODEL DEFINITIONS: 
SEMI-SYNTHETIC, SYNTHETIC 
AND BIOGENIC MODEL 
MEMBRANES
This can be illustrated by multiple examples. 
Despite the active introduction of  the 
membrane technologies into the “artificial 
cell” fabrication since the early 1960-th [6, 
7], a complex number of  the biomembrane 
functions has never been reproduced, 
because of  using simplified membrane 
mimetic materials (including synthetic ones, 
such as nylon), with the properties rather 
far from those of  the biological membranes 
and their structural intercalates. As a 
consequence, a widely accepted idea оf  the 
independence of  the cell model properties 
from the properties of  the membrane 
mimetic material used lead to the absence 
of  an adequate complex cell model based on 
the membrane mimetic material without a 
full amount of  the biomembrane functions. 
This is not surprising, since a hypothetic 
artificial cell wit such a membrane could 
not be able to perform all the necessary 
functions, including the metabolism, and 
the most adequate cell models are based 
on the bioorganic components, which can 
be considered as a kind of  reduction rather 
than a cell modeling. Classical membrane 
mimetic materials in this case include a 
phospholipid bilayer [8,9], which is also 
a component of  the biomembranes [10]; 
myelin – a component of  the nerve fiber 
membrane containing a special protein – 
myelin basic protein (MBP), also represents 
a membrane mimetic material applied either 
as an emulsion or in a  micellar form [11, 
12]. However, it is evident that all the above 
substances are in fact the components of  
natural membranes, and hence, can not be 
considered as the true membrane mimetic 
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materials. Even in the case of  the membrane 
function modeling using the physico-
chemical properties of  the materials (e.g. 
polyelectrolyes), the main components 
include standard lipids available in the natural 
cells [13]. The main differences between the 
artificial and natural membranes preventing 
the membrane mimetic systems with an 
insufficient descriptor set from reproducing 
all the functions of  the membrane 
compartments are listed in the review paper 
[14], so they can be omitted here. 

In other words, there is a problem of  re-
interpretation of  a “minimal cell” not as 
a cell with a minimal genome [15-21] and a 
corresponding nucleotide metabolism [22-
24], but as a supramolecular structure built up 
with membranes with the properties which as 
a whole are necessary and sufficient for the 
operation of  the functionally-minimal cell or 
its model. To date there are several papers 
considering the above problem, but the 
solutions proposed there imply conventional 
phospholipids already adapted to perform the 
functions simulated instead of  the artificial 
membrane mimetic materials. Some authors 
[25, 26] use the well-known lipids in design 
of  the minimal / artificial cell. Many papers 
emphasize the presence of  the biogenic 
substances in the minimal cell, or even a 
«semi-synthetic» character of  the artificial cell 
models proposed [27, 28] (synthetic aspect 
is just within the scope of  biomimetics [29, 
30]). Obviously, the model as an object of  
investigation in this case does not exactly 
correspond to the model as a subject of  the 
studies, while the subject partly overlaps with 
another object under investigation. Thus, 
if  a cell model or an artificial cell contains a 
fragment of  the natural cell membrane, it can 
not be considered as an adequate synthetic 
cell model dye to its non-synthetic nature and 
biological origin.

3. THE DIFFERENCE BETWEEN 
MEMBRANE MIMETICS AND 
MEMBRANE BIOMIMETICS 
PHYSICAL PROPERTIES OF THE 
MEMBRANE MIMETIC MATERIALS 
IN THE SUBJECTIVE MODELS
In this connection there is a problem to 
distinguish between the membrane-mimetics 
and membrane biomimetics: a system can be a 
monoparametric physical membrane mimetic 
system, but not a membrane biomimetic system 
as a whole. The converse is not true. Thus, it 
is necessary to consider the basic principles 
of  membrane-mimetics and determine 
their application limits to the biomembrane 
modeling. From the pioneering papers by 
Fendler [31, 32] who laid the foundation for 
“membrane mimetic chemistry” it is known 
that some atomic or molecular clusters and 
films (including nanoscale ones) are capable 
to mimic membrane functions. Membrane 
mimetic properties are not a unique feature 
of  the “soft matter”, but also can be found 
among the solid state carriers, including the 
immobilized ones [33]. According to the 
theoretical predictions and experimental 
data of  electrochemistry and solid state 
physics, membrane mimetic properties 
can be manifested in both conductor 
and semiconductor films, including those 
with the magnetic properties [34-37]. 
The contradictory properties of  different 
membrane mimetic materials indicate the 
arbitrary nature of  the “similarity criteria” 
chosen, while the difference between the 
structural levels of  similarity up to the 
membrane mimetic objects which differ even 
in their dimension from the biomembranes, 
such as gradient multilayer nanofilms made 
up with the quantum dots, low-dimensional 
superconductors, atomic monolayers or 
a two-dimensional electron gas, makes it 
impossible to define the membrane mimetic 
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materials according to their basic physical 
processes and requires a transition to a higher 
level of  abstraction, i.e. a formal mathematical 
consideration. Otherwise, a membrane could 
not be considered as an object of  modeling 
and will become an object and subject of  
structural-functional speculations.

4. SEMICONDUCTOR MEMBRANE 
MIMETIC MATERIALS IN THE 
FRAMEWORK OF THE SOLID 
STATE PHYSICS AND THE EARLY 
MISCONCEPTIONS OF THE 
MEMBRANE THEORY
It is noteworthy that the contradictory 
approaches in membrane mimetic chemistry 
are similar to those in membrane biophysics 
and membrane biomimetics, which appeared 
at an early stage of  their development in 
1960-th - 1980-th. Thus, the uncertainty in 
the membrane-mimetic criteria is expected 
to disappear in the next years. In 1960-1980-
th there were popular concepts about the 
semiconductor and “pseudo-solid-state” 
nature of  the biomembrane functioning. It was 
believed that the neuron membranes possess 
semiconductivity [38] and the properties of  
an ionic psn-transition [39], as well as the 
properties of  a semiconductor rectifier based 
on biomolecular lipid layers [40] (similar to 
the semiconductor pn-membranes [41]). 
There were also some papers considering a 
zone melting (or band recrystallization) as a 
model of  an active transmembrane transport 
[42]. Semiconductor properties were also 
found in photoactive lipid membranes 
[43] and respiratory membrane proteins 
(terminal oxidase of  an aerobic respiratory 
electron transport chain which catalyses the 
electron transfer to the oxygen molecular 
acceptor) [44]. At the same time there was 
an active development of  the ideas inspired 
by the solid state physics (despite the fact 
that biomembranes belong to the soft 

matter [45]), which argued for the solid state 
character of  a number of  the fundamental 
biological processes. In particular, a pseudo-
solid-state mechanism of  the electron and 
ion transmembrane transport was proposed 
[46] (a so-called supramolecular solid state 
biology), but it was mostly speculative at that 
period due to the lack of  the clear concepts 
describing the processes in polymeric solid 
state materials and supramolecular condensed 
associates, which appeared much later [47], 
especially for the charged membrane surfaces 
[48]. By that time there was a lack of  data 
on the chiral solid state structures [49], solid 
carbohydrates [50] and ion-selective / ion-
exchange structures [51], etc. which could be 
in some way associated with their biochemical 
prototypes. Some authors also argued for 
the hole (vacancy) mechanism of  the ion 
competitve diffusion in the electrogenic 
neurocyte membranes [52], electron transfer 
in biostructures and bioenergetics based on 
this type of  the charge transfer mechanism 
[53, 54], as well as the reactivity based on this 
bioenergetics. In particular, there was a solid 
state model of  the well known Hodgkin-Huxley 
action potential generation and propagation 
mechanism [55], in general consistent with its 
conventional soft matter prototype). In early 
1960-the there were also papers comparing a 
solid state energy transfer with the membrane 
activity during the photosynthesis processes 
[56]. This approach was intensively developed 
in the “era of  the solid state and semiconductor 
physics” (until the 1990-th) before the period 
when the progress in molecular biology 
and the emergence of  nanoscience allowed 
to understand the mechanism of  electron 
transfer in biological systems in details. At the 
end of  the 1980-th the words “solid state” in 
description of  the operation mechanism of  
the electron transfer system elements (such 
as peroxidases – promoters in the soluble 
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metalloprotein electrochemistry [57]) were 
used with the quotation marks (unlike the 
promoters for bacteria cultivation on solid 
media which do not require quotation marks 
[58, 59]). Therefore it can be assumed that 
the choice of  the biomimetic material for 
the biomembrane modeling and the choice 
of  the corresponding membrane models 
at that period were in accordance with the 
“scientific fashion” similar to the rapid shift 
of  the synthetic membrane design towards 
the nanomaterial science as a result of  the 
development of  nanotechnology [60].

5. SUPERCONDUCTING MEMBRANE 
MIMETIC MATERIALS AND 
MEMBRANE MODELS
A similar example considers another 
membrane mimetic material from the 
Fendler list which also appeared in 1970-
1980-th as a result of  the scientific fashion 
– a film superconductor [36]. Although 
biomembrane structures do not possess 
superconductivity, there was a number of  
papers which attributed a sensitivity of  some 
biological structures to the external fields 
and stimuli (magnetic field [61]; microwave 
radiation [62]; any affecters with the response 
described well with the Weber-Fechner law 
[63]) to superconductivity. In response to 
the reasonable questions about the reliance 
of  such interpretation under physiological 
temperatures far from the cryogenic ones 
(which was in fact the introduction of  the 
redundant entities into the description of  
the simple phenomena, well described within 
the existing concepts), the authors usually 
referred to the superconductivity observed in 
some organic / bioorganic systems at room 
temperature [64-66], which used to be rather 
popular in the early 1980-th when the papers 
in this area were published in the leading 
scientific journals [67-69], but nevertheless, 
the data presented required a careful separation 

of  the facts from the artifacts, fantasy and 
misinterpretations [70]. This modern trend is 
in line with the similar periodically emerging 
concepts which lack strong physical basis, 
such as pseudo-scientific claims on the role of  
superconductivity in development of  cancer 
[71] or in human health as a whole [72]. It 
is evident that membrane mimetic chemistry 
based on such incorrect principles will never 
be able to mimic a complex of  biomembrane 
functions. Thus, both biophysical and 
membrane mimetic value of  such approaches 
considering the similarity between the 
biomembranes and superconductive materials 
is rather doubtful, and it is inexpedient to 
discuss them here.

6. FERROELECTRIC MEMBRANE 
MODELS AND MEMBRANE 
MIMETIC MATERIALS
Another type of  membrane mimetic materials 
– ferroelectric films, is more suitable for 
complex membrane mimetic modeling due 
to the presence of  ferroelectric properties in 
bioorganic structures [73-76] and especially 
of  the membrane surfaces. In the early 
1990-th a simple and electrophysiologically-
relevant model of  the membrane excitation 
was proposed based on the analogy between 
the lipid membranes and diffuse ferroelectric 
bilayers performing the function of  a 
“capacitor” similar to the bilayer membranes 
according to the early electrobiological 
concepts [77]. At the same time it was 
proposed to attribute the dielectric anomalies 
of  the model biomembranes (such as a squid 
axon) to the temperature effects obeying 
the Curie-Weiss law which usually describes 
magnetic susceptibility of  ferromagnetic 
materials in the paramagnetic zone above 
the Curie point (except the cases when the 
mean-field approximation is inapplicable) 
[78]. It is noteworthy that cytological and 
electrophysiological data confirm the membrane 
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excitation interpretation as a response of  the 
diffuse bilayers (like the Gouy layer) in many 
cases, including the ferroelectric bilayers [79]. 
For the models with a simple physico-chemical 
modeling of  the prototype functions the 
chemical composition of  the substrate does 
not matter, in contrast to the phase, rheological 
and other parameters. Therefore ferroelectric 
phenomena, similar to those applied in the lipid 
membrane models, also work in natural peptide 
nanotubes [80, 81] with an active surface. At a 
higher level of  abstraction which follows from 
the above considerations, similar ferroelectric 
phenomena are typical for the polymer-based 
Langmuir-Blogett films [82], while the latter 
are known to mimic synaptosomal membrane 
structures [83] and biomembranes [84] with 
electrochemical activity [85] and membrane 
affinity [86], which is interpreted either as 
the membrane adhesion measured using a 
tensiometer, or as a conjugative ability studied 
by means of  coordination or supramolecular 
chemistry, or even as the immunochemical 
affinity characterized by immunofluorescent 
and immunoelectrophoretic methods. Thus, 
ferroelectric structures possess a number 
of  functional characteristics providing their 
applicability in the active membrane modeling 
(an incorrect term “segnetoelectric” frequently 
used in Russian language periodicals is 
synonymous to the term “ferroelectric” [87, 
88]). 

Functional similarity should be based on 
the strong structural or physico-chemical 
reason to be considered. Ion channels in 
biological cell membranes are responsible for 
the energy and mass transfer (active transport) 
and the electric signal transduction. Therefore, 
an adequate cell or biomembrane model 
should contain either membrane ion channels, 
which is impossible due to the difference in 
the operation conditions and artificial nature 
of  the model, or their functional equivalent. 

In the case of  the synthetic ferroelectric 
membranes only a functional analogy can be 
realized without the substrate modeling, since 
the chemistry of  the ion channel operation 
can not operate in the rheological conditions 
typical for the ferroelectric films.

Even a more sophisticated approach to the 
membrane function modeling does not require 
introduction of  the special ion channels into the 
model membrane: in an ideal case the modeling 
medium itself  should possess the properties 
sufficient for the ion channel function 
simulation. In 1987 there were two papers 
published in the same issue of  the «Journal of  
Theoretical Biology», one of  which postulated 
the existence of  the special ferroelectric zones 
in a biomembrane channelome [89], while the 
second one states that the ion currents and the 
corresponding phase transitions in the cortical 
zone or cell membrane can be successfully 
described by the model ferroelectric channel 
units [90]. In 1992 Bystrov proposed a novel 
ferroelectric phason model of  the membrane 
sodium ion channels [91] based on his early 
works on ferroelectrics with semiconductor 
properties where the ferroelectric response is 
realized via fluctuon and phason mechanisms 
[92]. This approach is in consistence with the 
above cited semiconductor membrane models. 
The signal transduction mechanism based 
on quasiparticles is characterized by a higher 
level of  physical abstraction then the models 
using certain ion types which adequately 
mimic the biological prototype only at the 
specific biochemical / bioorganic medium. 
Later Bystrov moved from the sodium channel 
simulation [93] to the analysis of  the ion 
channels [94] as the responsive structures with 
the gating phenomenon [95]. In the early papers 
[89,90] Leuchtag connected model concepts 
about bioferroelectric phenomena and the 
functions of  the electrically-controlled voltage-
dependent ion channels [96]. The striction 
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effects observed were found to correlate well 
with the conformational and steric changes and 
the induced phase transitions in the ion channel 
structure and the surrounding membrane in 
the voltage-dependent ion channels [97, 98]. 
The only disadvantage of  the model was the 
need to use the analogy with the superionic 
conductivity and the ferroelectric transition to 
the superionic state (the so-called superionic 
transition) in some relevant cases [97, 99], 
which caused objections from the specialists 
who worked with membranes beyond this 
transitional range. However, superionic phase 
transition is known in many cases to be a 
ferroelastic one and is characterized by a 
high probability of  spontaneous deformation 
[100, 101], which allows its participation in 
ultrastructural morphogenesis in the presence 
of  this effect in subcellular membranous 
structures. Speaking about the current trend 
considering mechanotransduction as a factor 
of  development and morphogenesis [102], it is 
necessary to mention the concepts considering 
ferrofluids in morphogenesis modeling (for 
example, see «Morphogenesis: Origins of  
Patterns and Shapes», part II, «Ferrofluids: a 
model system of  self-organized equilibrium» 
[103]). It is also noteworthy that a ferrofluid 
can be not ferromagnetic, but ferroelectric 
[104-107], while conventional ferrofluids 
or so-called ferromagnetic fluids, which 
do not retain residual magnetization in the 
absence of  the external field in fact are not 
ferromagnetic, but rather paramagnetic or 
even superparamagnetic [108, 109]. They can 
even be neither liquids, nor solutions, but 
suspensions.  An example of  a non-liquid 
non-ferrofluid is the dusty space plasma with 
the properties of  a superparamagnetic liqiuid 
[110]). Ferrofluid application in tracing / self-
assembly of  the charge or charge-coupled 
flows (magnetoelecrostatic jets [109], etc) can 
be used in the models of  self-organization 

under the membrane excitation of  the ion 
channels based on the methods and principles 
of  the ferroelectric physics [111]. Thus, it is 
possible to implement a higher integration 
level of  the ion channel mimetics into the 
morphophysiological specialization of  the 
biomodels using ferroelectric membranes and 
membranemimetic ferromagnetic structures, 
despite the fact that the mimicking medium 
does not possess the biochemical similarity 
and affinity to the biomembranes. In fact, 
this similarity ends at the level of  the models 
which postulate the similarity between the ion 
transmembrane transport and the interfacial 
electron transport, which date back to the 
1960-th [112]. However, the mimicking system 
in this case is more functional due to the 
presence of  the physical analogs of  the ion 
channels.

Therefore, similar functional similarity 
criteria can be applied for the analysis of  the 
possibility to consider the graphene layers 
(particularly graphene bilayers) as the membrane 
mimetic materials and biomembrane models. 
This analysis will be presented in the next part 
of  the paper considering the issues listed in the 
ansatz below.

7. ANSÄTZE
To perform the biomembrane mimetic 
functions graphene, as well as any other 
material, should possess:
1. Semipermeability, providing selective ion 

transport through the cell surface, and 
hence, the ionic channels/pores which are 
blocked by the heavy metals.

2. An electric double layer for energy 
accumulation (as in the capacitor), directed 
charge carrier gradient (such as the 
difference in electrochemical potentials of  
the protons at the coupling membranes in 
chemiosmotic theory introduced by P.D. 
Mitchell, leading to the charge accumulation 
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at the membrane surface) and a periodic 
“capacity discharge”.

3. The diffusion mechanism for the redox 
agents, such as water and gases in the 
simplest case of  the passive transport, as 
well as the redox regulation of  the osmotic 
liquid permeability; the cyclic exchange 
processes with the environment should 
cause the changes in the optical and 
electrophysical parameters of  the chemical 
system surrounded by the membrane 
mimetic material.

4. Electrophysical activity, simulating or 
substituting the membrane potential 
generation as a dynamic process with a 
certain spectrum which can be considered 
as a signal transduction from the pseudo-
membrane and induces a number of  
physico-chemical processes; the above 
process (especially in the case of  the above 
cited ferroelectric membrane models 
with the conformation regulation by the 
external field) should be accompanied by 
the surface oscillations or a synchronous 
variation of  the parameters correlated 
with the locally registered charge, such as a 
harmonic channel response.

5. The ability to form closed surfaces 
providing compartmentalization and 
gradient separation of  the reaction 
processes, including those responsible for 
the electrogenesis, as well as the ability to 
duplicate the surface after reaching the 
critical value of  the surface tension (or the 
critical mass) of  the compartmentalized 
medium, similar to the simplest models of  
cytotomy.

6. Sensing properties to the primary physical 
stimuli with an unconditioned response 
shifting the equilibrium due to the primary 
charge transfer, which does not depend 
on the chemical composition of  the 
surrounding medium.

7. Sensitivity towards the external chemical 
agents, shifting the equilibrium of  the 
subsurface processes mediated by the 
membrane mimetic surface.

8. Sorption capacity (at least in the framework 
of  the well-known simplified Roginsky-
Zeldovich or Elovich equation) and on-
surface template fixation of  the separated 
chemical agents.

9. The ability to fix (either covalently or not) 
xenogenic sensor agents similar to the 
immune complexes grafted to the model 
phospholipid vesicles; such agents may 
include enzymes or other compounds  
capable of  specific complementary 
supramolecular binding; in an ideal case the 
substitution of  the enzyme and receptor 
functions should be performed without the 
enzyme or receptor molecules.
In the next part of  this paper considering 

the above requirements to the graphene, 
graphene-like structures and, in particular, 
multilayered graphene, the section numbers 
correspond to those in the above list.
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Abstract. Despite modern technological advances, the creation of  powerful, energy-intensive and 
environmentally friendly energy storage devices is an actual problem. Lithium-ion batteries (LIBs), 
which have a high density of  stored energy and low self-discharge, are the priority in the list of  
advanced energy storage devices. Performance of  LIB depends on the composition and structure of  
the materials used to create the cathodes and anodes. Recently, among the new materials focusing 
on graphene combines a number of  unique properties of  the defining prospects use as electrode 
materials. This review summarizes the modern main achievements of  the period from 2013 by 2015 
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1. INTRODUCTION
Nanomaterials of  various composition and 
morphology are widely used in research 
works on creation of  innovative electrodes 
for LIB [1]. Despite of  large number of  

commercially available LIBs types [2-8] they 
do not meet the requirements of  various 
consumers, both military and civil. There is 
a need of  increase of  capacity, rate of  the 
charge/discharge, cycle-life, decrease in 
cost value of  LIB, reduction of  toxicity and 
fire danger. This initiates a search of  new 
materials [9, 10] and batteries manufacturing 
technology that would allow producing light, 
compact and more capacitive devices of  
energy storage.

One way of  solving these problems is 
use of  a graphene as a part of  the electrode 
material [11, 12]. Graphene has a high 
conductivity, a high surface area (2640 m2∙g-1) 
and capabilities of  withstanding the enormous 
current density (more than 107 A∙cm-2) [13]. 
Maximum of  charge carrier mobility in single-
layergrapheneat room temperature is 200.000 
cm2∙V−1∙s−1[14]. Graphene is the most durable 
material (Young's modulus 1TPa) and it can 
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be subjected to considerable deformation 
without breaking the crystal lattice [15]. The 
next advantage in favor of  the use of  graphene 
in the LIB is the use of  its derivatives, such 
as graphene oxide. At this time the graphene 
and graphene oxide are made by a row of  
companies [16, 17] and these materials are 
quite available.

2. GRAPHENE AS AN ANODE 
MATERIAL FOR LIB
The high surface area, high electrical 
conductivity, strength and plasticity of  graphene 
point out to applicationway of  graphene as 
ananode material for a LIB. Especially that 
graphite uses in LIBs produced by modern 
industry successfully, and intercalated capacity 
(that is, the quantity of  electricity, which can 
be transferred to fully charged electrode, per 
unit mass or volume) of  graphite relative to 
the lithium electrode is 372 mA∙h∙g-1 [2]. In 
most publications, Hammers' method uses 
as a main synthesis method of  graphene for 
anodes LIB [12], which is compared with the 
CVD synthesis method is technically more 
simple. Research results indicate values of   
intercalation capacity of  graphene from 165 to 
1400 mA∙h∙g-1 of  [16-41] that in the case of  high 
values of  capacitance are not consistent with 
the theoretical model of  intercalation (inserts 
between layers)/deintercalation of  lithium 
into the graphite structure [1]. However, some 
authors do attempts a theoretical explanation of  
the increased intercalation capacity of  graphene 
compared to graphite [42-45] by the presence 
of  defects in the structure of  graphene flakes.

3. ANODE MATERIALS BASED ON 
SPHERES OF GRAPHENE
Some scientists give various forms to cathode 
materials for increasing of  them capacity, for 
example, it is demonstrate the possibility of  
spheres creation from graphene flakes [46, 
47]. The method was based on few steps: it is 
needed into aqueous dispersion of  graphene 
oxide poured slowly an olive oil which warmed 

up to 90°C; after that the mixture was heated 
to 95°C for gradually evaporating water. Next, 
spheres thus obtained (Fig. 1) were separated 
from the dispersion by centrifugation, followed 
by thermal reduction to form graphene.

Electrochemical tests of  the resulting 
microspheres as the anode material showed 
excellent results, the maximum discharge capacity 
(MDC) in the first cycle charge/discharge was 
903 mA∙h∙g−1 at a discharge current of  C/18, 
upon further cycling capacity of  the material 
decreased to 652 mA∙h∙g−1. Unfortunately, the 
paper provides no data concerning the surface 
area of  the resulting microspheres.

Similar spheres (d = 30-40 nm, BET area 
of  733 m2∙g−1) can be prepared by mixing 
aqueous solutions of  melamine and graphene 
oxide, followed by melamine lyophilization and 
thermal reduction to graphene at 800°C in argon; 
discharge capacity of  1454 mA∙h∙g−1at a current 
0.27C and 200 cycles of  charge/discharge.

4. ANODE MATERIALS BASED ON TIN 
AND GRAPHENE
Graphene as the anode material is modified with 
various additives [48, 49]. There are a number of  
metals wich have reversible intercalation capacity 
relative to lithium. For example, for usable tin a 
value is 991 mA∙h∙g−1[3] andit makes the metal 
very promising anode material. However, lithium 
increases a volume of  the crystal lattice of  tin 
more than 3 times during doping process, that 

Fig. 1. SEM image of  sphere made of  graphene oxide flakes [46]
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inevitably leads to the gradual destruction of  the 
electrode. In that context researchers do large 
amount of  scientific work around the world to 
find ways to stabilize the anode based on tin 
during cycling.

Formation containment made of  graphene 
is one of  ways to increasing of  electrochemical 
strength and capacity of  anode materials 
based on tin. Qin et al. [50] have obtained tin/
graphene composite by mixing graphene oxide 
and tin ethylhexanoate in ethanol, followed by 
autoclaving at 160°C for 10 hours. This resulted 
in reduction of  the graphene oxide flakes to 
form of  tin nanoparticles on their surface 
with size of  3 to 5 nm, MDC = 811 mA∙h∙g−1 
(500 charge/discharge cycles). It is shown that 
increasing of  tin particle size from 100 to 300 
nm results in decreasing of  capacitive indicators 
(MDC = 440 mA∙h∙g−1, 55 charge/discharge 
cycles) [51-53].

Variation of  tin particles form does not lead 
to an improvement in capacity characteristics. Liu 
et al. [54] have obtained nanoflakes of  tin oxide 
with thickness up to 10 nm and a lateral size up 
to 500 nm (MDC = 450 mA∙h∙g−1, 100 charge/
discharge cycles). Guo et al. [55] have obtained 
nanoparticles of  tin oxide on the surface of  the 
reduced graphene oxide flakes with size up to 40 
nm and a structure of  «nanoflower» (MDC = 
691 mA∙h∙g−1, 50 charge/discharge cycles).

Sometimes scientists use tin oxide on the 
anode surface as a source of  tin. Dhanabalan et 
al [56] have obtained composite of  tin oxide/
graphene by method of  solution synthesis, MDC 
was from 534 to 737 mA∙h∙g−1 for 70 cycles. 
Also modification of  graphene can be used. For 
example, Lin et al. [57] have used nanoribbons 
of  graphene (made of  carbon nanotubes 
[58]), with tin oxide nanoparticles.As a result 
a composite anode material was obtained with 
MDC 825 mA∙h∙g−1 during 50 charge/discharge 
cycles. Thus, it is shown that modification of  
graphene-based anode with metals in various 
forms can significantly improve the capacitive 
characteristics.

5. ANODE MATERIALS BASED ON 
SILICON AND GRAPHENE
The theoretical intercalation capacity of  silicon 
relative to lithium is sufficiently high (4200 
mA∙h∙g−1 [1]), that attracts the attention of  
researchers to creation of  anodes based on it. 
However, as in the case of  tin, volume of  the 
material increases by 4 times at introduction 
of  lithium ions into crystal lattice of  silicon, 
which leads to the destruction of  the electrode 
within 10-20 charge/discharge cycles.In order 
to eliminate this negative effect, researches 
try to create a composite material silicon/
graphene.

Synthesis of  composite materials based on 
silicon and graphene is carried out by solution 
methods in two ways: by volatile metal-organic 
compounds (MOC) chemical vapor deposition 
(CVD) or by mixing silicon nanoparticles with 
flakes of  graphene. Zhou et al. [59] produced 
an ultrasonic dispersion of  solution containing 
silicon nanoparticles with an average size up 
to 100 nm and flakes of  graphene oxide, then 
the resulting dispersion was filtered out and 
the product of  synthesis was subjected to 
high-temperature treatment. The high value of  
MDC=1500 mA∙h∙g−1was achieved at a current 
of  1C, during over 200 charge/discharge cycles. 
But more important to note, authors [59] 
obtained high capacitance values per unit area (6 
mA∙h∙cm−2), for comparison we recall that the 
capacity of  an anode based on graphite in modern 
LIBs does not exceed 4 mA∙h∙cm−2. Thus, the 
authors of  this study have demonstrated a real 
opportunity to increase the power consumption 
of  the LIBin a case of  using silicon/graphene 
composites. The achieved values of  capacitance 
is quite reproducible; so Gao et al. [60] got the 
value of  MDC equal 1250 mA∙h∙g−1.

The change of  morphology of  silicon 
nanoparticles, like a transition to whiskers, 
allowed increasing the capacity up to 1600 
mA∙h∙g−1 for 100 charge/discharge cycles [61].

Changing of  morphology of  current-
collector material can also affect the capacity 
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characteristics of  LIB. Thus, Chang et al. [62] 
deposited dispersions of  graphene oxide and 
silicon nanoparticles (100 nm) in ethanol layer-
by-layer on the surface of  porous nickel foam by 
aerograph. Value of  MDC was achieved equal 
780 mA∙h∙g−1at a current of  3C during over 300 
charge/discharge cycles.

In most studies tetrachlorosilane is used as a 
source of  silicon for the CVD method [63, 64], 
which decompose at temperatures above 700°C 
with formation of  silicon. Thus, dispersion of  
graphene oxide in water with a concentration 
of  0.7 mg/ml was frozen in liquid nitrogen in 
research work [65]. The resulting sample of  
graphene oxide was reduced by hydrogen at 
1000°C. Next, according to research work [63], 
tetrachlorosilane was introduced by injection, 
as result of  which on the surface of  the 
reduced graphene oxide flakes were formed 
silicon nanoparticles with a size of  5 to 10 nm. 
Authors have achieved the MDC equal 1103 
mA∙h∙g−1 for 1000 cycles at 14C charge current, 
discharge current was 2C, also they have 
reproduced achieved capacity characteristics 
of  the anode in the model assembly of  LIB, 
where LiCoO2 was used as a cathode. In this 
research the degree of  volume changes during 
the intercalation as for silicon nanoparticles 
so too for the whole of  anode material was 
investigated in detail. It is established increase 
of  the volume of  silicon nanoparticles by 
intercalation of  lithium into their crystal 
lattices, and comeback to the original volume 
at deintercalation, i.e. nanoparticles' vary 
reversibly, but the electrode as a whole remains 
unchanged (Fig. 2).

Higher values MDC 821 mA∙h∙g−1, for 700 
charge/discharge cycles at a current of  1 A∙g−1 
were obtained in [64, 65], where material having 
a tubular morphology based on layers of  silicon 
and graphene was created.

Thus, it is shown that the combination 
of  high intercalation capacity of  silicon, high 
mechanical strength and electrical conductivity 
of  graphene allows to create promising materials 
for anode of  LIB.

6. ANODE MATERIALS BASED ON 
METAL OXIDES AND GRAPHENE
It is known that metal oxides (Fe3O4, Mn3O4, 
CuO, MoO2, TiO2) have a certain intercalation 
capacity relative to lithium, but they are not 
allow to use them in the pure form as an anode 
material. It is assumed, that use composites 
metal oxide/graphene may increase the capacity 
and cyclic life of  LIBs. Below, we analyze the 
results of  studies of  the respective composite 
materials as anodes.

Thus, MDC varied just in range of  130 to 
250 mA∙h∙g−1 depending on rate of  the charge 
and discharge for composites of  titanium oxide/
graphene [66-70]. A similar composite gave out 
MDC levels at 247, 238, 225, 210, 187 and 175 
mA∙h∙g−1 at discharge currents of  0.1, 0.2, 0.5, 1, 
2.5, and 5C, which was described in [69].

Modification graphene oxide by microwave 
processing in a composite of  titanium oxide/
graphene [71] did not lead to a substantial 
increase of  MDC and it was 150 mA∙h∙g−1.

Modification of  titanium oxide by tin oxide 
additives leads to a significant increase in capacity 
characteristics at a discharge current of  0.1, 0.2, 
0.5 and 1C, MDCs was 1473, 1043, 814 and 570 
mA∙h∙g−1 [72].

Lithium titanate (LTO) relate to the 
compounds of  titanium having the intercalation 
capacitance, and it is used in industrial 
output lithium-ion batteries.The maximum 
theoretically possible intercalation capacity 
of  this material is 175 mA∙h∙g−1 [73], which is 
considerably inferior to graphite used in the 

Fig. 2. SEM image layer of  anode material during cycling [63].
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manufacture of  modern LIBs. However, lithium 
titanate is able to withstand high load currents 
up to 10C without loss of  capacity. Naturally it 
was a desire of  researchers to use composite of  
LTO/graphene as an anode material. Li4Ti5O12 
was prepared by mechanochemical synthesis of  
TiO2 and Li2CO3. The resulting Li4Ti5O12 was 
introduced into dispersion of  graphene oxide in 
water followed by addition of  hydrazine hydrate 
for reducing of  graphene oxide. Unfortunately, 
the hopes of  obtaining an anode material with 
high values of  capacity were not justified, so 
the discharge capacities of  LTO/graphene 
obtained in [74] were 167, 156, 145 and 104 
mA∙h∙g−1 at a discharge current of  1, 5, 10 and 
20 C.

Manganese oxides are widely used in standart 
batteries. The composite of  graphene/MnO 
described in [75], showed high values of  MDC 
700 mA∙h∙g−1 at 3C discharge current. Changes in 
the morphology of  the manganese oxide samples 
are the creation of  nanofibers, which are not 
significantly improve LIBs characteristics, but 
they store them on a high enough level (MDC 
705 mA∙h∙g−1, 100 charge/discharge cycles) [76]. 
It is interesting to note that the reduced metallic 
Mn in alloy with Si demonstrates a significant 
capacitive characteristics 605 mA∙h∙g−1 during 
50 charge/discharge cycles [77]. These results 
indicate that initial valence state of  the metal 
in anode material (Mn+2, Mn+4, Mn0) has no 
influence on the capacitive characteristics. 
Apparently, the same form of  the metal realized 
for three cases of  valence in the first cycles of  
the LIB charge/discharge.

The above methods of  formation of  metal 
oxide/graphene composites as a material for 
anodes LIBs usually used for anode materials 
with other oxides also. So in some research [78, 
79] composite of  molybdenum oxide/graphene 
gave out MDCs 1040, 930, 727 and 610 mA∙h∙g−1 
at discharge currents of  0.1, 0.2, 0.5 and 1C. 
Essentially similar results were obtained in [79] 
where the MDCs was 1100, 900, 680 and 610 
mA∙h∙g−1 at discharge currents of  0.1, 0.5, 5 and 

10C. At the same time, an interesting method 
was proposed in [80]. The authors [80] have 
applied the method «spraypyrolysis», which 
consists in spraying the solution containing 
flakes of  graphene oxide and the salt of  Mo (VI) 
in a chamber at 900ºC.The discharge capacity 
of  the result material was 975 mA∙h∙g−1 for 100 
cycles.

7. GRAPHENE AS A MODIFICATOR OF 
LITHIUM ANODE
Recall that one of  the first materials used 
as an anode of  LIB was the metallic lithium 
pure and simple. One of  disadvantages of  the 
material is dendrites which formed on the LIB 
anode surface under a sufficiently long cycling 
and germinated through a separator that led to 
short circuit with a cathode. Thus, coating film 
of  reduced graphene oxide for lithium makes it 
possible to eliminate the germination dendrites 
[81].

Kim et al. [82] have used another approach 
and they have transferred CVD graphene on 
a surface of  lithium foil. The capacitance of  
developed electrode was 4 mA∙h∙cm−2 in terms 
of  unit surface. This means that the graphene 
layer resists the formation and sprouting of  
dendrites. These first experiments indicate 
the possibility of  the use of  graphene as 
a protective coating of  lithium anode, and 
therefore the possibility of  increase of  capacity 
of  LIB with the use of  new high-capacity and 
safe anode.

8. CONCLUSION
From this brief  review of  the first publications 
follows that graphene having a set of  unique 
properties has to find widespread use in modern 
LIBs, not only as an anode material but also as 
a conductive additive, the reinforcing element 
and the protective coating. The large range 
of  used synthesis methods allows creating 
a graphene-based functional materials with 
various morphology, physical and chemical 
characteristics, this is a huge advantage of  it over 
other tested materials.
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Abstract. Calculations of  the structure and electronic properties for five structural variations of  
graphane were performed within the framework of  density functional theory (DFT) with generalized 
gradient approximations (DDA). The electron densities of  states and band structure of  graphene 
crystals have been calculated. It has been established that the band gap at the Fermi level for 
graphane polymorphs varies from 5.50 eV to 5.65 eV. Energy sublimation graphane layers with 
different structure was varying from 11.33 to 11.48 eV/atom.
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1. INTRODUCTION
Graphene layers were first obtained in 
2004 [1] in 2010 for their research was 
awarded the Nobel Prize in Physics. Use 
of  graphene layers for the construction of  
electronic devices possible using cutting 
out of  graphene layers ribbons having a 
lateral width of  the order of  a nanometer. 
Such graphene ribbons depending on the 
width and orientation of  the carbon-carbon 
bonds can have conductive properties of  the 
semiconductor to the metal, just as observed 
for carbon nanotubes. However, such tapes 
to sew in space with need for isolate them 
from each other  is rather complicated 
technological problem. Much easier to obtain 
nanoelectronic devices from graphene ribbons 
forming them on graphane dielectric layers 
by removing part of  the hydrogen atoms. 
Graphane layers are obtained by joining one 

hydrogen atom to each of  the carbon atoms 
of  the graphene layer. Such layers more 
properly be called hydrogenographane since 
they do consist not only of  carbon atoms 
but also atoms of  hydrogen. Theoretically, 
the possible existence of  such compounds 
was predicted in 2007 [2], experimentally 
hydrogenographane layers were synthesized 
in 2009 [3]. Graphane (unlike graphene) is a 
dielectric. It is stable to hydrogen desorption 
at normal conditions, and therefore can be 
used in nanoelectronic devices operating at 
room temperature [4]. Hydrogenographane 
layers, both theoretically and experimentally 
investigated to date, consist of  carbon atoms 
in the sp3 hybridization. Each of  the carbon 
atoms linked by covalent σ-bonds to three 
neighboring carbon atoms in addition to each 
carbon atom of  layer is joined by hydrogen 
atom alternately on each side of  the layer 
[2, 3]. Perhaps may exist structural types of  
hydrogenographane layers with different 
properties that may be of  interest in terms of  
using them as a basis for electronic devices. 
In this study, we investigated the structure 
and electronic properties of  the five main 
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polymorphic types of  hydrogenographane 
layers.

2. RESEARCH METHODOLOGY
For practical use of  graphane layers it is 
desirable obtaining layers of  graphane with 
non-carbon atoms attached to only one side 
of  the layer. However, as showed studies 
carried out earlier [5, 6], these layers are 
strongly deformed and tend to form structure 
like a scroll, which makes them unsuitable 
for use as a basis for nanoelectronic devices. 
Therefore, in this study we analyzed only 
hydrogenographane layers with hydrogen 
atoms attached to both sides of  graphane 
layer.

As shown by theoretical analysis - there are 
only five different ways in connection with 
non-carbon atoms graphane layer on both 
sides, so that the positions of  all the carbon 
atoms were crystallographically equivalent. 
Various structural types of  graphane layers 
with non-equivalent positions of  carbon 
atoms may be more, but thermodynamically 
stable should be layers with equivalent 
positions of  the atoms.

Fig. 1 shows the initial graphene layers 
with different dedicated color including the 
carbon atoms to which the non-carbon atoms 
can join with its upper-layer side (to the atoms 
of  the same color), or the lower layer side 
(to atoms of  a different color). The first of  
these types of  connection T1 corresponds 
hydrogenographane layer described in [2, 
3]. Three ways to join T2, T3 and T4 were 
considered earlier in [7, 8]. The possibility of  
existence  the fifth main structural type T5 

of  hydrogenographane layers studied for the 
first time in this paper.

Theoretically built hydrogenographane 
layers of  the five main types were subjected to 
geometrical optimization by the methods of  
density functional theory (DFT) [9] within the 
generalized gradient approximations (GGA) 
[10]. Calculations of  geometrically optimized 
structure and band structure were made by 
software package Quantum ESPRESSO [11]. 
Calculations were carried out for the layers 
arranged in a three-dimensional structure, but 
the distance between the layers (at the same 
time it was a period of  elementary broadcasts 
along the crystallographic c axis) was chosen 
sufficiently large (10 Å), so that layers do not 
affect the structure of  the adjacent layers 
and their properties. Densities of  electron 
states calculated using a set of  k-points: 
12×12×12. The wave functions are displayed 
on a truncated basis set of  plane waves. The 
dimension of  the set of  basis functions has 
been limited by the value Ecutoff  = 1 keV.

3. RESULTS AND DISCUSSION
Images five of  structural types of  graphane 
layers, geometrically optimized by DFT-
GGA, shown in Fig. 2. The structural 
characteristics of  the layers are shown in 
Table 1. Hydrogenographane layers of  
various types have very different structure. 
The layers have different unit cells which 
differ parameters and number of  contained 
atoms (Fig. 2, Tab. 1). The unit cells of  
graphane layer contains from 4 to 16 atoms 
and include crystalline hexagonal lattice 
(Hex), triclinic (Tr) or orthorhombic (Ort) 
syngonies. Density of  hydrogenographane 

Fig. 1. Possible ways of  attachment of  hydrogen atoms on two sides of  the graphene layer: (a) T1; (b) T2; (c) T3; (d) T4; (e) T5.

 

                  a                                   b                                     c                                     d                                    e
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layers ranges from 0.77 to 0.88 mg/m2 that 
exceeds the density of  graphene layers of  
0.74 mg/m2.

The total energy per one C-H group of  
molecular (Etotal) ranges from –173.37 to 
–173.22 eV (Table 1). Sublimation energy 
(Esub) calculation was made as a result of  
the calculation of  the difference between the 

total energy of  a single C-H molecular group 
in hydrogenographane layer and the energy 
of  isolated carbon and hydrogen atoms (the 
estimated value of  these energies –149.56 and 
–12.33 eV/atom.). In result of  calculations 
were found specific sublimation energy per 
one carbon atom of  graphane layer. The 
numerical values of  sublimation energy 

    
                                              a                                                                                      b

    
                                              c                                                                                      d

  
                                                                                     e

Fig. 2. Elementary cell structure and hydrogenographane layers of  various types: (a) T1; (b) T2; (c) T3; (d) T4; (e) T5.

Table 1
The structural parameters and properties graphane layers T1-T5 types, as well as hexagonal graphene L6.

Layer Т1 Т2 Т3 Т4 Т5 L6

Syngony Hex Tr Tr Ort Ort Hex
a, Å 2.5532 2.5415 4.6158 4.5707 5.0060 2.491
b, Å 5.0214 2.5606 4.3496 4.4404
γ, ° 120 120.4393 123.7379 90 90 120

Etotal, eV/u.c. -346.74 -693.08 -693.29 -1385.29 -1385.74 -314.64
Etotal, eV/(CH) -173.37 -173.27 -173.32 -173.25 -173.22 -
Esub, eV/at. 11.48 11.38 11.43 11.36 11.33 7.76

ΔEsub, eV/at. 3.72 3.63 3.67 3.60 3.57 0
Δ, eV 5.55 5.50 5.54 5.51 5.65 0.00

ρ, mg/m2 0.77 0.79 0.88 0.87 0.78 0.74
N, at. 4 8 8 16 16 2

CONDENSED MATTER PHYSICS STRUCTURAL VARIATIONS OF GRAPHANE



52

 No. 1 | Vol. 8 | 2016 | RENSIT

hydrogenographane layers in the range of  
11.33 to 11.48 eV/atom that on 3.57÷3.72 eV 
higher than the value of  the specific energy 
of  sublimation layer of  hexagonal graphene 
(Table 1). Apparently this is due to higher 
strength carbon-hydrogen bond as compared 
with the carbon-carbon bond between the π 
electrons of  graphene layer. The maximum 
energy of  sublimation is observed for the T1-
type layer, and the minimum for T5, but the 
relative energy difference is only 1.3%, which 
indicates the possibility of  stable existence 
of  all main polymorphic types of  graphane.

The results of  measuring the lengths of  
interatomic bonds and the angles between 
them are shown in Table 2. The lengths of  
the carbon-carbon bonds vary in the range 
of  1.5459 do1.5830 Å, and carbon-hydrogen 
from 1.1094 to 1.1183 Å. The angles between 
the bonds in graphane layers differ from the 
angle of  109.47° that characteristic of  the 
atomic positions in the diamond structure. 
The total deviation of  angles between 
bonds from the angles in the diamond 
structure is characterized by a deformation 
parameter Def, which quantifies the degree 
of  tension of  the structure in comparison 
with the diamond structure.  Minimum value 
Def  (10.87°) was observed for graphane 

T1-type layer, the maximum value (22.33°) 
for T5 layer. This is a good explanation of  
the difference sublimation energy structure 
types - a minimum of  energy is observed 

Table 2
The bond lengths and bond angles in graphane layers.

Layer Т1 Т2 Т3 Т4 Т5
L1(C-C), Å 1.5467 1.5796 1.5530 1.5506 1.5701

L2(C-C), Å 1.5467 1.5459 1.5530 1.5830 1.5476

L3(C-C), Å 1.5467 1.5459 1.5530 1.5830 1.5559

L4(C-H), Å 1.1183 1.1124 1.1128 1.1094 1.1139

φ12, ° 111.25 112.27 112.28 112.44 112.00

φ13, ° 111.25 112.27 112.28 112.44 117.77

φ14, ° 107.63 106.61 107.85 107.42 105.94

φ23, ° 111.25 110.60 111.04 112.39 107.44

φ24, ° 107.63 107.41 106.50 106.47 106.55

φ34, ° 107.63 107.41 106.50 106.47 106.45

Def, ° 10.87 13.71 14.74 16.91 22.33

 
a

 
b

 
c

 
d

 
e

Fig. 3. The density of  electron states hydrogenographane layers 
of  different types: (a) T1; (b) T2; (c) T3; (d) T4; (e) T5.
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for sublimation of  the strained layer, the 
maximum Esub – for the layer in which the 
smallest deformation parameter (Table 1, 2.).
The calculated of  electron density of  states 
for five graphane layers are shown in Fig. 
3. The numerical values of  band gaps at the 
Fermi energy level are shown in Table 1. 
The band gap Δ of  graphene layers were in 
the range of  5.50 to 5.65 eV. This indicates 
that all hydrogenographane layers regardless 
of  type should exhibit structural dielectric 
properties.

4. CONCLUSION
Thus, by method of  DFT-GGA calculation 
were calculated the crystal structure and 
electronic properties of  five main structural 
types of  hydrogenographane layers, the 
resulting attachment of  hydrogen atoms to 
the graphene layer L6. Calculations of  the 
band structure and density of  electronic 
states graphyne compounds indicate that their 
electronic properties to be different from each 
other slightly, and all hydrogenographane 
layers should bad conduct electricity. Local 
carbonation and making of  graphene ribbons 
on dielectric layer of  graphane     is possible 
for hydrogenographane layers of  any of  the 
five major structural types as a result can be 
obtained nanoelectronic devices. However, 
perhaps some of  the polymorphic types of  
graphane may be preferable to deal with 
these problems. This question remains open 
and should be studied in future research.
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1. INTRODUCTION
In nature there are almost no substances which 
during a time and under the influence of  
various external factors have not changed its 
physicochemical parameters and characteristics. 
The speed of  these changes is largely determined 
by the physicochemical nature of  the substance, 
duration and intensity of  exposure. In many 
cases the monitoring of  these changes is a major 

INFORMATION TECHNOLOGIES

DIGITAL METHODS OF EXPRESS-DIAGNOSTICS QUALITY OF 
SUBSTANCES OF DIFFERENT PHYSICOCHEMICAL NATURE
(summarizing article)
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Abstract. The present work offers the methods of  express diagnostics of  quality of  substances of  
different physicochemical nature, recording their color and its changes under influence of  various 
external factors, based on digital image processing. The object of  digital processing is digitized 
using professional flatbed scanners and digital image apparatuses of  the investigated substances. 
Quality assessment of  substances and registration of  it changes based on building of  differential 
contrast (zero and not zero), the luminance characteristics of  intensity profiles, areas of  equal 
contrast and the decomposition of  the digitized image by color channels, which allows to quantify 
the quality and the change of  the diagnosed objects, and reduces the subjective factor due to 
their visual perception. No visually perceive changes in the material are easily registered by the 
digitizers. Zero differential contrast corresponds to identical images and there is no influence of  the 
investigated factor on this substance. The developed method of  quality assessment, registration, 
changes, research, and visualizations taking place in the substance of  the processes, detection 
of  counterfeit products, as comparing with efficiency of  different methods, wavelet bases, etc., is 
easy to implement, has the immediacy, accessibility and tested in the diagnosis of  substances of  
different physicochemical nature.
Keywords: substances, diagnostics, digital processing, wavelet analysis, single crystal, image, 
technique, express analysis, quantitative criteria, color, difference contrast, brightness feature, 
intensity profile, region of  equal contrast, visualization
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challenge for the national economy, science and 
technology.

Registration of  changes and determination 
of  their speed is achieved by using a variety of  
methods and techniques, which differ from each 
other in resolution, sensitivity, complexity of  its 
implementation, rapidity, etc. For registration of  
any changes it is necessary as a rule, expensive 
equipment, instruments, qualified professionals 
and supporting material that is available mainly 
to large enterprises, research centers and 
laboratories. Small and medium enterprises can 
not provide the required level of  research and 
diagnostics and are satisfied by available methods 
and equipment, relying on the requirements the 
supplier’s quality certificates, and neglect the 
changes of  parameters and characteristics of  
substances. This approach is not always valid 
and justified, especially when it comes to quality 
control of  raw materials and food products, 
medical products, identification of  counterfeit 
products, registration of  changes and degradation 
processes in materials and multilayered structures 
used in microelectronics, etc. Hence, the task is 
an improving old and developing new methods 
and techniques of  quality control substances of  
different physicochemical nature, available for a 
wide range of  researchers [1-25].

For operational research and quality control 
of  various substances the methods with 
rapidity, simplicity, availability, informativity, and 
reliability and validity of  the obtained data are 
needed. That is why it not accidentally the big 
hopes are related on computer and information 
technology with corresponding software and 
hardware [6-8, 19-21].

Color is one of  the most important 
characteristics of  the substances and is directly 
connected with change of  its physicochemical 
parameters and characteristics. Thus, registration 
of  changes of  color is not perceived visually, may 
be the basis of  methods of  express-diagnostics 
and research of  substances of  different 
physicochemical nature in different states of  
aggregation [11-18, 20]. When comparing between 

the quality of  different images, methods and 
techniques, changes in matter by various external 
factors not only qualitative but also quantitative 
assessments are important. It is significant the 
ease, reliability and rapidity of  assessment, the 
possibility of  its transfer to various objects of  
study [14, 15, 18, 19, 21, 26-28].

The present work represents a brief  review 
of  digital express methods and techniques 
of  quality research substances of  different 
physicochemical nature and changes occurring 
in them under the effect of  external factors. 
The experimental results of  the application of  
digital processing for diagnosing the quality of  
single crystals, raw meat, meat products, water, 
research different methods of  meat curing by 
multi-component mixture, obtained with the use 
of  a common approach in obtaining quantitative 
information about the investigated object are 
presented [14-25].

2. THE USED APPROACH, 
EQUIPMENT AND SOFTWARE
The basis of  the digital methods of  research 
and diagnostics of  substances of  different 
physicochemical nature, including the registration 
of  color and its changes is them digitizing, 
using professional equipment and subsequent 
mathematical processing of  the obtained images 
in specialized programs.

To digitize it can be used flatbed scanners, 
e.g. Epson Perfection 4890 Photo with an optical 
resolution of  4800 dpi and a dynamic range of  
3.8 D or Epson Perfection V 750 Pro with a 
resolution of  6400 dpi and a dynamic range of  
4.0 D (or similar scanners of  other firms with 
high depth of  sharpness).

In particular, when we study the liquid 
substances, and if  it is needed a high resolution 
it is more preferable as digitizing device, for 
example, Olympus Camedia C-5060, which is 
installed with help of  optical nozzle on optical 
microscope. The usage of  professional digital 
cameras with high resolution allows to avoid the 
application of  the optical nozzle.
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The test substance is placed in a special 
cuvette, made of  high-quality glass with a 
thickness of  1 mm, for example, from glass used 
in the manufacture of  photographic plates for 
nuclear research. The dimensions of  cuvettes 
make provision for simultaneous scanning of  
several studied samples.

To eliminate the influence on the result of  
the digitization of  the glass shooting of  cuvette 
without test substance is originally held. Next, in 
the cuvette the test substance is placed in, and 
again there is the shooting. Then from a digitized 
image of  the cell with a substance the image of  
an empty cell is subtracted.

Digitizing of  interesting areas of  substance 
is carried out in manual mode with the same 
settings of  the scanner and a digital camera with 
control external lighting and stable lighting of  
the microscope. It is preferable to carry out the 
digitization in a darkened room.

To eliminate the influence on the image of  
various external factors every sample or selected 
area is digitized at least five times. This allows 
to exclude or take into account the dispersion 
further defined in the color characteristics and, 
therefore, to make the research more objective 
and reliable.

In the research process, the samples are 
stored in refrigerators, freezers or in vivo under 
strictly controlled conditions. For processing 
of  digitized images the professional programs, 
for example, Image-Pro Plus 6.0, Matlab, 
Mathcad or similar programs, providing great 
opportunities compared to the scanner software 
are used. That is why the primary image, as 
the original, is scanned at the highest possible 
hardware characteristics on the resolution and 
number of  quantization levels that is called “as 
is” and saved in PSD, TIFF, or BMP formats, 
ensuring minimum losses of  useful information. 
In practice, for a number of  objects the changes 
of  color characteristics can be reliably recorded 
with lower resolutions, resulting in reducing of  
the size of  the digitized image and the time of  
its further processing (chosen experimentally). 

The analyzed images must necessarily have the 
same sizes and format [19-21]. The basic stages 
of  digital processing of  the digitized images of  
the studied objects and defined characteristics 
are presented in Fig. 1.

For digitized images in three color channels 
(blue, green and red), for example, in Image-
Pro Plus 6.0 program, difference contrast (DC), 
brightness characteristics (BC), an intensity 
profile (PI) and the area of  equal contrast (AEC) 
are built. It was established experimentally 
that some substances when comparing their 
images of  the greatest differences caused by the 
influence of  the external factor, are stronger in 
one of  the color channels, which is chosen then 
as the primary [14, 15, 20, 21].

Difference contrast is the result of  subtracting 
of  one image from another one, for example: 
images before and after any exposure on a 
substance; images of  different samples, if  you 
want to identify them distinctly, each from other 
in color characteristics; images of  the cell with 
substance and without it, if  you want to exclude 
the influence of  the glass cuvette on the result 
of  the digitization, etc. If  compared images are 
identical, the result is a homogeneous background 
of  zero DC. If  there are differences, not visually 
detectable, the DC is not uniform and the 
background is not equal to zero. Differences of  
images of  the investigated substances and their 
DC are registered by the building of  DC. The 
luminance characteristics show the distribution 
of  point image intensity: on the abscissa axis 

INFORMATION TECHNOLOGIES

Fig. 1. The sequence of  digital image processing and 
determined characteristics.
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intensity I in gradation of  gray color is putted 
(for an 8-bit image there are 255 gradations, for 
16-bit images there are 65535 gradations), and 
on the y axis the number of  dots N, having a 
given intensity. Under diagnosing of  substances’ 
quality, zero and non-zero DC can be visually 
indistinguishable, but the maximum value of  the 
BC is securely fixed to the distinction.

The intensity profiles show the intensity 
variation in the selected direction for 
construction: along the axis of  ordinates the 
intensity I is putted in gradation of  gray, and 
the abscissa axis is the image size in pixels. The 
intensity profiles constructed for a zero DC have 
the appearance of  straight horizontal lines, and 
BC – vertical (Fig. 2,a). In the presence of  even 
slight color differences built BC reflects this fact 
(Fig. 2,b). PI is less informative as compared to 
BC, but in some methods they are essential to 
obtain qualitative and quantitative information 
about the studied object or process.

In some cases, to eliminate the influence 
on the result of  digital processing features of  
experimental contrast, it is advisable to compare 
BC and PI not of  their original digitized images, 
but their DC and their zero DC [20, 21].

In practice, the image quality and the efficiency 
of  digital processing are evaluated visually and 
are largely dependent on the skill and visual 
acuity of  specialists, who can have different 
opinion about the same image, the result of  
digital processing, the optimality of  the choice 
of  a particular technique, etc. To eliminate the 
subjectivity it is necessary to introduce objective 

quantitative evaluation criteria images, which can 
be used, for example, [25-28].

1. The mean-square deviation or standard 
deviation (MSE) is statistical measure of  the 
dispersion of  values of  a random variable 
concerning to its expectation value. This value 
is dimensionless and equal to the average of  the 
squared errors (differences in the intensity of  
corresponding pixels) of  two images: the original 
X and treated Y. The lower MSE value, the closer 
to each other the compared images are.

2. The peak signal-to-noise ratio (PSNR) is 
often used to measure the level of  distortion 
in compressing images, for comparison of  
different methods of  restoration of  signals and 
to study the effect of  various parameters on 
the performance of  a particular algorithm. The 
value of  PSNR in the range of  20-40 and, the 
closer the processed image to the original, the 
higher the value of  this metric. A high PSNR 
value does not guarantee that the restored image 
seems to be of  high quality, but means only a 
certain similarity of  the processed and original 
images. The metrics PSNR and MSE are not 
absolute values.

3. The index of  structural similarity (SSIM) 
is a metric measuring of  the similarity of  
two images according to three components: 
luminance similarity, contrast similarity and 
structural similarity. To measure the quality of  the 
processed image, it is needed to have the original 
image. This technique (SSIM) was developed as 
a replacement for the metrics MSE and PSNR 
that do not take into account the peculiarities 
of  human perception. Unlike MSE and PSNR 

Fig. 2. BC and PI, constructed in Image-Pro Plus 6.0 program. Images for river and treated water were received by digital 
camera: a – for zero of  DC (river water-river water after treatment); b – river water before and after treatment.

INFORMATION TECHNOLOGIES

                                                a                                                                                                 b
                   River water                              Treated water                                River water                            Treated water

VALERY A. TKAL', INGA A. ZHUKOVSKAYA, ANNA V. 
SHARAEVA, NADEZHDA N. VODOLAZOVA



59

RENSIT | 2016 | Vol. 8 | No. 1

calculation of  the index of  structural similarity 
based on pixel-by-pixel comparison of  images, 
and on comparing blocks of  pixels of  a certain 
size, as a rule, these blocks are of  8×8 pixels. 
Next, the resulting values are combined into the 
final result. The result of  the measurement SSIM 
is in the range from minus 1 to plus 1. If  the 
value of  SSIM is 1, then the compared images 
are entirely identical [27, 28].

As an example, Fig. 3 shows the result of  
applying of  these three metrics to measure 
the quality of  restoration by Sym8 and Dmey 
wavelets of  noisy theoretical image of  edge 
dislocation for the single crystal 6H-SiC and 
different bandwidths.

During the conducted researches it was 
established that the metric of  evaluation of  the 
quality of  reconstruction of  the digitized images 
based on structural similarity (SSIM) is more 
advanced than the metrics PSNR and MSE. The 
reason is taking into account by the SSIM metric 
of  luminance, contrast and structural features 
of  the compared images. The best results 
of  reconstruction of  a noisy image of  edge 
dislocation obtained for wavelet Sym8. The main 
drawback of  these metrics is not a high rapidity, 
due to the need to perform calculations.

The most simple, effective, and rapid method 
of  quantitative evaluation of  image quality 
based on the construction of  DC, BC and PI 
is proposed by the authors of  papers [19, 23]. 

Fig. 3. The results of  the reconstruction by wavelets Dmey and Sym8 and evaluation the effectiveness of  restoration metrics 
MSE, PSNR and SSIM of  theoretical noisy image of  edge dislocation single in crystal 6H-SiC: a – original image; b – noise 
image; с – the result of  the recovery for different bandwidths, d – effectiveness of  evaluation of  recovery by all three metrics.
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All the necessary information about the image 
may be obtained during 30-60 seconds by 
the specialized for complex signal processing 
program Image-Pro Plus 6.0. The method was 
validated by comparison of  a large variety of  
digitized images of  substances of  different 
physicochemical nature and showed high 
efficiency, sensitivity, rapidity and accessibility 
for a wide range of  researchers [14-22].

Let us consider the application of  this 
technique to assess the quality of  reconstruction 
using wavelets Dmey and Sym8 on the theoretical 
example of  a noisy image of  screw dislocation in 
a 6H-SiC single crystal (Fig. 4).

Restored by these wavelets the image of  
screw dislocation visually almost do not differ 
from each other and pass all the main features 
of  the original theoretical contrast. Built DC of  
Sym8-source (1) and Dmey-source (2) which 

are not zero, are also indistinguishable, and 
therefore, the recovered images are qualitatively 
different from the original. DC is not null 
for Sym8 and Dmey (3), but DC are null for 
original-original, Sym8-Sym8 and Dmey-Dmey 
(4). The question remains: what wavelet is better 
restore the noise of  image, and which of  them 
is closer to the original?

All images in Fig. 4 have the same dimensions 
and format. Quantitative assessment of  the 
quality of  the restoration and determination 
the best wavelet can be given by comparing the 
maximum values of  the BC differential contrast, 
which are different: for zero of  DC (the original-
original, Sym8-Sym8 and Dmey-Dmey) is 
900000, for non-zero original DC Sym8-original 
is ~450000, Dmey-original is ~220000 and 
Sym8-Dmey is ~300000. The maximum value 
of  BC for the original contrast is ~600000, for 
the Sym8 wavelet is ~450000 and for Dmey is 
~220000. Since the maximum value of  the BC for 
wavelet sym8, including the DC Sym8-original is 
close to original and DC original-original, than it 
is the most optimal for reconstruction.

The closer the noise image processed by 
wavelets to its original theoretical image and the 
smaller the difference between the maximum 
value of  the BC, the higher is quality of  
digital processing. Therefore, as a quantitative 
criterion of  efficiency of  digital processing of  
different wavelets maximums of  BC can be 
used. For the experimental contrast of  6H-SiC 
single crystal that contains images of  edge 
dislocations, while eliminating by wavelets 
Sym8 and Dmey of  graininess a similar result 
was obtained (Fig. 5). The Sym8 wavelet has 
been more effective than the Dmey wavelet, 
which confirms earlier by results obtained 
by the processing of  a noisy contrast edge 
dislocation using the metrics MSE, PSNR and 
SSIM.

Similarly, it is possible to compare the 
effectiveness of  various methods of  digital 
image processing to identify changes in the 
substance occurring during a time, to control 

Fig. 4. The result of  processing by wavelets Dmey and Sym8 
and evaluation of  the effectiveness of  restoration (construction 
of  DC, BC and PI) for noisy theoretical image for a screw 
dislocation of  a 6H-SiC single crystal. The arrow shows the 

direction of  construction of  the PI.
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technological processes, to identify counterfeit 
products, falsification paintings, etc. [14-22].

3. ANALYSIS OF THE RESULTS OF 
DIAGNOSIS QUALITY OF VARIOUS 
SUBSTANCES
Here there are a few examples of  application 
of  the above methods of  digital processing 
for diagnosing the quality of  substances of  
different physicochemical nature, including the 
registration of  their color and its changes, the 
construction of  DC, BC, PI and AEC. We will 
assess qualitative and quantitative differences 
compared digitized images and changes in 
matter.
3.1. Comparison of  efficiency of  different 
numerical methods to remove background 
inhomogeneity of  the polarization-optical 
contrast of  single crystal 6H-SiC
Background heterogeneity is manifested in a 
strong variation of  the degree of  blackening 
of  various parts of  topogram and negatives, 
which makes the analysis and recording of  
defects in the structure are difficult [4, 19, 22, 
24]. The initial contrast (Fig. 6a) has darkened 
and exposed areas in which detection of  defects 
of  patterns of  a single crystal is difficult. Using 
various methods of  digital processing based on 
the brightness analysis (Fig. 6c) or the frequency 
characteristics (Fig. 6b,d), it is possible to 
eliminate the background heterogeneity.

Comparing the effectiveness of  different 
methods, but in the case of  application of  
methods 1 and 2 (Table 1 and Fig. 6b and 6c) 
it is difficult to give preference to one of  them. 
Analysis of  the DC and BC recovered contrasts 
(Fig. 6b and 6c) shows that despite of  large visual 
similarity, the result of  digital image processing 
polarization-optical image of  single crystal 
6H-SiC by these methods the quality is different.

Fig. 5. Quantitative evaluation of  the effectiveness of  Sym8 and Dmey wavelets at granularity removing on X-ray topography 
contrast of  the 6H-SiC single crystal.
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the polarization-optical contrast of  single crystal 6H-SiC by 
various digital methods: a – original contrast, b – 1 method, 
c – 2 method, d – 3 method, e – zero DC and BC; f  – DC 
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Digital processing of  experimental contrast, 
containing images of  structural defects based 
on analysis of  discrete wavelet analysis gives the 
better result as compared with digital processing, 
based on the analysis of  luminance characteristics. 
Most fully application of  discrete wavelet 
analysis based on analysis of  the pyramidal 
algorithm of  Mallat and various wavelet bases 
for solving practical tasks is considered in [19, 
22]. Inhomogeneous background and the 
contrast generated by the structural defects are 
in different frequency range: inhomogeneous 
background has low and very low frequencies, 
and the contrast from defects is at medium and 
high frequencies. Using the algorithm of  discrete 
wavelet decomposition, it is possible to carry out 
a separate filtering of  low and high frequencies. 

In discrete wavelet analysis a decomposition 
of  a two-dimensional signal carries out: 
decomposition image to a number of  basis 
elements multiplied by certain coefficients 
that characterize the frequency spectrum of  
the signal. In general, the processing is the 
conversion of  the obtained coefficients. Under 
inverse transformation the signal reconstruction 

restores, which is the final result of  digital 
processing. Wavelet analysis allows to estimate 
and to separate the frequencies corresponding 
to the defects and noise factors.

Under decomposition of  the signal two types 
of  coefficients are obtained:

– large-scale (approximation) coefficients 
that give information about low-frequency 
(LF) component of  the image, i.e. about coarse 
approximation of  the image at different scales 
(levels) of  its submission;

– detailed coefficients that give information 
about high frequency (HF) component of  the 
image, i.e. about the little details of  contrast at 
the analyzed scales, i.e. the structural defects. 
For two-dimensional signal there is a set of  
three types of  detailed coefficients: horizontal, 
vertical and diagonal giving features of  contrast 
in these areas. As a basic function in digital 
image processing of  single crystal 6H-SiC (Fig. 
6) methods 1 and 3 were used, the wavelet of  
Symlet was applied with the initial scale of  the 
function equal to 8 (Sym8). Table 1 presents 
a brief  description of  three methods used for 
digital processing of  this image.

Table 1
Main stages of digital processing by different methods

Number 
method

The basis of 
method

The sequence of digital image processing

1 The discrete 
wavelet analysis 
(frequency 
analysis)

Elimination of the background inhomogeneity is achieved by zeroizing of scale factors on the stage of the 
reconstruction. In the reconstruction only the detail coefficients of a certain set of the upper levels of 
decomposition are involved. HF filtering of detailed wavelet coefficients is carried out. At different frequency 
features of the image and not previously recorded details of defects of structure are identified.  The range of 
levels involved in the reconstruction image, forms the bandwidth of the HF filter. The disadvantage is a great 
time of ~90-100 seconds and the presence of the phenomenon of aliasing.

2 Analysis of 
luminance 
characteristics

Stage 1. Gauss-blur of the original image is carried out (chosen experimentally). The image lost a fine detail 
contrast related to the structural defects.
Stage 2. DC is built between the blurred and original images.
Stage 3. The correction of the dynamic range of the received DC is carried out.

3 The discrete 
wavelet analysis 
(frequency 
analysis)

Stage 1. At all levels of decomposition the detail coefficients are zeroized. With increasing level of decomposition 
HF detail image are lost, and LF information starts to dominate. Selecting the optimal level of decomposition, 
and that, as a rule, the last level. During the reconstruction the processed image is obtained that contains 
information only about the background heterogeneity. Information about defects on the restored contrast is 
absent.
Stage 2. DC is built between two images: the first one is the original contrast, the second contrast is obtained 
at stage 1 and containing only the background heterogeneity. On received DC an aliasing (intensity fluctuation) 
is observed depending on the chosen decomposition level.
Stage 3. The Gaussian blur to DC obtained in step 2 is applied. The blur radius is determined experimentally 
and is approximately 10-80 pixels.
Stage 4. Resulting DC between blurred DC and DC obtained in step 2 is constructed, the correction of its 
dynamic range is carried out. The received DC has a higher elaboration of the details of contrast under almost 
full suppression of phenomenon of aliasing. The digital processing time is in 10-12 times smaller (8-10 sec) than 
in the first and second techniques [19, 22, 24].
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3.2. computer diaGnostics of quality of 
meat raw materials and meat products

Scientific and practical interest represents the 
transfer of  a part of  the above methods for 
express-diagnostics of  quality of  raw meat, 
foodstuffs, liquid substances, and evaluation 
factors on their quality of  various technological 
and external effects. Applying methods of  
computer diagnostics, based on the detection 
of  color and its changes, it is possible to offer 
methods for assessing the quality and standards 
of  raw meat, meat and other goods coming 
into reprocessors and trading network. For the 
studied substances it is possible to create atlases 
of  the reference images with known color 
characteristics and changed under influence 
of  the controlled external factors. To record 
qualitative and quantitative differences between 
the samples before and after external influences 
it is needed to build DC, PI, BC and AEC. The 
number of  AEC can be varied depending on the 
required accuracy of  registration changes color 
[14-18, 20, 21].

View of  images in black and white format is 
also used to assess the quality of  the substance 
and making the true decision, but the most 
convenient for diagnostic are color images. In 
quality assessing a useful decomposition of  the 
image by color channels is blue, green and red. 
Meat from different manufacturers, different 
regions, and morphological parts of  the carcass 
are different in color, and their quality depends 
on the breed of  cattle, forage, diseases, conditions 
of  transportation, storage, slaughtering, external 
factors, etc. Differences in meat color and quality 
visually is very difficult to identify. We show the 
possibility of  registering this difference, using 
the construction of  DC, PI, BC and AEC.

To eliminate the influence on the result of  
diagnosis of  glass cuvettes, it is needed to build 
the DC between the digitized images of  the 
cuvette with the meat and the empty cuvette. 
To reduce the influence on BC, PI and AEC of  
fluctuations’ intensity, caused by the impact of  
boundaries between the fibers of  the muscle 

tissue, the original digitized image are subjected 
to not large Gauss blur (blur radius ~10-20 
pixels). Then for the blurry images DC, BC, PI 
and AEC are built.

Digitization of  meat in manual mode and 
the subsequent digital processing allows to fix 
surely the color difference characteristics of  the 
studied samples for different manufacturers and 
for different parts of  the carcass. As an example, 
Fig. 7 shows the scanned in manual mode 
under the resolution is 600 dpi, the samples of  
meat of  beef  of  three different manufacturers: 
conventionally A, B, and C, taken from the 
cervical portion of  the carcass. During visual 
inspection the meat color of  all samples are 
virtually identical.

Conditions of  storage and transportation, 
repeated freezing and defrosting of  raw meat 
reduce its quality or change of  color, and as a 
result, reduce the quality of  meat products [16, 
20, 21]. Fig. 8 shows the images of  beef  taken 
from the outer portion of  the hip portion of  
carcass, which was subjected to freezing at a 
temperature of  minus 18ºC and subsequent 
defrosting at a temperature of  14° to 16ºC. 
Change the color of  the meat sample, initially 
not visible to the human eye, surely are fixed in 
DC (zero and not zero), BC, BC and PI.

Change the color, BC and PI images of  boiled 
sausage “Doktorskaya” (GOST R 52196-2003) 
depending on time of  storage at a temperature of  
14° to 16ºC and humidity of  85% is presented in 
Fig. 9. Visually change the color of  the sample 
is not fixed, but DC and BC give qualitative 
and quantitative assessment of  happened in the 
investigated object changes [17, 20-22].

Using this approach and knowing the color 
change (high BC) for reference samples of  
products that were stored under the conditions 
recommended by the GOST, it is possible to 
control the storage conditions of  the products 
by state control and state supervision.

When diagnosing the quality of  meat raw, 
meat products and comparison of  experimental 
data for each color channel it is needed to build 
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the dependences of  changes of  maximum values 
of  BC from the studied factor. Comparing 
the obtained dependences similar to selected 
reference samples it can be evaluated the quality 

of  supplied raw meet and manufactured products 
from different manufacturers, as well as influence 
of  studied factors on various samples [20-22].

INFORMATION TECHNOLOGIES

Fig. 7. Digital image processing of  beef  of  producers A, B and C, taken from the cervical portion of  the carcass: a: initial, 
b: after Gauss-blur (blur radius 20 pixels), c: PI and d: BC taken for red (R), blue (B) and green (G) components.
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Fig. 8. Beef  the hip cut of  its outer part images, PI and BC: a: chilled fresh sample; b: after freezing at minus 18°C and the 
subsequent defrosting at temperature, equal to 14-16ºC, c: zero DC (a–a), d: DC, obtained by subtraction of  images b and a.

                                       b                                                                                 d

   pixels 

   pixels 

   pixels 

   pixels 

 R 

 B 

 G 

 G  B  R 

 R 

 B 

 G 

 G  B  R 

 R 

 B 

 G 

 R 

 B 

 G 

 G  B 
 R 

 R  B  G 

 c 

VALERY A. TKAL', INGA A. ZHUKOVSKAYA, ANNA V. 
SHARAEVA, NADEZHDA N. VODOLAZOVA



65

RENSIT | 2016 | Vol. 8 | No. 1

3.3. computer diaGnostics of water quality

In works [14, 15, 20, 21] the results of  express-
diagnostics of  the quality of  river and drinking 
water are given. Applying the above express 
method it can reliably assess the quality of  
water and compliance with sanitary standards 
for the region and the requirements to the water 
standards. The results of  water diagnosis correlate 
are in good agreement with results obtained by 
gastronomy techniques in laboratories sewage 
treatment plants.

To establish relationship between 
physicochemical parameters of  water and its 
color characteristics, let us consider the following 
parameters: color, turbidity, pH and alkalinity, 
which for the entire duration of  the experiment 
of  different water samples were greatly varied, 
shown in Table 2. Color and turbidity have 
the strongest influence on the color change 
characteristics of  the water and especially at BC.

To assess the experimental error of  
determining the color characteristics of  images 
of  the same sample is digitized several times. For 

each image the DC, BC and PI was constructed. 
A fixed experimental error did not exceed 
1-2% and was mainly stipulated by a change of  
illumination of  an analyte in the sample when 
digitization.

The points in Fig. 10 correspond to the 
maximum values of  BC of  drinking water for 
three color channels. For each of  the color 
components, one can select an area that meets the 
requirements of  SanPiN water for the region. If  
the maximum value of  the BC of  water samples 
puts into this region, the water corresponds to 
the color characteristics of  the requirements of  
SanPiN. If  the maximum of  BC does not put 
within this region, the water does not meet the 

INFORMATION TECHNOLOGIES DIGITAL METHODS OF EXPRESS-DIAGNOSTICS 
QUALITY OF SUBSTANCES... 

 before storage 

 after 3 hours  after 9 hours 

 after 6 hours 

 R  G 
 B 

 B  G  R 

 B  G  R 

 B  G  R 

       a               b                                     c                           a              b                                     c
Fig. 9. The result of  digital processing of  images of  boiled sausage “Doktorskaya”: a – original, b: DC, obtained by 

subtracting the image after storage and the original; c: BC.

Date Turbidity, mg/l Chromaticity, deg pH Alkalinity

Standard 
SanPiN

1,5 20 6.0-9.0 1.10

Sample
water

River Purified River Purified River Purified River Purified

1 6 0.45 77 11 7.54 6.35 1.4 0.46

2 23.8 0.24 70 10 7.36 6.25 1.45 0.48

3 6.1 0.7 105 10 7.5 6.45 1.4 0.65

4 7.2 0.95 117 7 7.15 6.15 1.15 0.31

Table 2
Physicochemical characteristics of water samples

 G 

 R  B 

Fig. 10. The permissible ranges of  finding the maximum of  
the values of  BC of  drinking water, corresponding SanPiN: 
R, G and B are red, blue and green color channels. The black 
dots represent the results of  the diagnostics from one of  the 

food enterprises.
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requirements of  SanPiN and additional cleaning 
and monitoring are required.

The experimental data obtained for three 
color channels coefficients of  correlation 
between some physicochemical parameters and 
color characteristics of  water is calculated, giving 
in Table 3.

Analysis of  the obtained results shows that 
the color of  the water is most highly correlated 
with the values of  the BC for the green color 
channel along the ordinate (N) and the red 
channel on the abscissa (I), and the dependence 
is straight line. With increasing color of  the water 
there is increase the maximum values of  BC for 
green and red channels. The turbidity of  water 
has the most high correlation with the values of  
the BC for the blue and red channels on N. The 
pН index of  water is most strongly correlated 
with the values of  the BC for green channel by 
N, and alkalinity has a good correlation with 
values for the green channel and red for I.

Thus, physicochemical water quality indices 
have a good correlation with the maximum 
values of  BC for each of  the three color channels, 
and the choice of  the BC, as a tool for assessing 
water quality, is much reasonable and objective.

The most important indicators of  the quality 
of  beer and wine in addition to taste is their color, 
therefore, color registration and its changes can 
be the basis for digital express methods. This 
approach was applied by the authors in the study 
of  the different manufacturers in the process 
of  aging, the registration and identification of  
particles of  different physicochemical nature 
without the use of  special dyes, and identification 

of  adulterated beer and wine production [14, 20, 
21].

4. COMPUTER DIAGNOSTICS OF 
DRY AND WET METHODS OF MEAT 
SALTING
Development of  methods of  visualization of  
the process of  salting and determination of  its 
quantitative characteristics (the speed of  the 
process and the depth of  penetration of  the 
mixture and its individual components) was 
conducted on chilled meat of  broiler chickens. 
There were studied dry and wet salting of  meat 
with a mixture of  part salt-pepper-garlic in the 
ratio of  1:0.11:1. In the wet process the salt 
concentration in the brine was 12%.

For each experiment five samples of  meat 
were collected with the size of  approximately, 
5×7 cm2 and a thickness of  ~1 cm, which was 
placed in a glass cuvette. One sample sprinkles 
on the lateral surface of  the curing mixture, 
the other three components of  the mixture, 
respectively, with salt, pepper and garlic, the fifth 
sample was a control and evaluated the impact 
of  meat on the external factors. All cuvettes with 
samples were closed from above by glass. With 
all methods of  salting meat the impregnation 
took place only on the part of  its lateral surface, 
although in real conditions the process of  the 
saturation goes through the entire surface. In the 
first hour the digitization of  meat was carried out 
every 15 min, and then every 30 min. In between 
digitization samples the cuvette was not removed 
from the scanner glass. In some experiments the 
samples were kept in refrigerator at temperature 
of  4-6ºC.

When salting the meat has a change of  meat 
color, which begin from sides and is related 
with penetration of  salt and other components 
of  salt mixture. It is difficult to see a visually a 
clear boundary between the impregnated and 
not impregnated areas, as well as to determine 
the depth of  penetration of  each mixture 
component in meat is not possible.

Table 3
Correlation coefficients of physicochemical parameters of 

water and brightness characteristics of digital images

Index
The correlation coefficient

The blue channel The green channel The red channel

X Y X Y X Y
Color -0.496 -0.234 0.583 0.989 0.882 -0.509
Turbidity -0.378 0.989 -0.505 0.012 -0.455 0.967
рН -0.755 -0.179 -0.222 0.961 -0.452 0.080
Alkalinity -0.790 -0.317 0.105 0.969 0.908 0.141
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In papers [18, 20, 21] there were discuss 
four methods of  digital visualization of  the 
process of  salting and determine its quantitative 
characteristics that are a good fit to the proposed 
theoretical model.
4.1. the technique is based on analysis of 
aec and pi
The speeds of  the process of  meat salting 
by mixture and its individual components in 
different directions are different from each other 
[18, 20, 21]. Fig. 11 shows a theoretical model of  
the process of  salting. The figures shows four 
directions in which PI was obtained, including 
the directions along and perpendicular to the 
muscle fibers (Fig. 11a and 11b). Applying to 
digital images of  a small Gauss-blur you can 
reduce the influence of  muscle fibers on the 
AEC and PI.

The model is based on registration of  changes 
of  digitized color image of  the meat during 

salting. Ideally, PI has the form presented in 
Fig.11: 1 – initial, 2-4 – for different times of  the 
time salting, at that t1<t2<t3 and l1<l2<l3, where 
l is the depth of  penetration of  the mixture or 
its components. Any increasing a time of  salting 
leads to a change in contrast and PI. Under 
construction of  AEC the optimal number of  
gradations of  color is chosen, but at least five 
for a ternary mixture: two grades give the meat 
and its connective tissue, and three gradations 
of  three components of  the curing mixture 
(conventionally A, B and C). It is proposed that 
components A, B and C have different diffusion 
coefficients in the meat. The first area forms a 
contrast between the components A, B and C; 
the second between components B and C and 
the third area – by C component only.

Comparing AEC, PI and knowing the size of  
the meat, it can be determined the penetration 
depth of  the salting mixture and separately its 
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 Pixels 
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 d 

 Initial 

  Initial 

Fig. 11. Theoretical model (1) of  visualization of  the process of  salting meat by mixture consisting of  three components A, 
B and C (2): a – the original digitized image, numbers 1-4 show the directions of  obtaining of  the PI, b – AEC at time t 
of  salting, c – PI at the time of  salting t1<t2<t3 (l1<l2<l3 is the depth of  the salting); d: contrast in five gradations of  color, 

2 – fuzzy experimental contrast, AEC and PI at different time of  salting in minutes.
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individual components. Knowing the time of  
salting (ts) and the depth of  penetration of  (lp), it 
is easy to estimate the speed of  the process v by 
the formula:
v = lp/ts.         (1)
4.2. the technique based on the 
decomposition of an imaGe by color channels

The essence of  the method is demonstrated on 
the Fig. 12. Not the whole image, but only the 
most interesting part of  it, can be subject of  
digital processing. The best visualization of  the 
process of  salting is observed under processing 
a whole image of  the sample.

This method of  digital processing differs 
from the previous by lack of  the Gauss-blur, 
where insignificant loss of  useful information 

is possible. It is based on the transfer of  the 
digitized color image into black and white 
format is demonstrated by Fig. 12,c, the AEC, 
build for him is presented by Fig. 12,d. For 
better visualization of  the process of  salting and 
separation of  areas of  penetration of  the mixture 
and its individual component the last two figures 
can be represented in color format (Fig. 12,e). 
Similarly to the previously proposed method 
the quantitative characteristics of  the process of  
salting (the depth of  penetration of  the mixture 
and its components, etc.) are determined by the 
AEC and PI. 

Digitization of  the original image requires 
some time, during which the meat of  broiler 
chicken is in contact with the mixture, so on 

Fig. 12. The original decomposition (1) and the wet method of  salting within 1050 minutes (2) images made by color channel: 
a – original image; b – selected area; in – selected area in black and white and in color channels; c and d – AEC in black and 

white and color formats, with 5 gradations of  color.
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the original image (1) when the AEC is built a 
thin black or purple layer is fixed, in which the 
salting mixture entered in (Fig. 12,d and e). By 
experimental contrast, knowing the sizes of  the 
meat sample and pixel, the penetration depth of  
the mixture and its individual major components 
can be calculated. A more accurate determination 
of  the penetration depth of  the mixture and its 
components is achieved when comparing the 
original and made after curing PI.
4.3. the technique, based on the detection 
of differential contrast

This technique develops the earlier presented 
methodology, and is based on the analysis of  DC 
obtained by the subtraction of  two images: the 
original and after curing. If  meat has no color 
changes, there is a zero DC, but PI represents 
a straight line (Fig. 13, profile 1). During curing 
the salt (mixture) concentration decreases deep 
into the meat. Constructed DC reflects this fact 
by changing the color and PI, respectively (Fig. 
13, profiles 2-6).

Quantitative characteristics of  the process 
are determined of  salting by built DC, AEC, and 
PI. For example, knowing the time of  salting 
(ts) and evaluating the depth of  penetration (lp), 
the speed of  the process can be calculated using 
formula (1).

The use of  Gauss-blur of  DC allows to 
reduce the influence of  the boundaries between 
the fibers of  the muscle tissue on the AEC and 
PI and to improve the accuracy of  the technique. 
According to this method, the DC consecutively 
is recording between the original image and the 
image of  the meat during different times of  the 
salting and in further it is possible to judge about 
the dynamics of  the process, the peculiarities of  
penetration of  the mixture and its components 
in meat by changes of  the DC, AEC and PI. It is 
possible to define DC, for example, between two 
images of  meat at different time of  salting and to 
evaluate the changes of  the color characteristics 
for a selected period of  time.
4.4. a combined methodoloGy

The technique is a combination of  the previously 
described methods and allows a gradual increase 
in the number of  gradations of  color to trace 
the change of  the experimental contrast-induced 
change in the concentration of  a component in 
the meat in a depth. A seeming complication of  
the technique and increase the time of  digital 
processing are negligible. The profit is in more 
objective and reliable detection of  changes 
in the color characteristics of  the meat during 
salting and, consequently, specific quantitative 
parameters of  the process are more accurate and 
objective. 

The experimental results obtained by 
evaluating the speed of  curing for the different 
methods are presented in Table 4.

As a result of  research for different types 
of  salting the possibility was shown of  their 
visualization, determination of  the speed and 
depth of  penetration in a meat of  curing mixture 
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   Pixels 
Fig. 13. PI and their change under salting recorded by the 
third method: 1 – at zero in DC; 2-6 – after curing for 
a time t1<t2<t3<t4<t5<t6, l1-l4 – depth of  salting (model 

approximation).

Table 4
Speed of salting for different mixture components, 
obtained from the analysis of regions of DC and PI, 

expressed in cm/hour
 Salting 
method

Compo-
nent
of the mix

Dry Wet
along the 
fibers

perpendicular 
to the fibers

along the 
fibers

perpendicular 
to the fibers

Salt 8-13 6-11 5-9 4-6

Pepper 0.02-0.035 0.015-0.025 0.1-0.18 0.06-0.08

Garlic 0.06-0.11 0.04-0.09 0.18-0.35 0.11-0.23
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and separately for each components of  salting 
mixture.

In addition to the examples discussed above 
the digital techniques were applied for diagnosing 
the quality of  gasoline, milk, honey, baby food, 
juice, and other substances.

5. CONCLUSION
Analysis of  the obtained experimental results 
have proved a promising of  application of  the 
developed digital express-diagnosis methods of  
quality and quantitative estimation of  substances 
of  different physicochemical nature.

Digital methods based on the analysis of  
luminance and frequency characteristics, can be 
used effectively for the detection of  structure 
defects of  various single crystals, the registration 
of  which is visually complicated by the presence 
of  the noise contrast factors (background 
inhomogeneity, granularity of  emulsion).

Differential contrast (zero and not zero), 
brightness characteristics, profiles of  intensity, 
and areas of  equal contrast can be used as tools 
for the quantitative and the qualitative assessment 
of  the images, the efficiency of  digital processing 
methods and the selected wavelet basis.

For a large number of  substances of  different 
physicochemical nature the color becomes to be 
one of  the most important of  their characteristics. 
Registration of  color and its change with time or 
when exposed to various external factors may 
be the basis for numerical methods of  express-
diagnostics of  the quality of  the substance and 
identification of  faulty product.

The discussed above digital techniques allow 
to visualize the processes of  the meat salting 
by multicomponent mixtures, to determine the 
speed and depth of  penetration of  the mixture, 
and its separate components, to explore the 
ageing of  beer and other processes carrying out 
in substance.

Thus, the considered above methods and 
techniques are promising for substances under 
exposition on them of  external factors and color 
changes are not visually apparent.

The work was done in Joint with A.F. Ioffe PTI 
of  Russian Academy of  Sciences scientific-educational 
laboratory “Computer technologies in diffraction 
diagnostics of  materials”, branch of  St. Petersburg state 
economic University in Veliky Novgorod.
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SIMULATION OF ELECTROMAGNETIC WAVE PROPAGATION IN 
THE MEDIUM USING FINITE DIFFERENCE METHOD ON THE 
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Abstract. The second-order of  approximation numerical method for solution of  Maxwell Equations 
in nondispersive medium, called FDTD (Finite-Difference Time-Domain), also known as Yee 
algorithm, was used to create the software package for modelling of  electromagnetic waves 
propagation in medium (with the Courant stability condition). The Total Field/Scattered Field 
(TFSF) source is considered in detail. Inhomogeneous medium is also included into the model 
and there are some examples, which show, how the program works with it. The different boundary 
conditions (periodic, reflecting and absorbing) were looked into. Perfectly Matched Layer (PML) 
absorbing boundary conditions are used in the program and the corresponding results are 
discussed. Different types of  sources are realized in program, the results of  the waves propagation 
are shown.

Keywords: Maxwell equations, Yee algorithm, electromagnetic waves, TM-, TE waves, the algorithm 
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1. INTRODUCTION
It is well known that Maxwell equations 
are the basis of  all the electromagnetic 
phenomena. That’s why the solution of  
these equations is used in wide range of  
problems, including the propagation of  
electromagnetic waves in medium, which 
is the subject of  the article. A plenty of  
different numerical methods have been 

developed in order to solve this task. 
One of  the most popular is the finite-
difference method on offset grids, Finite 
Difference Time Domain (FDTD) [1], 
also known as Yee algorithm [2]. There are 
many advantages of  this method. The first 
advantage is simple data decomposition: 
the data is stored in simple way; it is easy to 
work with it. Secondly, on each time step 
the values of  both electric and magnetic 
fields are known in each grid cell. Thirdly, 
this method possesses a Divergence-Free 
Nature. Despite the great number of  
applications, the problem of  creation a 
universal solver for this method on arbitrary 
grids has not yet been resolved. The 
program for modelling of  electromagnetic 
waves has been created on the base of  this 
method and has been applied to various 
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tasks. The results of  modelling are shown 
in the article. For the optimization of  this 
program, the algorithm can be combined 
with the method FDFD, based on transfer 
to frequency domain [3].

2. NUMERICAL ALGORITHM
2.1. finite difference analoGues of 
maxwell equations

Maxwell's equations:

,B E M
t

∂
= −∇× −

∂



  

,D H J
t

∂
= ∇× −

∂



  

0,D∇ =
 

0.B∇ =
 

where E – electric field strength, D –
electrical induction, H – magnetic field 
strength, B – magnetic induction, J –
electric current density, M – magnetic 
current density. For linear, isotropic, 
nondispersing materials:

0 ,D Eεε=
 

0 ,B Hµµ=
 

where ε – dielectric permeability, ε0 
– vacuum dielectric permeability, μ –
magnetic permeability, μ0 – vacuum 
magnetic permeability.

,J Eσ=
 

* ,M Hσ=
 

where σ – electrical conductivity, σ* –
magnetic conductivity. In this way,

*1 1 ,H E H
t

σ
µ µ

∂
= − ∇× −

∂



  

1 1 .E H E
t

σ
ε ε

∂
= − ∇× −

∂



  

In the FDTD (Finite-Difference Time-
Domain) method the components of  
electric and magnetic fields are placed in 

such a way, that each component of  one 
field is surrounded by the components of  
another (Fig. 1).

For example, in one-dimensional case 
we have the values of  E field, emitted by 
some source (Gaussian pulse, plane wave, 
harmonic source, etc.).On the next time 
step the H field is calculated in all grid cells. 
Notice, that each component of  H field is 
surrounded by the two components of  E 
field (as if  is 1d case). On the third time 
step we calculate the E field, possessing 
the values of  H field on the previous step, 
and so on (Fig. 2).

ANTON А. SKUBACHEVSKII

Fig. 1. The grid cell FDTD algorithm.

Fig. 2. Scheme of  integration over time.
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The numerical equations [2] we will 
acquire, using the approximation of  
space and time derivatives by their final 
differences:

1/2, , 1/2, , 2( , , , ) [( ) ],
n n
i j k i j ku uu i x j y k z n t O x

x x
δ δ δ δ

δ
+ −−∂

= + ∆
∂

1/2 1/2
, , , , 2( , , , ) [( ) ].
n n
i j k i j ku uu i x j y k z n t O t

t x
δ δ δ δ

δ

+ −−∂
= + ∆

∂

There is a problem that on the left side 
of  equations there is a field in the time 
moment n, while on the right side-in the 
moments n – 1/2 and n + 1/2. That’s why 
let us consider E field as:
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After all calculations, we have for all 
field components:
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where (the size of  the cell is ∆):
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The cases of  TE and TM waves are 
very important. For them the numerical 
equations are:
TM-wave:
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TE-wave:
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It is known that numerical methods do 
not converge if  the wrong parameters are 
chosen. Moreover, there is a numerical 
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dispersion: the numerical solution may 
appear to be non-physical: a spherical 
wave may propagate not in the same way 
in different directions. It may even have 
a form, resembling a cube. To avoid this 
misbehavior, the parameters must be 
chosen, according to the following rules.

Courant stability condition:

2 2 2

1 1 1 1,
x y z

c
h h h

τ + + <

where 
1c
µε

=  – is the speed of  light in 
medium.

The general numerical dispersion 
relation:
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c t x

k y k z
y z

ω  ∆  ∆     = +     ∆ ∆      

 ∆    ∆  + +      ∆ ∆     

2.2. Boundary conditions
In the developed program 3 types 
of  boundary conditions are realized: 
reflective, periodic and absorbing.

The most simple are reflective 
conditions. The most natural way to use 
them is “perfect electric conductor”: we 
just make the field in particular equal to 
zero. Another way to implement these 
conditions is colliding with the same wave, 
but propagating in another direction: we 
insert into the boundary cells the values 
of  field, equal to those of  the field near 
boundary. We can also multiply the field 
in particular cells by the really small value. 
However, it is non-physical. That’s why, it 
can be used only in test programs. The last 
way to model reflection conditions – cells 
with high conductivity.

Periodic boundary conditions are 
used in general for modelling periodic 
structures in the direction of  one of  the 
axis (which helps to make the grid much 
smaller and to accelerate the calculations). 
There conditions are implemented through 
setting field on one boundary equal to 
field on the opposite boundary. There are 
no problems in 1d case. In other cases it 
is not always so easy to implement these 
conditions. For example, there are three 
cases: the wave, falling at an angle, pulsing 
source and periodic boundary conditions. 
If  among these situations two are realized 
(not all three) then the method is working 
correctly (Fig. 3).

The last type of  boundary conditions 
is absorbing. In this article the particular 
type of  absorbing boundary conditions, 
called Perfectly Matched Layer [5], is used. 
The main idea of  this method is creation 
of  the conductive layer on the boundaries 
with the size more than one cell. The 
main advantage of  this type of  absorbing 
boundary conditions is that they work with 
the waves of  arbitrary angle of  propagation 
and emitted by any source. This algorithm 
is based on splitting each component of  
the field on two orthogonal components 

Fig. 3. PML boundary conditions.
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(thus, in 3d case we get a system of  12 
numerical equations).

There are some features in 
implementation of  PML: the conductivity 
must increase from center of  the domain 
to the boundaries, otherwise boundary 
conditions do not work. Moreover, the 
minimization of  the reflected wave must 
be looked into in considerable detail.

The system of  numerical equations in 
3d will now be:

( ),y xy zx zyE H H
t y

ε σ∂ ∂ + = + ∂ ∂ 

( ),z xz yx yzE H H
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( ),x yx zy zzE H H
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( ),x zx yx yzE H H
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* ( ),y xy zx zyH E E
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* ( ),z yz xy xzH E E
t z
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* ( ),x zx yx yzH E E
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* ( ).y zy xy xzH E E
t y

µ σ∂ ∂ + = + ∂ ∂ 

For TM and TE wave cases we can also 
easily get the numerical system [1].

2.3. wave sources

Harmonic source, gaussian pulse and plane 
wave are used as sources in the program. It 
is not so hard to implement the first two 
sources (just enter the values of  field in 
some cells). However, the modelling of  
plane wave is a little bit more difficult. It 
can be modelled with the help of  Total 
Field-Scattered Field technic (TFSF; Fig. 
4). The main difficulty is creation of  a 
source, which emit field in one direction, 
not in all directions symmetrical (in the 
comparison with many other sources, 
which are modelled through inserting the 
field values in particular cells).

It is implemented in the following way. 
The computational domain is split into 
the "Total field" region, in which there 
are both fields, emitted by a source and 
reflected from the object, and "Scattered 
field", in which there is only reflected 
field. The border between these two areas 
is a source of  a plane wave. In order to 

Fig. 4. Total field and scattered field areas.
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implement this idea, the E field is set in all 
the cells of  the border, while in the border 
cells of  the scattered field region it is 
subtracted from the values of  the field in 
those cells. The H field in the “Scattered 
field” region, if  E-field is a gaussian pulse 
g(t), is (considering the time and space 
offset between fields):

.
2 2

n y tH g t
c

ε
µ

∆ ∆ = − + + 
 

2.4. computational results

In this section there are some results of  
work of  the created program.

In the 2d-case the following parameters 
are used: frequency 5 GHz; the size of  the 
computational area: 5x5 m (100x100 grid 

cells; 5 cm size of  the cell). In Fig. 5 the 
results of  modelling of  horn antenna are 
shown.

In Fig. 6 we can see the propagation 
of  waves, emitted by two harmonic 
sources.

The following numerical experiments 
are conducted on the grid 200x200 with 
the size of  the cell 5 mm. In the Fig. 7 the 
wave is propagating through conductor. 

Fig. 7. Modelling of  a plane wave, propagating through conductor.

Fig. 6. Modelling of  electromagnetic field, emitted by 2 harmonic sources.

Fig. 5. Modelling of  horn antenna.
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In the Fig. 8 – through dielectric. The 
amplitude of  the wave is 1V/m. The 
exact shape of  impulse can be seen in 1d 
profile.

The modelling of  a plane wave, 
propagating through conductor with the 
size of  1 cell and conductivity 0.05, 2, 10, 
100 is shown in Fig. 9.

3. CONCLUSION
To sum up, in this program the 
propagation of  electromagnetic waves 
was modelled in 1d, 2d and 3d cases, 
different types of  sources and boundary 
conditions were implemented, the 
propagation of  waves in inhomogeneous 
medium was investigated, antennas were 

modelled. This program can be used in 
wide range of  applied problems. It has 
already been used in radiolocation and 
it is planned to use it to model photonic 
crystals.
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1. INTRODUCTION
Externally similar to the snowflake outline 
fractal (grandparent of  fractals family which 
will be discussed below) was named in honor 
of  Swedish mathematician Helge von Koch, 
who first described it in published in 1904 year 
article the title of  which in French sounds like 
"Of  nontangent continuous curve to obtain an 
elementary geometric constructions" [1].

The Koch fractals were quite a complicated 
genealogy. It turned out that a year before the 
Japanese mathematician Takagi Teiji published 
an article with almost the identical title "Simple 
example of  continuous function without 
derivatives" [2], where he described the so-
called "blancmange" curve (currently referred 
to as Takagi-Landsberg curve), which was the 
nearest relative of  the Koch snowflake. Then 
the family of  curves under consideration was 
expanded in 1933 by Hildebrandt [3] and in 1957 
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by de Rham [4]. The last extension was the most 
representative: the individual cases of  curves de-
Frame are such wellknown classical fractals like 
the Koch snowflake, spacefilling Peano curves, 
curves of  Cesaro-Faber, Takagi-Landsberg, 
Levi, etc., see [5].

In the present work we studied the properties 
obtained by numerical methods Fourier images 
and Hausdorff  dimension spectra of  the triad 
geometric fractals family with generator in the 
form of  a symmetrical four-segment broken 
line with an arbitrary angle between the central 
units and with the initiator (broken line) in 
the form of  a straight line (Koch curve) or 
in the form of  an equilateral triangle (Koch 
snowflake). When constructing a fractal, at 
each step the segments of  the initial broken 
line are divided symmetrically relative to the 
center into three equal (for α = 60°) or unequal 
(for α ≠ 60°) parts (hence "triad" in the name 
of  a family).

Used in the present work, the term "Fourier 
image" actually refers to the 2D-graphic 
representation of  distribution of  the squared 
modules of  the component of  the Fourier 
transform for images of  fractals (see figures in 
text). The resulting picture is close to that obtained 
by Fraunhofer diffraction of  electromagnetic 
waves on fractals, which makes possible to run 
verification field experiments.

2. DECLARATION OF PROCEDURE 
FOR KOCH FRACTALS FOURIER 
IMAGES OBTAINING
Used in the present work a procedure for 
determination of  fractal object picture 
Fourier images (i.e., diffraction patterns in the 
Fraunhofer zone) using numerical methods, 
previously described and applied to study the 
fractallike domain structures in magnetic films 
[6], later was applied to the real test objects 
(mono- and biperiodical domain structures), 
when it was possible in the visible range of  
wavelengths to observe directly and photograph 
the diffraction pattern by the "transmission" 

mode. Fourier images, obtained by digitized 
pictures of  domain structures, correspond 
both the results of  the theoretical calculation 
and the experimentally observed diffraction 
patterns [7]. In addition, similar numerical 
methods have been used for a number of  other 
fractal objects [8], for which the phenomenon 
of  diffraction have been well studied by 
other authors [9-11]. The agreement obtained 
Fourier images (diffraction patterns) with the 
results of  these experimental and theoretical 
studies was quite good. Note that numerical 
methods are quite simple and do not require 
an analytical description of  fractals, that was 
used, for example, the authors of  the works 
[12, 13].

The first step in the implementation of  used 
numerical methods was to generate black-and-
white raster image of  selected fractal objects 
with the help of  specially designed programs. 
Further images of  fractals were approximated 
by a grid function on a uniform grid with 
number of  nodes n1 × n2, where the values n1 
и n2 were chosen sufficiently large (up to 4096) 
in order to ensure adequate approximation of  
the smallest details and have the opportunity 
to explore generation of  prefractals with high 
numbers of  generations. For digitized pictures 
using fast Fourier transform we determined 
the values of  the Fourier component squared 
modules, i.e. the spectral distribution of  
intensity I of  diffracted radiation in the zone 
of  Fraunhofer. To display the intensity I of  the 
diffraction maxima on the 2D-plane, one can 
use either a linear (or logarithmic) scale intensity 
using different gray levels, or representation 
of  I values in the form of  circles with radius 
proportional to intensity (or logarithm of  it), 
where coefficient of  proportionality is chosen 
for reasons of  optimal illustrativity of  images. 
This article used the second method, modified 
by additional Gaussian blur of  circles displaying 
the values of  I.

In the following sections, according to 
made in the introduction comments of, 
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we'll use for Koch fractal with the generator 
in the form of  symmetrical relative to the 
middle fourbar broken line with an arbitrary 
angle between the central bars name "Koch 
curve", if  the initiator is a line segment, and 
the name "Koch snowflake", if  the initiator is 
an equilateral triangle (see Fig. 1). Note that 
to preserve the self-similarity of  prefractal 
by iterations all the segments of  generator 
in a form of  broken line must have the same 
length. When α → 0°, the broken line becomes 
delta-shaped, when α → 180°, it merges with a 
initiator line; case α = 60° corresponds to the 
classical Koch curve.

3. METHODS OF KOCH FRACTALS 
DIMENSION DETERMINATION
Analysis of  the diffraction pattern allows to 
determine the Hausdorff  dimension   of  fractals 
studied by two different numerical methods. The 
first method (hereinafter, method of  circles) based 
on a numerical determination of  the average 
resultant intensity of  the diffracted radiation

( ) ( )
2

2
0 0

1 ,
kr

k
k

I r I d d
r

π

ρ ϕ ρ ρ ϕ
π

= ∫ ∫  (1)
in the circles of  variable radius rk = r0 + kδr 
centered at the position of  the main diffraction 
maximum (ρ and φ – polar coordinates in the 
plane of  diffraction, r0 and δr – are the initial 
radius and increment of  radius as well k = 0, 1, 
2, ...) and then using the formula

( ) 0 ,fD
kI r I e−=  (2)

from which it follows that the value of  fractal 
dimension Df equals the modulo of  the angular 
coefficient of  the straight line, approximating 
the dependence Ī(rk) in double logarithmic 
scale.

In the second method (hereinafter, method 
of  the annular zones) the diffraction plane 
is divided into annular regions by concentric 
system of  circles with radii rk = r0m

k, where 
r0 – is an initial radius and m > 1 is a constant 
multiplier. Then the average resulting intensity 
of  the diffracted radiation inside of  each ring is 
calculated
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after that the dependence Ī(rk) in double 
logarithmic scale is built, and module of  the slope 
of  the linear section of  which determines the 
fractal dimension  Df.. For self-similar fractals, 
to discussed in this work fractals belong, the 
value of    coincides with the scaling factor of  
the elements in the transition between adjacent 
hierarchical levels of  the fractal, and the value 
of  r0 must be chosen so that each of  the annular 
zones contained only congruent fragments of  
the dif-fraction patterns [9-13].

The dimension of  the fractals can be 
determined also by nonspectral box counting 
technique, which uses a built in double 
logarithmic scale the dependence N(εk) = f(1/
εk), where N(εk) – needed to fully cover the 
fractal is the number of  squares with side length  

0k k
ε

→∞
→  [14-19]. The value of  dimension Df 

is determined with an angular coefficient of  
dependence N(εk).

4. FOURIER IMAGES OF KOCH 
CURVES WITH VARIABLE VERTEX 
ANGLE OF GENERATOR
In Fig. 2 and Fig. 3 the Fourier images 
(diffraction pattern) of  Koch curves with 
different values of  the angle α (values are given 
under each figure) obtained by described in 

Fig. 1. Initiator and generator of  the triad generalized 
Koch curves (a) and Koch snowflakes (b).
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section 2 method are shown. The initiator for 
all fractals served line segment with length of  
4000 pixels. The pictures of  corresponding 
3-rd generation curves are placed on top of  
each figure for clarity; to obtain Fourier images 
prefractals of  higher generation were used. The 
diffraction pattern Fig. 2a-g belong to prefractal 
of  the 6-th generation of  the diffraction pattern 
Fig. 2h and Fig. 3a-d – to prefractal of  the 5-th 
generation of  the diffraction pattern Fig. 3e-h – 
to prefractals of  4-th generation.

The diffraction pattern for each value of  
the angle α is given in two scales, differ in two 
times: at the top – smaller, at the bottom – 
larger, allowing one to examine the details 
of  the center of  the diffraction pattern 
corresponding to the fractal part of  spectrum. 
Fig. 2a-h and Fig. 3a-d have the same image 
scale in each row (top or bottom); in Fig. 3e-h 
we used two-fold increase, since the reduction 
of  the number of  the prefractals generation 

accompanied by a strong decrease in the size 
of  the central (fractal) part (see details later in 
section 6).

Comparison of  diffraction patterns Fig. 2 
and Fig. 3 with the same image scale and the 
same prefractals generations, differing only 
angle α value, shows that the fractal part of  the 
Fourier images is narrowed by decreasing this 
angle throughout the studied interval changes. 
Especially strongly this effect is manifested 
if  α → 0°, when the spectrum is dominated 
lattice (associated with the ordering) part (Fig. 
2a). The dimension of  the fractal in this case 
tends to 2 (see below), i.e., it acquires the 
features of  a space-filling curve.

5. DEPENDENCE OF KOCH CURVES 
DIMENSION ON VERTEX ANGLE OF 
GENERATOR
A diffractograms similar to that shown in 
Fig. 2 and Fig. 3, were used to determine the 
dimensions of  Koch curves with different 
values of  the vertex angle of  the generator 

Fig. 2. Fourier images of  Koch curves with different values of  
the vertex generator angle in the in-terval from α = 2° to 72°.

Fig. 3. Fourier images of  Koch curves with different values of  
the vertex generator angle in the in-terval from 80° to 140°.
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using method of  circles and of  annular zones. 
Attempts to use box counting method showed 
that a reliable allocation of  the linear section of  
the curve according to the considered family of  
fractals (especially for α < 8°) is associated with 
significant difficulties, therefore this method was 
abandoned.

Graphs of  the dependences Ī(rk) in double-
logarithmic scale are shown in Fig. 4 for the 
method of  annular zones (Fig. 4a-c) and the 
method of  circles (Fig. 4d-f) at various values 
of  the angle α. The dashed lines in Fig. 4 have 
a slope equal to the theoretical value of  the 
dimension Df, taken with the opposite sign, 
which is determined by the expression [14, 18, 
20]

( )
2log 2 2log 2 ,

loglog 2 log 1 sin / 2fD
mα

= =
+  +    (4)

where m = 2[1 + sin(α/2)] is a scale factor. It 
is seen that if  the dependence Ī(rk) for method 
of  circles in almost all the range of  changes 

α has linear part sufficient to determine value 
of  Df (Fig. 4d-f), for method of  annular zones 
linear part appears only when α ≥ 7.5°. With 
increasing of  α linearity region for dependence 
Ī(rk) for both methods expands. Theoretical 
dependence of  fractal dimension on angle β 
= 90° – α/2 is shown in Fig. 5, where one 
can see also the corresponding "experimental" 
values of  fractal dimension Df obtained by 
method of  circles (○) and method of  annular 
zones (×).

If  α is approaching to 180°, the scale factor 
m → 4, and the dimension Df → 1, i.e. the 
fractal curve degenerates into a line segment. 
In another limiting case, when the scaling 
factor m → 2 and the dimension  Df  → 2, i.e. 
the fractal curve tends to fill the entire plane, 
and therefore, as was shown by us earlier for 
Peano and Gosper curves, method of  the 
annular zones failes, as the lattice portion of  
the diffraction pattern begins to dominate 
the fractal due to the high degree of  ordering 
space-filling curves [21].

6. PROPERTIES OF KOCH CURVES 
FOURIER IMAGES
Received by numerical methods Fourier images 
of  Koch curves with α = 2°of  the 5-th, 6-th 

Fig. 4. Graphs of  the dependences Ī(rk) in double-logarithmic 
scale for the method of  the annular zones (a,b,c) and the method 
of  the circles (d,e,f) for different values of  the angle α. The slope 
of  the dashed lines corresponds to the theoretical value of  Df.

Fig. 5. The theoretical dependence of  fractal dimension Df  on 
the angle β = 90° - α/2 and the corresponding "experimental" 
values obtained by the method of  circles (○) and the method of  

an-nular zones (×).
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and 7-th generation respectively are shown 
in Fig. 6a-c, theoretical (dashed line) and 
calculated by the method of  ring zones (solid 
lines) dependencies Ī(rk) are given in Fig. 6d-f. 
It is seen that although the central part of  the 
diffraction pattern is expanded with increase 
of  number of  the prefractal generation order, 
the essential approaching of  curve to the 
theoretical one is absent, and even to the 7-th 
generation (Fig. 6f) selection of  linear curve 
region is impossible.

On the basis on the analysis of  investigated 
Koch curves Fourier images with different 
values of  the angle α (see Fig. 2, 3 and 6) 
quantitative relationship between size of  the 
central (fractal) part and number of  prefractal 
gener-ation order was established. It was found 
that increasing generation number per unit 
leads to en-larging of  spectrum fractal part 
in proportion to a scale factor m, that is, the 

strongest effect occurs when α → 180° and m 
→ 4. This is consistent with the results obtained 
in [11], where it was found that in the particular 
case for "classical" Koch snowflake with the 
angle α = 60° and scale factor m = 3 linear 
dimensions of  the fractal part increase three 
times while increasing prefractal generation 
numbers per unit.

It was also established that the fractal part 
of  the diffraction pattern has a scale invariance 
in the entire studied range of  angles α, and that 
change of  this angle leads also to significant 
transformation of  the peripheral (lattice) part of  
the diffraction pattern.

General properties of  the Fourier images 
of  the Koch curve at any value of  the angle 
are the presence of  a symmetry center at the 
point corresponding to the zero diffraction 
maximum, and passing through this point of  the 
axis of  symmetry of  the second order and two 
planes of  sym-metry (vertical and horizontal). 
At the angles α = 180°/n, where n ≥ 2, in 
Fourier images of  the ideal (infinite) fractal 
should appear additional axes of  symmetry of  
the order 2n. This trend is quite clearly visible 
in Fig. 2d,f  and Fig. 3c (the axis of  symmetry 
of  the 10-th, 6-th and 4-th order, respectively), 
but virtually absent in Fig. 2a and 2b, where 
should occur the axis of  symmetry 72-th and 
24-th order, respectively, as to get close to the 
Fourier images of  endless fractals by numerical 
methods while decreasing the angle α, one 
must use increasingly higher generations of  
prefractal. Generally speaking, even in Fig. 2d,f  
and 3c it is seen that upon rotation of  Fourier 
images for the angles 36°, 60° and 90°, there 
really exists an overlay of  the diffraction peaks, 
but their intensities differ.

Roughly the structure of  all diffraction 
patterns can be considered as spoky-ringlike, and 
the "spokes" are more pronounced in peripheral 
(lattice) region, and the "rings" – in the central 
(fractal). If  there are additional axes of  symmetry 
(α = 180°/n, где n ≥ 2) structure is much more 
complicated, at the same time greatly increases 

Fig. 6. Fourier-images of  the Koch curve with an angle 
α = 2° for prefractals of  5-th, 6-th and 7-th generation, 
respectively (a,b,c) and theoretical (dashed lines) and obtained 
by ring zones (solid lines) dependences Ī(rk) for the same 

generations of  prefractals respectively (d,e,f).
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the clarity of  the image diffraction patterns (see 
Fig. 2b,d,f  and 3c). With angle α increasing in the 
range of  25° ≤ α < 90° the number of  "spokes" 
monotonously decreases, and then (at 100° ≤ 
α < 140°) again begins to increase due to the 
appearance in the Fourier images, the structure 
of  which loses the ring component, additional 
"spokes" different from the mains in contrast 
(see Fig. 3e-h).

The clearest diffraction pattern (especially 
its fractal part), consisting of  local maxima of  
dif-ferent intensity is observed for the Koch 
curve with an angle α = 60° (Fig. 2f). For all 
other values of  the angle α diffraction peaks are 
"smeared", except the case α = 36°, when high 
image definition also achieves (see Fig. 2d). The 
central part of  the Fourier image of  this fractal 
in doubled scale is shown in Fig. 7.

7. PROPERTIES OF KOCH 
SNOWFLAKES FOURIER IMAGES
Were also studied the properties of  Fourier 
images of  Koch snowflakes with initiator in 
a form of  an equilateral triangle. The most 
symmetrical and sharp diffraction pattern for 
α = 60° almost completely coincide with the 
observed for the appropriate Koch curve (Fig. 
2f), however, the Fourier images of  snowflakes 
for some values of  angle α ≠ 60°, as seen in 
Fig. 8, were much more sharp and had a higher 
degree of  localization with respect to the Fourier 
images of  Koch curves. In the left column of  
Fig. 8 pictures of  the corresponding snowflake 
of  3-rd generation are shown, in central column 
– diffraction pattern, received for prefractal of  

the 4-th – 6-th generation, in right column – 
magnified in two times central (fractal) part of  
the Fourier images.

On the contrary, for other values of  angle 
α, even slightly different from 60° (e.g. for 63°), 
diffraction patterns become blurred, and this 
effect increased while moving off  the center, 
creat-ing the illusion of  a "spinning wheel" (see 
Fig. 9).

Fig. 7. The central part of  the Koch curve Fourier image with 
an angle α = 36° at high magnifica-tion.

Fig. 8. Koch snowflakes of  the third order (left column) with 
the angles α = 2°, 20°, 30°, 90°, 100°, 140° and their 
Fourier images in two scales (central and right column; small 

and large plan, respectively).

Fig. 9. Koch snowflake of  the third order angle (a), its Fourier 
image (b) and the fractal part of  the Fourier image (c).
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8. PROPERTIES OF NODIFIED KOCH 
CURVES FOURIER IMAGES
We also analyzed the properties of  the modified 
Koch curves for which at every stage of  con-
struction the generator vertex angle alternately 
takes on the values α1 and α2. In Fig. 10 for two 
cases, when α1 and α2 equal 57° and 63° – (a), 
and 50° and 70° – (b) the Koch curves of  the 
3-rd generation (upper row), the Fourier images 
of  the same Koch curves, but of  the 6-th 
generation (middle row), and central parts of  
them (bottom row) are shown. It is seen that 
in both cases there is the effect of  "rotating 
wheel", and the blurring of  diffraction peaks 
increases with increasing difference α2 – α1.

Fig. 11 corresponds to the Fourier images 
of  the 6-th generation Koch curves, when the 
values α1 and α2 are 18° and 22° – (a), 33° and 
39° – (b), 60° and 120° (c), respectively. In the 

first two cases as in Fig. 10, there is a blurring 
of  diffraction peaks, increasing with distance 
from the center of  the diffraction pattern. In 
the latter case, the blurring effect is absent.

A diffractograms similar to shown in Fig. 
10 and Fig. 11, were used to determine the 
dimen-sions of  the modified Koch curves 
by methods of  circles and of  annular zones. 
The values of  the dimension obtained by the 
first method using dependencies Ī(rk), is well 
coincided with the theoretical values determined 
by formula

( ) ( )1 2

4 log 2 4log 2 ,
log2log 2 log (1 sin / 2 )(1 sin / 2 )fD

mα α
= =

+ + +    (5)
where m = 4[(1 + sin(α1/2)(1 + sin(α2/2)] is a 
scale factor. When α1 = α2, the expression (5) 
becomes (4). Method of  circular areas gave 
significantly worse results.

9. CONCLUSION
Despite the complicated genealogy (see 
section 1), the fate of  fractals Koch has 
developed extremely well. The total number 
of  dedicated to them theoretical publications 
is counted by hundreds; the range of  practical 
applications is constantly expanding. Among 
the latter in the first place should allocate 
flush-mounted multi-band antenna systems 
based on generalized and modified Koch 
fractal, allowing to obtain the same parameters 
(beam width, sidelobes level, gain and directive 
gain) as the conventional antenna, but with 

Fig. 10. Modified Koch curves of  the 3-rd generation (upper 
row), the Fourier images of  the same Koch curves of  the 6-th 
generation (middle row) and central parts of  them (bottom row) 
for two cases, when at every stage of  construction the generator 
vertex angle alternately takes on the values α1 and α2 equal 57° 

and 63° – (a), and 50° and 70° – (b).

Fig. 11. Fourier images of  modified Koch curves for two cases, 
when at every stage of  construction the generator vertex angle 
alternately takes on the values α1 and α2 equal 18° and 22° – 

(a), and 60° and 120° – (b).
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significantly smaller overall dimensions [22-27].
The reduction in size is due to the fact that 

the length of  the generalized Koch prefractal of  
the n-th generation, defined by the expression

( )
2 ,

1 sin / 2

n

n
n o oL L q L

α
 

= =  +   (6)
where L0 is the length of  the initiator, 
corresponding to the size of  a conventional 
vibrator antenna increases with the number 
of  iterations in geometric progression. The 
denominator of  the progression q reaches a 
maximum equal to 2 at α → 0°, and is drawn 
into the unit at α → 180°. From (4) and (6) it 
follows that

( )
4 ,

2sin / 2

n

n oL L
m α

 
=   +   (7)

that is, the length of  the suggested ceteris paribus 
increases with lowering of  the scale factor or by 
increasing the fractal dimension.

Antennae using modified Koch curves, when 
the generator vertex angle α at each stage of  
construction alternately takes on the values α1 
and α2, also have found application (see eg. [25]).

For the above reasons the results of  our 
research can be useful in determining the real size 
and capabilities of  fractal antennas by diffraction 
techniques, as well as for the comparison of  the 
di-rectivity diagram with Fourier-images of  the 
corresponding fractals obtained by numerical 
methods.
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THEORY OF EVOLUTION

ELECTRIC FIELD IN THE CYTOMEMBRANE AS A FACTOR OF 
ENERGY METABOLISM INTENSIFICATION
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Abstract. This work is devoted to the evolutionary development of  cellular structures and role of  
the electric fields in the cell membrane. We showed that the main channels of  transmembrane 
potential generation are the output from cell of  hydrogen ions, appearing under utilization of  
energy-intensive substrates in the cytoplasm, and different rates of  metabolism of  lipid mass in 
the internal and external layers of  membrane. We considered also the mechanisms of  electric 
field generation in the hydrocarbon part of  the membrane (in the region oflipid “tails”) under 
coordinated lean of  the “heads” in one layer of  bilayer.  According to proposed logic, Donnan 
potential seems not a potential of  thermodynamic equilibrium and exists on the membrane due to 
the process of  archaic metabolism in the cells. We showed also that the asymmetry of  membrane 
permeability arisen for molecules with dipole moment and minimum cross-section at its positive 
and negative ends because of  the presence of  the electric field in the membrane. In the evolutionary 
process, this asymmetry determined the selection of  molecules by chiral symmetry associated 
with the dipole moment. It explains existence in the living world only those molecules, having the 
same chirality with respect to their dipole moment. In the experiment with erythrocytes we found 
that the stronger electric field on their membrane, the more significant redistribution of  glucose 
molecule (having the dipole moment and minimal cross-section at the positive end of  dipole) 
between plasma and cytoplasm in favor of  the last. In the experiments with erythrocytes, we also 
revealed predicted effect of  asymmetry of  permeability for water molecules, providing preservation 
of  erythrocyte volume under oxygenation of  venous blood.
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1. INTRODUCTION
A general line of  the cell world development 
from the very beginning is a steady 
intensification of  energy metabolism of  the 
cell structures. This work is devoted to the 
role of  electric field in the membrane of  the 
cells in this development. A transmembrane 
potential of  the cells is known to be negative 
and varies in the range from 10 mV to 150 mV.  
Therefore, electric field intensity can reach 10-
15 kV/mm, i.e. to be near the area of  voltage 
breakdown. Membrane-associated and 
embedded proteins decrease the breakdown 
threshold of  lipid layer. However, some of  
these proteins – molecular pumps generate 
and maintain transmembrane potential 
difference. A significant part of  energy is 
spending for synthesis and functioning of  
these proteins in cell. The subject of  this 
work is an answer to the question – why cells 
required increasing transmembrane potential 
difference up to the values preceding 
their electric breakdown in the process of  
evolutionary development

2. A TRANSMEMBRANE 
POTENTIAL DIFFERENCE AS ONE 
OF LEADING FACTOR IN THE 
FORMATION, EVOLUTIONARY 
DEVELOPMENT AND 
FUNCTIONING OF THE CELL

2.1. inevitability of appearance of the 
electric field in the membrane lipids 
of livinG cells

An evolutionary approach has necessarily to 
take into consideration the main features of  
living systems, which distinguish them from 
the structures of  inanimate nature. First of  all, 
it is maintaining of  thermodynamic unstable 

condition of  living system, which requires 
continuous expenditure of  free energy. 
Secondly, it is flow homeostasis of  all system 
elements – their continuous degradation of  
substances and further their reproduction de 
novo.

Maintaining of  the lipid vesicles condition 
(precursors of  modern cell [1]) and modern 
cells had been provided earlier and is being 
provided in cells due to free energy generation 
in the processes of  the energy-intensive 
substrates utilization in the cytoplasm. 
Dissociation of  these compounds themselves 
and final products of  their degradation 
caused increasing of  hydrogen ions H+ 
concentration. The output of  the ions along 
with the degradation products from cells to 
the surrounding aqueous medium and the 
input of  big organic compounds provided 
stationary conditions for exchange of  cell 
material and flow homeostasis. Ions H+, 
ahead of  all other products utilization of  
energy-intensive substrates, generated the 
transmembrane potential in the lipid layer.

Another channel of  the electric field 
appearance in the lipids, as evolutionarily 
ancient as previous, was associated with a 
flow homeostasis of  lipid mass. The channel 
inevitably arises in the presence of  even 
very weak metabolism (in comparison with 
metabolism of  modern cells). Synthesis of  
lipids, demanding energy expenditures, had 
been performed earlier and is being performed 
now only in the internal layer of  membrane. 
Their spontaneous decay had been carried 
out and is being carried out in both layers of  
membrane. Therefore, equilibrium of  lipid 
mass settled only under higher density of  
lipids in the inner layer. Estimations show that 
at the same density of  lipids in the inner and 
outer layers, the «heads» vertically oriented 
to the surface of  membrane provided the 
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potential jump of  100 mV. These jumps 
are equal in a magnitude for both layers; 
however, in the area of  «heads» in outer 
and inner layers electric fields are directed 
oppositely. Therefore, in the region of  lipid 
«tails» the potential value is unchanged and 
the field is absent. However, this region 
is at a negative potential with respect to 
both the internal and external aqueous 
environment (curve 1 in Fig. 1a). The fields 
in the «heads» overlapped with edge fields 
of  the internal and external aqueous media 
charged negatively with respect to lipids in 
the membrane. It leads to weakening of  the 
fields in the area of  «heads» of  both layers 
and to decreasing of  the depth of  a potential 
well in the region of  lipids «tails». Besides, 
molecules of  water invade into a space of  
polar «heads» under influence of  thermal 
motion. Having big dipole moment, these 
molecules further reduce a strong field in 
the region of  dipole «heads» and decrease 
the depth of  a potential well in the area of  
hydrocarbon «tails» approximately to 20 mV 
(curve 2 in Fig. 1b).

The higher value of  a potential jump 
corresponds to the inner layer of  membrane 
due to more dense packing of  lipids. Because 
of  a different density of  lipids in the inner 
and outer layer an electric field arising in 

the area of  hydrocarbon «tails» is directed 
towards the cytoplasm (curve 3 in Fig. 1c). 
This field is added to the field generated 
by the hydrogen ions exit, causing the 
transmembrane potential difference Δφ. 
Fig. 1d shows the potential course normally 
oriented to the membrane and the electric 
field values.

A total electric field in the area of  the 
«heads» of  the outer layer tends to incline 
polar «heads» to the surface of  membrane. 
Electric field component caused by the 
hydrogen ions exit tends to straighten the 
«heads» of  an inner layer. It should be noted 
[2, 3] that a close «heads» location in the both 
layers of  membrane leads to a simultaneous 
inclination of  all the heads within a domain, 
bounded by built-in proteins, and in the one 
direction. Besides, the direction of  «heads» 
inclination in a domain does not depend on 
position of  heads in another. There is an 
activation barrier between the two conditions 
of  heads position (straight and incline). The 
distribution of  domains quantity by the 
heads position in the each layer of  membrane 
obeys the Boltzmann equation and it is in 
a strict correspondence with the depth of  
potential wells separated mentioned barriers 
[3]. Namely because of  the presence of  the 
electric fields in the membrane of  vesicles 

THEORY OF EVOLUTION

Fig. 1. Distribution of  potential φ normally to the membrane surface and of  electric field intensity dφ/dr in dependence of  
the thickness of  membrane r: a) provided that a dipole moment of  lipid «heads» of  both layers is directed normally to the 
membrane surface and all other factors are not taken into account; b) taking into account the edge fields of  surrounding aqueous 
media and hydrocarbon part of  membrane, and separate molecules of  water penetrating between polar «heads»; c) taking into 
account the higher density of  lipids in the inner layer of  membrane in comparison with outer layer; d) taking into account 

hydrogen ions exit raised in the cell under metabolism presence.

ELECTRIC FIELD IN THE CYTOMEMBRANE AS A 
FACTOR OF ENERGY METABOLISM INTENSIFICATION
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and first cells, the quantity of  domains with 
inclined «heads» in the outer layer were more 
than in the inner layer.

As mentioned above, energy metabolism 
causes an appearance of  transmembrane 
potential difference Δφ due to the hydrogen 
ions exit from the cytoplasm.  Because of  
a low intensity of  metabolism the value Δφ 
was much less than 10 mV. Electric field 
generated is directed towards the cytoplasm 
and tends to incline lipids «heads» of  outer 
layer and straighten ones in the inner layer. It 
leads to decrease of  an activation barrier for 
the transition of  dipole «heads» in the outer 
layer from vertically oriented with respect to 
surface of  membrane to inclined position. 
The transition decreased the potential jump 
on the outer layer almost in 2 times (curve 
5, Fig. 2a). For lipids of  the inner layer the 
situation is reverse. The field in the lipids 
tends to hold lipids in vertically position. 
An activation barrier of  their transition 
from vertically oriented lipids to inclined 
ones is higher, what makes this transition 
less possible. As a result of  the impact of  all 
the considered fields on lipid dipoles, most 
of  domains of  the outer layer were in the 
condition with inclined heads. The angle 
of  inclination was 60 degrees to the normal 

of  the membrane surface. The «heads» of  
inner layer had mostly vertical position. A 
potential jump on the «heads» of  outer layer 
decreased approximately in 2 times. The 
potential difference in the hydrocarbon part 
of  membrane was settled ~10 mV. As the 
potential value Δφ was less than 10 mV, the 
field intensity was ~ 1 kV/mm.

It should be noted that namely this 
potential difference on the hydrocarbon part 
of  membrane mistaken for thermodynamic 
equilibrium potential (Donnan potential) that 
is settled on the membrane without energy 
metabolism in cells. According to described 
logic, there are two mistakes.

First of  all, one does not pay attention 
to the influence of  archaic metabolism 
processes inherited by a cell from previous 
evolutionary stages. Evolutionary late and 
complex processes of  utilization of  energy-
intensive substrates are relatively easy to 
inhibit by special agents, having suppressed 
an activity of  main enzymes catalyzing 
oxidation reactions. However, to inhibit 
the earliest and the simplest evolutionary 
processes of  enzyme degradation of  
practically all organic compounds, including 
enzymes themselves, and accumulation of  
the part of  released energy in macroergs, 

THEORY OF EVOLUTION

Fig. 2. Distribution of  the potential φ normally to the membrane surface and of  electric field intensity dφ/dr in dependence of  
thickness of  membrane r: a) taking into account of  the inclination of  the «heads» of  outer layer by 60° relatively to the membrane 
surface normal; b) taking into account the emergence of  sodium-potassium pumps in the membrane; c) the direction of  evolutionary 

changes of  the potential φ and the intensity of  electric field dφ/dr distribution as intensification of  metabolism is shown. 
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is significantly harder. Noted, the simplest 
processes based on enzyme degradation 
of  all organic compounds (all kinds of  
«-ase») have provided a flow homeostasis 
of  all the organic compounds in lipids 
vesicles, precursors of  modern cell, and 
is providing now in all cells [1]. Exactly 
in a manner, a native quality of  the most 
organic compounds has been reliably 
achieved and is being achieved in a flow 
of  substances. The higher the rate of  the 
substance flow in the cytoplasm, the lower 
the level of  spoiled (degenerated) organic 
compounds, which cannot perform their 
functions.

Secondly, a transmembrane potential 
difference is defined experimentally by the 
distribution of  the concentration of  charged 
ions capable transmit through lipid layers. 
Such distribution is set due to the potential 
jump in 10 mV caused by the inclination 
of  a main part of  the «heads» of  the outer 
layer. As the contribution of  an inhibited 
main metabolism in the fields formation is 
minimized (Δφ << 10 mV), it is specified 
potential jump that is determined the 
distribution of  charged ions on either side of  
the membrane.

Summarize mentioned above 
arguments, one can concludes that if  the 
cell has the remains of  energy metabolism 
and if  sodium-potassium pumps is absent 
or suppressed then a transmembrane 
potential difference is inevitably set on 
the hydrocarbon part of  lipids. This 
factor causes the redistribution of  charged 
particles capable transit through membrane. 
The cytoplasm occurred to be under lower 
potential that surrounding aqueous media. 
The main feature of  generation of  such 
potential (10 mV) is its independence 
from the cell size and from dissociation 

of  proteins in the cell. Assuming all the 
processes of  energy metabolism is stopped 
in the cell but the lipids of  its membrane 
is saved native, the potential difference 
between the cytoplasm and an external 
aqueous media will decrease almost till 0 
mV.

To conclude this chapter, we notice 
that in the processes of  an evolutionary 
development of  living cells new facility is 
formed – this is a sodium-potassium pump. 
The earliest destination of  pumps was to 
reliably provide the presence of  electric 
field directed inward the cell (Fig. 2b and 
Fig. 2c) both in the lipid «heads» and «tails». 
Biological practicability of  such innovation 
is presented below.

2.2. electric field in the cell membrane 
as a factor of selection of orGanic 
compounds by type of symmetry in the 
forminG cells (pasteur curie law)
The compounds formed a basis of  energy-
intensive and plastic material and involved in 
the process of  energy metabolism of  modern 
cells are multipolar. The first multipole 
moment is an electric dipole moment of  
the system of  charges of  molecule directed 
from a negative charge to positive one. 
An electric field in the membrane directed 
inward the cell turns dipole along its lines 
of  flux. Membrane will be permeable for the 
molecules having a minimal electron density, 
and, therefore cross-section, on their dipole 
vector tip. The resistance of  the membrane 
to diffusion motion of  molecules will be 
minimal too.

Dextrorotatory molecules of  sugar 
(D-form) and levorotatory molecules of  
amino acids (L-form) satisfy conditions 
listed above. A dipole moment of  the 
molecules is directed to the end group 
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–COH with a minimal cross-section (Fig. 
3b). One type of  symmetry differs from 
another by the cross-section on the dipole 
vector tip. The permeability of  membrane 
for molecules with such location of  
this group is higher than for molecules 
having this group on the opposite end 
of  dipole (Fig. 3c). The transition of  
water molecules from outside through 
membrane is obstructed as for molecules 
shown on Fig. 3c. The cross-section on 
the dipole pin is bigger than on the dipole 
tail. Therefore, when an electric field is 
present on the membrane the entrance of  
water is obstructed in comparison with the 
exit. The molecule of  water has no chiral 
elements and it does not rotate the plane 
of  a polarized light. Therefore, the effect 
of  light plane rotation does not related 
directly with the membrane permeability 
asymmetry. Determining factors are the 
presence of  dipole moment in the molecule 
and the differences of  the cross-sections 
on the pin and the end of  dipole. Chiral 
elements, arranged to dipole moment as 
mentioned above, have provided and are 
providing now selection and storage of  the 
biologically active compounds needed for 

energy metabolism intensification. This is 
an explanation of  Pasteur Curie law1.

Inevitablу consequence of  the 
phenomenon considered is an inequality 
of  equilibrium concentrations of  such 
neutral molecules in the external aqueous 
medium and in the cytoplasm with energy 
metabolism. Organic compounds with 
a minimal cross-section on the dipole 
vector pin are accumulated in cytoplasm 
to higher concentration than molecules 
having a maximal cross-section on the pin 
of  the dipole. This circumstance seems to 
play a crucial role in selection of  organic 
compounds formed a basis for energy-
intensive and plastic material in metabolism 
of  living systems. We state that we found «a 
delicate mechanism capable differ one type 
of  symmetry from another» proposed by 
N.N. Moiseyev.

Such selection of  organic compounds 
perhaps was a crucial factor on the final 
stage of  cell formation in the appropriate 
conditions on the cooling Earth. Without 
the selection processes of  formation of  
structural precursors and first cells would be 
inevitably delayed. In this case cell precursors 
needed more time to test the benefits of  each 
of  new compound, which quantity incredibly 
1Louis Pasteur discovered the property of 
bioorganic compounds to rotate the vibrations 
vector of transverse plane of the light wave – to 
polarize light, having divided all the organic 
compounds by two types of rotators: a clockwise 
or a counterclockwise. It has been showed that 
all living organisms use only one type of these 
rotators for their material synthesis and never both 
of them. Van't Hoff interpreted this property of 
the biomolecules by the presence of asymmetric 
carbon atom in the structure, which becomes 
anisotropic [4]. Pierre Curie explained this property 
of bioorganic compounds by the dissymmetry of 
the mirror symmetric biomolecules. Calvin called 
it a chiral symmetry [5].

THEORY OF EVOLUTION

Fig. 3. Scheme of  electron density distribution (cross-section) 
for the dipole molecules: a) cytoplasmic membrane and the 
direction of  electric field intensity; b) dextrorotatory molecules 
of  sugar (D-form); c) levorotatory molecules of  sugar 

(L-form); d) the molecule of  water.

              a                   b                  c                d
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increased on this evolutionary stage; and a 
living world would never be appear.

3. ASYMMETRY OF THE 
PERMEABILITY OF LIPID 
MEMBRANES INDUCED BY 
ELECTRIC FIELD FOR WATER 
MOLECULES (CHARAKHCHYAN 
EFFECT)

As mentioned above, asymmetry of  the 
permeability of  lipid membrane (one-way 
transition) induced by electric field takes 
place not only for molecules, having chiral 
elements and able to polarize light, but also 
for molecules that is not polarizing light.

Water molecule has a dipole moment 
equal 1.84 D and a maximal cross-section on 
the dipole vector tip (Fig. 3d). Therefore, the 
lipid membrane is more permeable for exit 
of  water molecules than for entrance due to 
the direction of  electric field. This effect of  
asymmetry of  the membrane permeability 
was utterly useful for evolutionary 
development of  the cells. General line 
of  living world development is steady 
intensification of  free energy generation by 
utilization of  energy-intensive substrates. 
The storage of  osmotic particles of  energy-
intensive and plastic material and increasing 
of  enzymes concentration in the cytoplasm 
were inevitable consequences of  the general 
line. Therefore, the flow of  water to the cells 
continuously increases. It was compensated 
by the flow of  water from cells that was 
provided by asymmetry of  cytomembrane 
for these molecules.

As mentioned above, amplification 
of  electric fields and regulation of  their 
intensity were provided by appearance of  
new facilities. One of  those was a sodium-
potassium pump; its activity increases a 

transmembrane potential difference and, 
therefore, intensity of  electric field in the 
membrane lipids. Evolutionary earlier 
autoregulation of  asymmetry of  the 
membrane permeability for water formed 
on the ability of  the proteins to associate 
with membrane and to decrease field in 
the membrane. The effect of  a nonspecific 
membrane permeability increasing caused 
by weakening of  the field in the lipids under 
association of  big proteins with membrane 
is shown in work [7].

Gain control of  electric fields and 
their intensity in lipids steel provided with 
new equipment. One of  these molecules 
are K+/Na+ ATPase, which increases the 
transmembrane action potential difference 
and, hence, the field strength in the 
lipid membranes. Evolutionary earlier 
autoregulation asymmetry of  cell membrane 
permeability for water formed on the ability 
of  proteins and their complexes associated 
with the membrane and thereby weaken the 
field in lipids. The effect of  increasing the 
non-specific membrane permeability caused 
by the weakening of  the field in the lipid 
when associated with them large particles is 
shown in [7].

To summarize this chapter we should 
pay attention to history of  the question of  
membrane permeability asymmetry for water 
molecules. The first scientist who revealed 
and experimentally investigated such 
effect in the thin films of  organic material 
induced by electric field was Andrew A. 
Charakhchyan (LPI of  the Russian Academy 
of  the Sciences). Unfortunately, he did not 
publish the results of  his works, but the 
effect of  membrane permeability asymmetry 
induced by electric field for water we called 
«Charakhchyan effect».
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4. EXPERIMENTAL STUDY OF 
THE EFFECT OF ASYMMETRY 
OF MEMBRANE PERMEABILITY 
FOR WATER AND GLUCOSE 
MOLECULES
For experimental part we chose erythrocytes 
from human whole blood as a model. We 
used samples of  blood in volume of  5-10 ml 
and standard anticoagulant EDTA-K2.
4.1. asymmetry of erythrocyte membrane 
permeability for Glucose

First part of  our experiments was devoted 
to study of  the influence of  intensity of  
electric field changes in the membrane of  
erythrocyte on the equilibrium distribution 
between blood plasma and cytoplasm.

Molecules of  deoxyhemoglobin 
have significantly greater charge than 
oxyhemoglobin molecules in the biological 
range of  the pH values [8]. Thus, first ones 
form complexes with 2,3-diphosphoglycerate 
molecules whose concentration is equal 
to the concentration of  hemoglobin [9]. 
In turn, these complexes have a higher 
affinity to erythrocyte membrane than 
molecules of  oxyhemoglobin. Therefore, in 
erythrocytes of  a venous blood the layer of  
such complexes greater by dozens percent 
than on the erythrocyte membrane of  an 
arterial blood. Our investigation shows that 
the inner layer of  erythrocyte membrane of  
venous blood has 2.5 additional layers of  the 
complexes and arterial blood – 1.5 layers of  
oxyhemoglobin molecules.

As sizes of  hemoglobin molecules (5 
nm) and thickness of  erythrocyte membrane 
(6-10 nm) are close values, thickness of  
additional layers of  hemoglobin significantly 
changes the intensity of  field (under the same 
transmembrane potentials). Obviously, during 
oxygenation of  venous blood the intensity of  
electric field increases due to decreasing of  

membrane thickness (oxyhemoglobin leaves 
the membrane).

To test the effect of  glucose redistribution 
between plasma and cytoplasm, next 
experiment was carried out. The sample of  
venous blood with EDTA-K2 was divided 
in two equal parts. One part was saturated 
with oxygen during 15 minutes with 
constant stirring. Then both samples stay 
during 1.5-2 hours for natural erythrocyte 
sedimentation. After removing the sediment 
we two samples of  blood plasma – sample 
no. 1 (plasma of  venous blood) and sample 
no. 2 (plasma of  oxygenated blood – analog 
of  arterial blood).

Further we measured the concentration 
of  glucose in first n1 and second sample n2 by 
means of  a special set-up that was developed 
in LPI in the Optics Department. The 
values of  glucose concentration significantly 
differed in two samples and were outside the 
error of  one measurement. If  studied effect 
would not take place in the erythrocytes, the 
value η = n1/n2 would be equal to 1. However, 
the value η = n1/n2 was >1.1. This means 
that the oxygenation of  erythrocytes leads 
to decreasing of  glucose concentration in 
blood plasma. According to considerations 
described above, such redistribution of  
glucose can be caused by increasing of  
intensity of  electric field in membrane due 
to oxyhemoglobin dissociation from the 
membrane.

The next experiment was the final point 
in the experimental proof  of  the effect of  
asymmetry of  membrane permeability in 
the erythrocyte. The experiment was carried 
out with the same donor's blood as in 
previous experiment. Initially we measured 
the glucose concentration in venous blood 
sample. Further this sample was saturated 
with oxygen (analog of  arterial blood) and 
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the glucose concentration was measured. 
Then this sample was exposed to the reverse 
process of  deoxygenating to the level 
corresponding to venous blood (40 mm Hg 
in the blood plasma). The concentration of  
glucose obtained in the blood plasma was 
very close to initial glucose concentration in 
the venous blood sample, but was a little bit 
lower. Observed slight decreasing of  glucose 
concentration in comparison with initial 
level can be explained by asymmetry of  
membrane permeability (the exit of  glucose 
molecules from the cell is more difficult than 
entrance). The second reason of  incomplete 
recovery of  glucose concentration is the 
processes of  utilization of  glucose in cells 
in glycolysis.

So, the asymmetry of  membrane 
permeability induced of  electric field 
for glucose molecules is maintained in 
erythrocytes.
4.2. asymmetry of erythrocyte membrane 
permeability for water

The experimental study of  membrane 
permeability asymmetry for water was 
carried out also on the erythrocytes of  
donor's blood. The whole venous blood 
with anticoagulant EDTA-K2 was divided 
by two samples. The blood in one sample 
was saturated with oxygen to the level of  an 
arterial blood. We measured hematocrit values 
in each sample (venous and oxygenated). In 
oxygenated blood we anticipate increasing 
of  the erythrocytes volume (and hence, 
hematocrit) due to the osmolarity growth 
(~ by 5 mmol/l) caused by the dissociation 
of  hemoglobin and 2,3-diphosphoglycerate 
complexes. Besides, osmolality level should 
increase due to the effect of  redistribution 
of  glucose under oxygenation showed above. 

But we obtained decreasing of  hematocrit 
value in oxygenated blood sample.

Estimations show that blood hematocrit 
measured in percent should have increased by 
at least 1% after oxygenation. But measured 
hematocrit value in the oxygenated blood 
turned to be less by 0.2 % than in venous. The 
error of  mean value of  hematocrit in each 
series of  experiment was less than 0.05%.

Apparently, excess flow of  water into 
erythrocyte cytoplasm caused by osmolarity 
growth during blood oxygenation is 
compensated by additional flow of  water from 
erythrocyte to blood plasma.  We state that 
such compensation is provided by increasing 
of  membrane permeability asymmetry for 
water molecules caused by growing of  electric 
field intensity in membrane lipids.

5. DISCUSSION
Evolutionary approach to analysis of  
biological significance of  the negative 
potential on cell membrane allows us to 
elucidate inevitability of  its appearance in cells 
and their precursors provided that they have 
metabolism.  The most archaic metabolism is 
a flow homeostasis of  lipids.

We showed that Donnan potential in the cell 
is not a thermodynamic equilibrium potential 
and it exists owing to the processes of  energy 
metabolism (including archaic metabolism). 
If  process of  energy metabolism would be 
switched off, transmembrane potential will 
decrease relatively quickly. To switch off  
the archaic metabolism based on releasing 
of  energy in one-act organic catalysis of  
the decomposition of  complex compounds 
very hard. To reach this demands to switch 
off  action of  all enzymes. Therefore, on 
account of  this source of  free energy the 
generation of  Donnan potential takes place 
in the cells. If  this source would be switched 
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off, i.e. under thermodynamic equilibrium, 
potential on the cell membrane will not be 
generated.

Experiments with erythrocyte of  
preserved blood show that energy of  this 
source of  energy is enough to maintain 
transmembrane potential difference during 
extended period of  time – from several 
weeks to 2-3 months. Despite of  the glucose 
reserves had time to spend, erythrocyte 
did not lose their ability to be saturated by 
oxygen – during saturation the color of  
blood changed from dark red to carnation. 
Therefore, in the process of  blood storage 
energy was enough for ferric hemoglobin 
reduction. There can be no question of  
transition of  red blood cells in a state of  
thermodynamic equilibrium.

In the absence or shortage of  energy-
intensive and plastic material the cells "eat 
up" themselves, i.e. utilized the compounds 
formed a basis of  their structures. All sorts 
of  "-ase" play a leading role in the utilization 
of  the compounds, for example, peptidases, 
lipases, and other. Their action provides an 
additional influx of  free energy in the cell 
and a flow of  organic compounds in their 
cytoplasm.

The presence of  transmembrane potential 
difference and thus an electric field cause the 
appearance of  cytomembrane permeability 
asymmetry for organic molecules and water 
molecules having a dipole moment. In the 
process of  birth and evolution of  cellular 
world because of  this phenomenon there 
was selection of  organic compounds by the 
type of  symmetry (the law Pasteur-Curie). 
With all things being equal the type that is 
provided (due to the higher permeability 
of  the membrane at the transition of  such 
molecules from an aqueous environment 
to the cytoplasm compared with reverse 

transition) a higher equilibrium concentration 
of  organic compounds in the cytoplasm has 
been selected in the environment. For such 
compounds the exit out of  the cell is difficult 
and the entry into the cell is facilitated. It 
should be emphasized that this also applies 
to basic macroergs. They seem to be "held" 
in the cytoplasm.

In the presence of  field in the membrane 
water molecules easier leave the cells 
than penetrate there. This effect ("effect 
Charakhchyan") is helpful to save the integrity 
of  the cells. It provides compensation for 
water osmotic flow associated with higher 
concentrations of  the enzymes therein, 
which are not able to penetrate through 
the membrane. The higher the field of  
lipid membrane, the more powerful given 
compensatory flow of  water from the cell.

It should be noted the local character 
of  the effect. Under the same potential 
difference field is weakened in the places 
of  association of  large organic molecules 
with membrane lipids. Accordingly, a 
compensatory (in relation to osmotic) flux of  
water from the cell is less at these locations 
than in the regions of  the membrane without 
the adhesion. To maintain the constancy of  
cell volume the entire water flow from the 
cell Iin must be exactly equal to the flow of  
water into the cells cytoplasm Iex. According 
to Fick's law, these flows can be expressed by 
the corresponding formula. For the effluent 
from the cytoplasm:
Iin = (σin

opSop + σin
clScl)(1 – ηin)nin,

where σin
op – membrane permeability for 

water molecules from the cytoplasm into 
the aqueous environment of  the membrane 
in areas without major adhesion molecules 
and their complexes, Sop – the total open 
area of  all its free areas are adhered to large 
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organic molecules and their complexes; σin
cl 

and Scl – specified values for the portion 
of  the internal surface of  the membrane to 
adhere to these large molecules and their 
complexes; ηin – the proportion of  area of  
the membrane from the cytoplasm occupied 
osmotically active particles and prevents the 
escape of  water molecules from the cell, and 
nin – the concentration of  water molecules in 
the cytoplasm.

Correspondingly, for influent to the 
cytoplasm:
Iex = σexS0 (1 – ηex)nex,
where σex – permeability of  membrane for 
water penetrating from surrounding water 
medium into cytoplasm; S0 = Sop + Scl – area 
of  external lipid layer; ηex – external part of  
membrane area occupied by big osmotic 
particles that prevent entrance of  water 
molecules from aqueous medium to the cell; 
nex – concentration of  water molecules in the 
surrounding aqueous area.

As concentration of  osmotic active 
particles greater in the cell than in the 
surrounding medium, ηin value is always 
more than ηex value. The organic compounds, 
synthesized in cells and present in cytoplasm 
as an aqueous solution, occupy more 
proportion of  volume than organics in the 
external medium. Hence, concentration nex 
is more than nin value. Result flux of  water 
through cell membrane is:
Ires = σexS0(1 – ηex)nex – (σin

opSop + σin
clScl) (1 – ηin)nin,   (1)

where the direction chosen is toward 
cytoplasm.

If  the membrane permeability for water 
does not depend on electric field in the 
membrane (σ0) and it would be the same for 
both directions, the resulting water flow I0 
would be determined by the relation:
I0 = σ0S0[(1 – ηex)nex – (1 – ηin)nin].    (2)

To transform the last relation to the form: 
I0 = σ0S0nex[1 – ηex – (1 – ηin)nin/nex]. As the 
values are nin/nex > 1 and ηin > ηex, then flow 
I0 directed in the cell causes continuously 
swelling of  the cell. Wherein, concentration 
of  soluble substances will equalize on both 
sides of  the membrane. If  this process 
accompanied by continuous swelling of  the 
cell will not stop, the cell inevitably died by 
necrosis way due to membrane rapture.

Therefore, increasing of  an enzymatic 
pool as a way of  steady intensification of  free 
energy generation quickly exhausted itself. In 
the processes of  natural selection optimal sizes 
of  the cells were chosen, which guaranteed 
their resistance to mechanical stress from the 
external aqueous environment.

Asymmetry of  membrane caused by 
electric field for biologically active particles 
appeared to be very useful for the cells. 
It opened the possibility of  increasing of  
enzymatic pool as well as energy-intensive 
and plastic material, provided that the volume 
of  the cell remains optimal.

The higher field in the membrane, the 
higher the equilibrium concentrations of  
the osmotic particles in the cytoplasm under 
constant conditions of  surrounding aqueous 
medium. In the process of  evolutionary 
transformations on account of  increasing 
of  transmembrane potential difference, 
conditions for growth of  osmotically active 
compounds were created. To do this, the 
whole possible range of  strengths (up to 
pre-breakdown) electric field in lipids was 
involved.

To increase transmembrane potential 
difference the cell began to use the large 
proteins and their complexes – "molecular 
pumps." It should be noted the particular 
importance of  this evolutionary facility. 
The cells received a new agent capable to 
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influence on the acidity of  the cytoplasm 
and, therefore, the activity of  enzymes and 
metabolism at whole.

Bright example of  usage of  the effect of  
asymmetry of  lipid membranes permeability 
by living cells is the mechanism of  fresh 
water pumping from the cytoplasm of  
amoeba. Growth of  its vacuoles is associated 
with lipid synthesis de novo only in the 
outer layer of  the membrane. Presence of  
transmembrane potential and field in the 
hydrocarbon part of  lipids is caused by 
the difference in lipid density in the outer 
and inner layers of  vacuoles. This field is 
directed from the internal part of  vacuoles 
to external, i.e. directed oppositely to the 
field on the amoeba cytomembrane.  Since 
the field is directed out of  vacuoles, the water 
flow inward vacuoles; and vacuoles grow. On 
the other hand, on  the separate areas of  the 
cytomembrane where no organic adhered 
thereon, the resulting water flow is directed 
out cells, while at other sites with adhesion 
of  large molecules, in contrast, flow of  
water is directed inside. Both streams are 
exactly equal to each other, which provides 
a constant volume of  amoeba (analysis of  
ratio (1) showed that such conditions are 
realizable by varying its member variables). 
Water streams formed in the cytoplasm are 
used for transport of  vacuoles to the places 
not subjected to the said adhesion. Here they 
fuse with the membrane, taking fresh water 
out to the aqueous environment.

Transport of  big compounds and vesicles 
with biologically active substances in the 
cytoplasm of  modern cells is implemented 
by mechanisms based on the asymmetry 
of  lipid membrane permeability for water. 
The water streams formed in the cytoplasm 
transfer the compounds from the place of  
formation to the places where their action 

is more productive or they can be effectively 
removed.

6. CONCLUSION
In the work we considered a number of  
effects that directly or indirectly affect 
the cell metabolism. We showed how the 
mechanisms providing the intensification 
of  energy metabolism were formed in the 
processes of  evolutionary development. 
We pointed out the principles and useful 
consequences of  such mechanism. Other 
possibilities of  their using for cell metabolism 
regulation are also indicated.

Analysis conducted covers a huge 
period of  time from the origin of  first cell 
up to genesis in the cells of  compounds –
hormones precursors synthesized now in the 
multicellular organism. However, this analysis 
is fairly schematic and raises the questions.

It should be noted two important 
moments. We showed that known in 
literature «Donnan potential» is generated 
due to the energy of  archaic metabolism 
that is not corresponding to the condition 
of  thermodynamic equilibrium. We revealed 
also that the asymmetry of  electric field 
induced by electric field is realized for 
molecules having a dipole moment.
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Russian Seminar "GRAPHENE: MOLECULE AND CRYSTAL (material, phys-
ics, chemistry, electronics, photonics, biomedical applications)" under the direc-
tion of  prof. SP Gubin operates from November 2011. Seminar sessions are held 
once a month, mainly in the boardroom VNIIAlmaz in Gilyarovskogo str., 65 (met-
ro station “Rizhskaya”). The seminar is supported by LLC "AkKoLab" and the 
VNIIAlmaz. Programms of  seminars are available at http://www.akkolab.ru. The 
seminar organizers see it as a discussion platform to discuss new ideas and concepts, 
review the results and the exchange of  experience of  researchers in the booming 
grafenika - an interdisciplinary field of  modern science. Anticipated publication 
of  an annual compendium of  seminar materials, creating Programs of  research in 
this area with possible access to financing. The seminar was attended by officials 
from various scientific institutions of  Moscow - Kurnakov Institute of  General and 
Inorganic Chemistry RAS, Nesmeyanov Institute of  Organoelement Compounds of  
RAS, Semenov Institute of  Chemical Physics RAS, Kotel’nikov Institute of  Radio 
Engineering and Electronics RAS, National Research Centre "Kurchatov Institute", 
Moscow State University Department of  Chemistry, Moscow Institute of  Physics and 
Technology, National Research Nuclear University “MEPhI”, People's Friendship 
University of  Russia, LLC "AkKoLab", Open Joint Stock Company (JSC) "VNII 
ALMAZ", LLC "Karbonlayt", JSC NIIgrafit and others, as well as invited members 
of  scientific institutions in Russia, Commonwealth of  Independent States (CIS) and 
foreign countries. The audience for each session - about fifty participants. In the 
four- hour meeting with a break heard and discussed the 3-4 reports, news review 
and submitted poster presentations.
The journal RENSIT is published semi-annual reports of  this seminar: list of  reports 
indicating affiliated authors and submitted abstracts.
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Editorial publishes a message that came from Tambov,
and looks forward to a favorable development of  the pledged initiative

RUSSIAN-CHINESE RESEARCH INSTITUTE OF GRAPHENE
Alexey G. Tkachev, Elena S. Mischenko
Tambov State Technical University, http://www.tstu.ru
Institute of  Technology, Chair of  engineering and technology of  nanoproduts
392000 Tambov, Russian Federation
postmaster@kma.tstu.ru
TSTU scientists have signed an agreement on the establishment of  the Russian-Chinese Research 
Institute of  graphene.
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In July 2016 Moscow agreement was signed between the universities of  Russia and China on the 
establishment of  the Russian-Chinese Research Institute of  graphene.

At a meeting devoted to the signing of  the agreement was attended by Vice-Rector for International 
Relations of  Tambov State Technical University Elena Mishchenko and head of  the department 
"Technology of  production of  nanoproducts" Alexey G. Tkachev TSTU. It should be noted that Alex 
G. became a member of  the expert council of  the commission of  the first convocation of  the Russian-
Chinese Research Institute of  graphene.

On the part of  China to the signing of  the agreement was attended by the head of  the Hegang 
City Liang Chengjun and heads of  departments of  the city administration. The meeting was also 
president and founder of  "Huashen" Shan Yunbao. The company "Huasheng" is engaged in the 
development and implementation of  graphene, whose output is 100 tons per year. "Huashen" is located 
in Heilongjiang, Hegang city, it has all the necessary equipment for research.

Active participation in the work of  the Research Institute will host both Russian and Chinese 
universities. Universities in China were the director of  the Institute of  Materials Science and Chemical 
Engineering, Harbin Engineering University, Professor Cao Dyansyue and Secretary of  the Party 
Committee of  the Institute of  Chemistry and Environmental Science and Technology Heilongjiang 
University, Professor Zhou Gotszyan. Creating a new research institute supported and Chinese Embassy 
in Russia.

Recall that in Tambov State Technical University carried out research work in the field of  
nanotechnology for many years. Almost half  of  the university departments involved in this field. In 
2016, a joint dissertation council established on the basis of  TSTU the field of  "Nanotechnology and 
nanomaterials" and "Solid State Chemistry".
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