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Abstract: In the discussion on the physical properties of matter associated with the con-
cept of “dark energy” examines such issues as the baryon asymmetry of the Universe,
the proposed structure of hadrons, the problem of “dark matter”, the stability of ele-
mentary particles, the past and future of “dark energy” and the Universe as a whole,
angular fluctuations of the CMB (Cosmic Microwave Background) on the scale of the
first Doppler peak, hypothesis of the occurrence of the CMB.
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1. Introduction

The author in article [1] presents the main provisions on the physical
properties of matter associated with the concept of “dark energy”. It was shown
that all physical characteristics of the Universe are derived through five world
microscopic and macroscopic “constants”: the electron charge e, its mass m,
Planck’s constant h, the gravitational constant G and the speed of light ¢. The
entire dynamics of baryonic matter in the Universe is determined by a global
virtual charge of the Universe Qun, acc, What causes the observed accelerated ex-
pansion ay,. The past and the future of “dark energy” and the Universe as whole
are considered. Indiscussion on this issue presented a set of observational data
indicating that we live in a Universe with spherical symmetry and an average
density of matter p = 2p. New interpretations of the angular fluctuations of the
cosmic microwave background (CMB) and the nature of the CMBs themselves
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are proposed. The numbering of formulas, tables is continuous between the pre-
vious article and the present one.

2. Baryon asymmetry of the Universe

The question of the existence of baryon asymmetry of matter in the Uni-
verse is one of the most important. Why does baryonic matter make up a small
fraction of all matter in the Universe? This question is key, as are questions
about the structure of the Universe and its evolution. Modern upper estimates of
the density of the baryon component of matter py, are based mainly on the in-
terpretation of the L, absorption lines. Estimates give a value of ppy = 0.04p,
but the uncertainty is tens of percent.

In the early Universe at a temperature T ~ 10** K, the formation of bary-
ons was possible due to the asymmetry of the virtual PV component at the 1/k
level of the total number of PV cells. As a result, about N.,= Nu./k PV cells
constituted the lepton part of the Universe My, ., in the format of real particles
— electrons. This can was happened due to the predominance of virtual electric
charges of electrons over positrons at the 1/k level. The transformation of lep-
tons into baryons will occur by violating the lepton and baryon numbers. Given
the virtual nature of PV cells and their total number Ny, ~ 10?2, the probability
of such an event cannot be excluded. The physical basis for the appearance of
such disturbances and transformations is the asymmetry caused by the curvature
in the structure of the PV. The uncompensated mass of cells can be estimated:

Mep.un = (Nu/k) - 2me =3.37 - 10> g, (60)
and onwards
Mep.un /Mun=3.37 - 10°%/1.63 - 10°° = 0.02. (61)

If pun = 2per, then we have a portion of baryons ppy = 0,04pe = 0,02pun,
or 2% of the density of the Universe. This is consistent with modern experi-
mental estimates of pyy. It can be noted thus that at a certain stage of the evolu-
tion of the Universe, under appropriate conditions, there is a probability of the
transformation of an insignificant part of the PV cells into the real lepton com-
ponent of matter with its transition to the baryon component. The fraction of
real lepton matter that could appear in our Universe can be determined based on
(60, 61). A small part of Ny/k =~ 1.86-10% PV cells turned into the baryonic
component of the matter of the Universe, and this process was accompanied by
a corresponding energy component (64).

Now we can name the number of baryons in the Universe that could ap-
pear at its early stage (the number of protons):
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Noar = Moar/my = 3.37 - 10°4/1.67 - 10 =2 - 107, (62)

Knowing the CMB density in the modern era Nz, - cm >~ 4 - 10°cm > and
the density of matter in cm® (pu,), we obtain the number of quanta per baryon:

Nquan/bar = (Nquan' mbar) / 0-OZPUn = (63)
(4-10%1.64 - 10 %)/0.02:2.19 - 10 ® ~ 3-10".

This value is within the current estimates of the number of quanta per baryon.

The PV environment is filled with cells in a state of quantum fluctuations,
which are hyper frequency transformations of e-p pairs from the state of a virtu-
al electron to a virtual positron and vice versa. In addition to this, PV cells also
quiver at hyper frequency near the equilibrium position due to shocks from
neighboring cells. As a result, the PV environment maintains a temperature de-
termined by its dynamic parameters (1) [1]:

Ev=VA(h/2)c=Ho h/V2=mpy -c? = (3/2)K Tun, (64)
Tuw=(Ho-h/N2)/(3/2) k" =0.90- 10 *K.

Here H, is the Hubble constant, h is the Planck constant, k* ~ 1.38-107% erg
deg™ is the Boltzmann constant, Ty, is the quantum temperature of the PV.
Substituting the expression for mpy into (64) (Table 4 in [1]), we obtain the val-
ue of Ty, in terms of world “constants”:

Tun = (02-G'mc*) / 3k ™e°= 0.90-10 P K. (65)

It can be shown that the obtained value of the PV temperature remains
unchanged over time. This follows from the relation mpy-c?=3/2-k*-Ty,. The
left side of the relation has dimension [erg]. On the right side, the dimension
[erg] is included only in the value k* [erg deg™]. Consequently, Ty, = const.
This is a fundamental conclusion that states that our Universe is a black hole
that does not evaporate. This happens because all processes of transformations
of e-p pairs occur at the elementary level and, therefore, without loss of energy.
Energy is “pumped” into the Universe in the form of space-time from the addi-
tional dimension in which it is located. This energy enters each PV cell, ensur-
ing its accelerated expansion against the background of an increase in the radius
of curvature of the Universe. Thus, we have added another important con-
stant that does not change over time — Ty,. We obtained the temperature val-
ue based on microscopic quantum data — the energy of the virtual PV cell. Just
because a black hole has, a certain temperature does not mean that its energy is
radiated outward and its temperature drops over time. In the unit cells of the PV,
any processes associated with energy loss are excluded. Therefore, Ty, should
not change over time.
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It will be interesting to compare the obtained value of the PV temperature
with the Hawkins result for the evaporation of black holes. The expression ap-
plied to our Universe as a black hole gives the temperature value:

Terohaw = (0 - )/ (8n - G- Mgy - k) = 0.76 - 107K, (66)

In this expression, Mgy = My, is substituted.

This value is approximately an order of magnitude smaller than our value
(65). Considering the fundamental difference in approaches to determining the
temperature of a black hole, such a difference between the two values can be
considered natural. Formula (66) was obtained by calculating the difference be-
tween the “zero energy” of a quantum field in a curved space near a black hole
and the “zero energy” of a point at infinity in flat space. In addition, it was as-
sumed that radiation occurs not only at the event horizon itself, but also
throughout the entire curved space around it. All these assumptions are not
without controversy and, naturally, are absent in our case.

Now it is important to understand what the physics of the phenomenon of
baryon asymmetry itself is. We have already established that a very small part
(=107°) of PV cells took part in the formation of baryon asymmetry. Despite
the unimaginably low temperature of the PV medium, this temperature is ulti-
mately responsible for the appearance of the baryon asymmetry of the Universe.
Expanding like itself and with acceleration, the Universe retained in its compo-
sition a constant number of Ny, densely packed weakly compressible PV cells.
Oscillating with hyper frequency around a certain equilibrium position, each PV
cell can transfer excess energy to others or receive it from neighboring cells.
There is a finite probability that the energy of the cell can exceed the threshold
for the birth of a real particle. Despite such a low temperature T,, some part of
the Npw/k PV cells overcome the energy barrier and real particles appear. In the
quantized PV environment, there is an energy distribution of cells. Although
guantum representations of the PV medium have not yet been fully created, it
can be assumed that the quantum distribution of PV cells has an energy distribu-
tion similar to the Maxwell-Boltzmann distribution in a thermodynamic medi-
um, which has the following properties.

1. The medium must consist of a large number of particles and be in equi-
librium.

2. Possess the property of isotropy.

3. Relativistic effects should be small.

4. The environment should be dominated by collisional processes.

Even in our quantized PV environment, the interaction between PV cells causes
their deformation. In addition, the greater the deformation of the elements, the
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higher their temperature. In all other respects, taking into account the quantiza-
tion of processes, the PV environment can resemble a collision environment.

With a constant influx of energy in the form of volumes of space from the
additional dimension, it can be assumed that baryon asymmetry will persist all
the time. The process of transformation of the uncompensated lepton compo-
nent of the PV into neutrons will occur all the time with violation of cpt-
symmetry on the quantum time scale ty, with the subsequent transformation of
neutrons into protons. There are a number of conditions that determine the ex-
istence of baryon asymmetry — the presence of spherical symmetry of the Uni-
verse, which leads to the existence of Ny./k uncompensated number of PV cells,
the presence of quantum effects in the PV medium and violation of the quantum
numbers on time scales ty,. Here we should add the presence of fundamental
constants, such as k, ty,, which determine all quantum processes in the PV.

Thus, at an extremely low temperature Ty, ~ 10 K, but an unimagina-
bly huge number of PV cells in the Universe — Ny, ~ 10'% with its spherical
geometry, the indicated baryon asymmetry exists. The dynamic mass of PV
cells is directly related to the temperature of the PV environment T, and the
radius of curvature of the Universe through the fundamental coefficient k gives
the fraction of uncompensated PV cells.

It is more natural to assume that our Universe, which arose because of
guantum fluctuations in the World of additional dimension, from the very be-
ginning had all the existing characteristics, including baryon asymmetry, which
was determined, firstly, by the spherical symmetry of the Universe. Since the
Universe expands over time like itself, all the prerequisites for the appearance
of baryon asymmetry were preserved.

3. Proposed structure of hadrons

Consequently, due to the localization of virtual electrons and positrons on
the outer and inner surfaces of the World and the Anti-World, there is a differ-
ence in their radii of curvature at the level of 1/k. At a temperature T.,> 10 K
mass “birth” of e-p pairs occurs by converting them into real electrons and posi-
trons. The value T., is approximately k times higher than the PV temperature.
The energy spent on each act of appearance of a real e-p pair is equal to E., =
2m, - ¢* = 1.6:10"° erg (compare with the energy of PV cells, formula (14) in
[1]). Despite such a low quantum temperature of the PV, there will always be a
fraction of PV cells that have reached the formation temperature of real parti-
cles. Since the temperature of the PV does not change with time, such a
state of PV has always existed, from the moment the PV itself appeared.
This could happen at the stage of quantum fluctuations in an additional
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dimension. Thus, all the physical characteristics inherent in the Universe
could have been given to it from its very birth.

As already mentioned, the details of the lepton and baryon charge viola-
tion are unknown to us. At the quantum level, this is not prohibited. At such
high temperatures, the process of formation of e-p pairs can be associated with
an additional dimension into which they are “squeezed out” at a high tempera-
ture of the PV environment. When we, for example, throw tennis balls into a net
in which we carry them, the hole in the net narrows. In fact, we can only see the
fifth dimension section of the four-dimensional World in which our baryon
(proton, neutron) is located. This cross section appears to us to be the nuclear
region of a proton with a diameter of d = 10® cm. This nuclear region is sur-
rounded by a cloud of mesons. They may also be a cross-section of the fifth di-
mension of the four-dimensional World. In this case, the proton itself can be
located in an additional fifth dimension connected with our World.

In this concept, the nuclear regions of nucleons and mesons should contain
e-p pairs in the fifth dimension with a total mass that is a multiple of 2me = me. In
the case of a neutron and an antineutron, the total mass will be a multiple of 2m..
Additionally, it is necessary to take into account the binding energy of the constit-
uent their particles, the value of which also depends on the lifetime of unstable
formations (mesons and neutrons). If we specifically consider, for example, a neu-
tron, then the additional mass defect accompanying its decay is equal to 1.5m.. Itis
converted into the energy of the newly appeared electron and antineutrino.

The structural elements of protons and neutrons can be both charged and
neutral ©-mesons, which can also contain objects that are multiples of 2m, + m..
During decays, mesons can release high-energy y-quanta. It should be noted that
K-mesons decay not only into y-quanta, but also “generate” m-mesons. This may
indirectly indicate that y-quanta from the decays of n-mesons close the range of
the electromagnetic spectrum. This characterizes the PV as the medium neces-
sary for the propagation of electromagnetic radiation tpy = 0.94:10% s (see
Table 3 in [1]). Thus, particles heavier than t-mesons do not directly “generate”
y-quanta due to the impossibility of their propagation in the PV by creating
wave packets in it. Outside the electromagnetic spectrum, we talk about high-
energy cosmic rays and think of them as particles.

4. The problem of “dark matter”

Ideas about the physical properties of “dark energy” allow us to take a
fresh look at the problem of interaction of the PV medium with the baryonic
component of matter. Dark energy, from our point of view, is an electrically
active medium, the virtual elements of which interact with charges in the atoms
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of the baryon component of matter. In principle, this interaction can be calculat-
ed, but this is a separate study. Here I would like to note the following.

If we really live on the three-dimensional surface of the World with a ra-
dius of curvature equal to Ry, then according to the “Main Cosmological Prin-
ciple”, all PV cells are equal and obey the same laws that operate in the Uni-
verse. The acceleration due to the action of the A-term is the same at any point
in space-time. The limit of the action of gravitational acceleration is determined
from the condition that it is equal to the acceleration due to the action of the A-
term (see (56) in [1]):

R = [(G-M)/(c*Ho)]*2. (67)

Substituting the numerical values of the constants for the Universe as a whole,
we obtain:

Run = [G/(c - He)]** ¥ My = (0. 95 cm - g %) - V My, = 1.21-10% cm. (68)

In other words, the mass of the Universe My, inside a volume of radius Ry, is
gravitationally bound, and we live in a black hole called the Universe.

For a galaxy with a mass of 10" M, (like our Galaxy), the gravitationally
bound volume is located within the radius R, also determined by formula (68).
As we move away from the center of the Galaxy, gravitational acceleration de-
creases, but the acceleration due to the A-term remains unchanged. Despite the
increase in mass with distance from the center, the role of acceleration due to
the A-term increases. The characteristic shape of the galaxy’s arms in its outer
parts can be explained by the predominance of acceleration associated with the
action of the A-term controlled by the macroscopic charge Qu,. Without accu-
rate data on the growth curve of the Galaxy’s mass depending on the distance
from its center, it is impossible to model the Galaxy’s rotation curve taking into
account the influence of acceleration from the A-term. Nevertheless, it is already
clear why the shape of the arms of our Galaxy is now this way.

It only remains to add that in the center of the Galaxy there is a dense disk
of molecular hydrogen with a size of 0.7 kpc and a mass of about 1.4 10° M.
This disk precesses, and when its edge crosses the plane of the Galaxy, shock
waves arise from its impacts on the plane of the Galaxy. They spread across the
disk and initiate the process of star formation in the arms of the Galaxy. The ex-
istence of twisted arms in galaxies like ours suggests that in an earlier period of
evolution the role of gravitational acceleration was greater. In accordance with
formula (68), the radii of galaxies were smaller, the masses inside this region
changed as R®, and the effect of gravitational acceleration changed in proportion
to R. At a later stage of evolution, when the influence of acceleration due to A-
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terms began to dominate over the gravitational, the arms of the Galaxy came un-
der his influence. Let us recall, for example, the detected anomalous accelera-
tions of the Pioneer-10 and Pioneer-11 spacecraft, the magnitude of which coin-
cides with the acceleration due to the A-term apion= c-Hy. We can only conclude
that to describe the structure of the Galaxy there is no need to involve a hypo-
thetical substance — “dark matter”, but it is better to focus on finding the depend-
ence of the mass of matter on the distance to the center of the Galaxy.

For a large cluster of galaxies with a mass of 10°M,, the boundary be-
tween the action of gravitational acceleration and the action of the A-term passes
at a distance of R ~ 0.5 Mpc from the center of the cluster. Beyond this dis-
tance, the cluster stabilizes the A-term and prevents the galaxies of the cluster
from flying beyond its boundaries. This can also resolve the question of the dy-
namic stability of galaxy clusters without the involvement of “dark matter”.

The role of “dark matter” as the initial potential well in the formation of
primary structures in the Universe becomes unnecessary if we take into account
that in the model of an expanding closed Universe, the speed of light becomes
dependent on the epoch and grows proportionally with time. This leads to the
fact that the speed of light increases by 2.1 cm s per year. Such a change in the
speed of light is very difficult to measure experimentally, since the error in its
measurement is more significant. However, the main difficulty in determining
the change in the speed of light is completely different. Section 11 [1] stated
that the main dispersion relation will now look like this: A = c/v = Const., as-
suming that both ¢ and v depend on the scale factor in the same way. In this re-
gard, it is unclear what experiment can be used to measure changes in the speed
of light. Returning to the extraordinary cosmological role of changes in the
speed of light with epoch, this dependence of the speed of light on epoch can be
confirmed by the following relationships

de/dt=a=c - Hy, dc/c = Hy - dt, (69)

t=(1Ho) - fe1? - defe = (1/Hy) - Inc |2
Since the change in the speed of light is proportional to the scale factor, the period
of time that passed from z = 100, when the first structural formations began to

form, to z = 6, when the large-scale structure of the Universe already exists, will
be:

At;=Hyt - (Inc2 —Incl)=3.7-10" years. = 37 b years. (70)

Here c1 and c2 are the speeds of light for epochs z = 100 and z = 6, respectively.
Consequently, from the moment the temperature of primordial hydrogen
drops to approximately 250 K (z ~ 100) until the epoch of the appearance of
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primordial supermassive stars in the Universe (z ~ 20), about 21 billion years
pass, which is quite enough for the formation of primordial supermassive stars
POP 1II without bringing into consideration “dark matter”. Fromz=20to z=6
a period of 16 billion years passed. In addition, since that time another 26 bil-
lion years have passed. It becomes clear why already at z ~ 6 we see the large-
scale structure of the Universe. From the beginning of the structuring of the
Universe at z ~ 100 to the present time, we are separated by a time interval of
more than 60 billion years. The result we got fundamentally changes our un-
derstanding of the need to use the concept of “dark matter”.

From the analysis of expression (68) we can conclude that the dimension-
al constant [G/(c ‘Ho)]¥? is proportional to the scale factor and, as a conse-
guence, time (see Table 2 [1]). Therefore, over time, the sizes of gravitationally
bound regions increase in proportion to the scale factor. Due to this, stars are
first formed, then galaxies, clusters and superclusters. This is the most im-
portant conclusion of evolutionary ideas about the Universe. Thus, both the
formation of structures in the Universe and their evolution, including the
dynamics of all formations, can be explained without involving “dark mat-
ter” as a necessary substance. Thus, one of the most important and funda-
mental conclusions of our research was obtained.

5. Stability of elementary particles
and the issue of hydrogen atom decay

With the accelerated expansion of the Universe, the ratios between gravi-
tational acceleration, electrical interactions and the action of the A-term do not
change. Each of them grows in proportion to the scale factor. However, the val-
ue of R in formula (68) (the boundary separating the influence of gravitational
forces and the A-term) increases proportionally to Ry,. This leads to the fact that
the dynamics of any system develops differently inside and outside the volume
of radius R. Expression (68) can be used in the case when the volumes of matter
under consideration are electrically neutral. The hydrogen atom is electrically
neutral, and we have the right to analyze its evolution over time. Formally, the
radius of a proton can be determined by the formula:

r,=e’/(my-c®)=1.6-10"°cm. (71)

The mass of a hydrogen atom is actually determined by the mass of the
proton. The limit of the action of the gravitational and the A-term is still deter-
mined from expression (68). This boundary is located at a distance of Ry~ 1.7 -
1072 cm. It is even outside the meson cloud surrounding the nuclear part of the
proton. Thus, the region of the hydrogen atom, located outside the nuclear zone,
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is not affected by nuclear forces, but only action of the A-term. Consequently,
the shell of the hydrogen atom expands under the influence of forces created by
the A-term.

Thus, from the point of view of quantum physics, there is no reason to
consider the hydrogen atom as a stable formation. From our reasoning about the
increase in the size of the atom in accordance with the change in the scale fac-
tor, far-reaching conclusions follow. Indeed, an increase in the size of the hy-
drogen atom leads to the fact that all atomic transitions change over time in ac-
cordance with the change in the scale factor. Quanta, emitted by a hydrogen
atom by the same energy transitions at different cosmological times have differ-
ent frequencies. This changes our understanding of the picture of the evolution
of the Universe as a whole. It leads to a revision of our ideas about the stabil-
ity of the frequency of quanta emitted by the hydrogen atom.

An increase in the frequency of the same energy transitions in a hydrogen
atom will eventually lead to the fact that the frequency of the quantum emitted
by the atom will approach the spectral boundary located in the short-wavelength
region of the y-range. After this, quanta will not be able to propagate in the PV
environment and the Universe will plunge into darkness. This will not happen
very soon, not earlier than in~10*° years. According to modern concepts, the
decay time of a proton is no less than 10* years.

6. The past and future of “dark energy” and the Universe as a whole

Within the proposed concept, a logical question arises: how did the Uni-
verse arise and what awaits it in the future? There is an opinion that the Uni-
verse arose from quantum fluctuations. We can recognize the validity of this
assumption and try to justify it within the framework of our constructions. In
the model of the Universe proposed here, it is assumed that it is closed and ex-
panding with an acceleration that grows in proportion to the scale factor. How
long will the accelerated expansion of the Universe take place? The space of the
expanding Universe “emerges” from an additional dimension. From this point
of view, expansion can continue indefinitely and is determined by the “capaci-
ty” of this dimension. The matter of the Universe in various forms does not dis-
appear anywhere. No structural changes are expected in the PV, which remains
unchanged at a constant temperature of the environment and the frequency of
hyper frequency oscillations of the PV cells. Only the sizes of PV cells increase,
due to which the speed of light also increases in proportion to the growth of the
scale factor.

Another thing is the baryon component of matter. The dependence of
some world constants on the scale factor can lead to significant limitations on
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the possibility of the existence of living beings on Earth in the past and near
future for various reasons. Even a decrease in gravity by an order of magnitude
on a planet like Earth at z = 10 would not ensure the preservation of its atmos-
phere. What saves us is that we do not live in that distant era 30 billion years
ago (z = 10), and the Earth was formed only 4 billion years ago. On the other
hand, in the future, if gravitational interaction were to increase by the same
amount, it would crush everyone to the surface of the planet, and a dense at-
mosphere would complement the gloomy picture of life. We are lucky that we
live in this period with the corresponding values of world “constants”.

The simultaneous increase in the frequency of quantum and the speed of
light with epoch means the constancy of the wavelengths emitted by the same
guantum transitions at different epochs (A =c/v). The wavelength emitted by
the same energy transition in an atom at different epochs will consist of the
same number of PV cells. This means that all attempts to determine the
change in the speed of light over time are doomed to failure, since all-time
intervals are ultimately determined through the frequencies of energy tran-
sitions in atoms.

At the same time, the sizes of PV cells increase over time. The same
wavelength will contain fewer and fewer PV cells. Finally, there will come a
moment when this wavelength (frequency) will cease to exist due to the impos-
sibility of its propagation in the PV. There will be a cut in frequencies, starting
from high, towards low. Currently, this boundary is in the short-wave part of the
gamma range, and then it will move to the ultraviolet region, and so on. The
moment will come and the Universe will plunge into darkness. By this time, the
baryonic component will probably be concentrated in black holes.

It was noted that the Universe could have arisen because of quantum fluc-
tuations. We can give an explanation for how this could happen. The energy
reserves of the Universe Ey, = My, -c? increase with epoch in proportion to the
square of the scale factor due to the additional volume of space that appears. In
the early era, the coefficient ¢ could be arbitrarily small, and therefore the
product My, - ¢, despite the impressive but constant value of My,.

Therefore, in the early era, any arbitrarily small energy quantum fluctua-
tions could arise in the world of a higher dimension. These disturbances could
give rise to our Universe with all its parameters: My, - c2, the number of PV
cells Ny, the global average density pun, the Hubble constant Hy and even bar-
yon asymmetry. Our microscopic Universe began to expand like itself while
maintaining the spherical metric. If we assume that the “birth” of the Universe
occurred with the size of the modern hydrogen atom ry ~ 10 *° cm, then the en-
ergy of our Universe at birth would be Ey, ~ My,-¢®=10 % erg. This is a com-
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pletely insignificant value. In this way, everything could have happened qui-
etly and “peacefully”, without any so-called “big bang”, but a long time
ago, more than a thousand billion years ago.

This scenario can be considered the most probable and appropriate in the
proposed concept of the structure and evolution of the Universe.

7. Angular fluctuations of the CMB on the scale of the first Doppler peak

Half a century after the start of large-scale studies of the structure of the
Universe [2], the existence of superclusters and voids in the Metagalaxy was
reliably established [3, 4]. This is also confirmed by infrared and radio data [5,
6, 7]. The results of deep studies of the Universe in the optical range using sur-
veys of selected areas of the sky provide a less general picture of the large-scale
structure of the Universe on a scale of thousands of megaparsecs [8]. One of the
reasons for the lack of unified ideas about the structure of the Universe is the
presence in the sample of sky survey sources of both objects located at cosmo-
logical distances and relatively close objects in the each range of flux densities.
These two indicated groups of sources are located at opposite ends of the gen-
eral luminosity function [9], which can lead to masking deviations from the
random (Poisson) distribution of sources over the celestial sphere. Another rea-
son for the lack of detection of deviations in the distribution of sources over the
celestial sphere from random is the sensitivity of the optical range to selection
effects connected with the passage of radiation from sources through the galac-
tic medium, which strongly emits in the optical range, on the one hand, and ab-
sorbs radiation by clouds of gas and dust. From this point of view, it is advisa-
ble to conduct cosmological research using radio-astronomical data. However,
the lack of reliable methods for determining distances at radio frequencies does
not allow using this range to check the cosmological parameters of the Universe
without additionally using of optical range.

Long before space experiments to determine CMB fluctuations, we began
work on studying the distribution of radio sources across the celestial sphere.
The work was carried out after the processing of data from a centimeter search
survey of the sky, carried out by us on the RATAN-600 radio telescope, was
completed. As a result, a list of detected radio sources of the Zelenchuk survey
“Z” was compiled, which contained about 12 thousand objects. At that time, in
1986, it was the largest catalog in the world obtained at centimeter waves. Im-
mediately after compiling the list of sources, their angular distribution over the
celestial sphere was studied and deviations from the random (Poisson) distribu-
tion were found at the level of 5o (five standard deviations) on scales of about a
degree, on the first Doppler peak | = 200 [10]. It became clear why it took so
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much time to detect deviations from the random distribution of radio sources
across the celestial sphere. There simply was not enough statistical data from sky
surveys for this. It was necessary to have a more complete list of sources down to
low flux density levels where a sufficient population of distant objects would be
present. The “Z” Sky Survey was the first of these lists. Subsequently, a few
years later, a survey of GB6 appeared, the study of which confirmed our results.
When analyzing the distribution of sources for the “Z” survey, a special
statistical method was used, with the help of which Abel discovered the exist-
ence of superclusters of galaxies by studying the visible distribution of cells of
different sizes and the number of objects in them across the celestial sphere [1,
10, and 11]. The statistics of the number of cells in the sky with different num-
bers of sources in them with a random distribution of objects on the celestial
sphere obeys the Poisson distribution:

P(n)=(e™A") /n!, (72)

where A is the average number of sources in a cell of a given size, n is the num-
ber of sources in a cell of the analyzed size. The range of n values depends on
the size of cell. To test the hypothesis of random distribution of sources across
the celestial sphere, the y? criterion was used:

(7, - E)

Ve Z (73)

Here T, = P(n)-N is calculated from (72), N is the total number of cells in the
viewing zone, E, is obtained by counting the number of cells of each size con-
taining n sources.

For large N (about several hundred), statistics (73) will be well approxi-
mated by the distribution y% This makes it possible to calculate the probability
of the Poisson distribution using the one-parameter function p (x°):

< _f (L/—l) 1
p(r) =[x —— dx, (74)
Z2 22 F(E)

where v = (n— 1) is the number of independent degrees of freedom. The range
of sizes of cells was 0.3-1.5 square degrees. The probability of random occur-
rence, calculated using formula (74) for different sizes of cells in the Zelenchuk
sky survey zone “Z”, is presented in Fig. 1 (top panel). For a clear comparison
with CMB, the graph shows the inverse value of the probability of random de-
viation from the Poisson distribution. A clearly expressed scale of deviation
from the random distribution is visible within about one degree. This scale may
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correspond to the harmonic component of the large-scale structure of the Uni-
verse, associated with the size of Superclusters of galaxies. The viewing depth
“Z” based on the spectral flux density is 20 mJy.
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Fig. 1. Angular distribution (top panel) and CMB fluctuations

The same deviations from the random distribution are visible in lists of ra-
dio sources with a low level of detection of objects by flux density. Deviations
from the Poisson distribution were identified in [12], where a different method
was used to study the angular distribution of radio sources of the GB 87 survey.
In our survey, we divided the sample of sources into two equal parts by flux in
order to establish the probability of deviation of the distribution of sources from
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random (Poisson) in each from these parts. The median flux was about 32 mly.
For two groups of strong and weak sources, the procedure for studying their dis-
tribution over the celestial sphere was similar to that described. As a result, the
sample of weak sources contains more objects associated with regular periodic
large-scale structures than the sample of strong radio sources. This difference is
more than 1.5 times, which indicates that the fainter and more distant objects in
the sample have a cosmological nature associated with the beginning of the for-
mation of the large-scale structure of the Universe at z ~ 6. The deviation of the
distribution of sources from random occurs because that at z greater than six,
large-scale structures associated with superclusters of galaxies have not yet been
formed. Thus, analysis of the distribution of radio sources over the celestial
sphere revealed the difference between this distribution and the random,
Poisson one. The characteristic sizes of the structures are 100/H, Mpc,
which, in accordance with the scale factor for the formation epoch at z ~ 6,
gives the observed angular sizes of large-scale formations.

Observational data indicate that giant elliptical galaxies, which make up
the bulk of the sources of radio surveys, are concentrated in regions of increased
matter density and are associated with the central regions of clusters and super-
clusters of galaxies. Consequently, they can be indicators of the large-scale
structure of the Universe. This result was later confirmed by studies of other
lists of sources in the centimeter wavelength range [12, 13].

However, we must remember that during the first surveys of the sky in
the radio range; extended structures were identified, which later turned out to be
ensembles of discrete sources. This was due to the insufficient resolution of ra-
dio telescopes at low frequencies of the radio range at which the first sky sur-
veys were carried out. Perhaps a similar situation occurs with CMB surveys on
space telescopes with small-diameter mirrors. We cannot exclude the possibility
that discrete structures of the Universe have a dominant influence on the angular
distribution of background fluctuations. In this case, it will be necessary to seri-
ously reconsider the basic principles of the role of background radiation in cos-
mological constructions.

Based on the data from the study of the cosmic microwave background
radiation, it can be shown that the angular fluctuations of the CMB can be inter-
preted as a result of the contribution to the temperature of the background radia-
tion from a large population of infrared galaxies located at high redshifts (z ~ 6)
during the era of the formation of the large-scale structure of the Universe (Fig.
1, top panel). From SCUBA surveys of small areas of the celestial sphere at
submillimeter waves, it became known that there are numerous high-luminosity
infrared galaxies located at high redshifts. They have a very high star formation
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rate AM ~10° M, per year, high luminosity L ~ 5-10* L, and contained a large
amount of dust Mg ~ 5-10° M, [14, 15, 16]. The latter circumstance is the reason
that it is very difficult to carry out optical identification of such objects [17].

Statistical calculations of the SCUBA sources revealed fundamental dif-
ferences in their properties compared to the sources of centimeter surveys, both
in the density of objects per square degree and in the slope of the dependence of
the number of N — flux sources S (logN — logS). The high source density (~10*
per square degree up to a flux of 1 mJy) and the steep slope of the source count-
ing curve logN — logS lead to the fact that the main contribution to the back-
ground temperature is made by weak sources at the flux level of 0.5-1 mJy per
maximum CMB [16, 17, 18] (Fig. 2).
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Fig. 2. Dependence of the number of infrared sources located at large z on the flux density
(logN — logS) on a celestial sphere with an area of one square degree

Based on observational data in the radio and submillimeter ranges, it was
concluded that there is a spatial connection between two populations of sources in
the submillimeter and centimeter wavelength ranges. Moreover, a number of
sources detected at submillimeter waves have detectable fluxes at centimeter
waves and vice versa [15]. The only difference is that the mechanisms of radia-
tion in the radio range and at submillimeter waves are different: in the first case,
the activity is associated with the central region of the galactic nucleus, where
synchrotron radiation is formed; in the second, its radiation is determined by ac-
tive star formation in the circumnuclear regions and is of a thermal nature. Thus,
discrete sources can be one of the main interfering factors in the interpretation of
background observations made using small antennas placed in space. The radia-
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tion patterns of space telescopes, which are only a few tenths of a square degree,
contain large quantities of sources. With a surface source density of 10° per
square degree and a steep source count slope, the bulk of the angular background
fluctuations at the scale of the first Doppler peak can come from weak and nu-
merous infrared sources located at high redshifts around z ~ 6 (Fig. 2 ). At centi-
meter waves, the situation is different. Due to the strong cosmological decrease in
the number of sources with decreasing flux density, the contribution of faint ob-
jects to the antenna temperature is insignificant. In this case, antenna temperature
fluctuations are caused by strong sources that can be easily taken into account.

At submillimeter waves, where the spectrum of background radiation is
located, it is impossible to conduct a deep survey of the sky down to 0.5 mly
due to the prohibitive time spent on viewing even small areas of the celestial
sphere. Extrapolation of the contribution of discrete sources of centimeter and
decimeter surveys to submillimeter waves is incorrect due to the different spec-
tral characteristics of different types of objects detected in the full sample of
survey sources. There are additional arguments in favor of considering an alter-
native, in addition to the generally accepted, possibility of the nature of CMB
angular fluctuations. They are based on the results of observations from both
space telescopes and ground-based small-sized interferometers operating at high
frequencies, where the spectrum of microwave background radiation is located.
These data include the following:

1. There is an unsatisfactory (for theoretical constructions) value of the
amplitude of the second Doppler peak of the CMB.

2. On the contrary, there are excess fluctuations that are detected on large
angular scales (at small values of the multipole I).

3. There is a complex behavior of the vibration spectrum, which cannot
be represented by a single slope value n = 1.

4. Low quadrupole value obtained.

5. Polarization data indicate early secondary ionization at z ~ 11 with a
significant optical thickness .

6. The presence of large-scale structures of the Universe at high redshifts
Z ~ 6, which do not fit well into the framework of standard cosmology.

7. The need for the existence of an early population of POP Il stars at high
redshifts, which would provide the necessary number of quanta for reionization.

All these observational data suggest the possible significant influence of
discrete sources on the results of background studies. In the words, these means
that a certain fraction of the cosmic microwave background radiation may come
from discrete formations. If we assume that angular fluctuations of background
radiation on a scale | = 200 are determined by discrete formations in the Uni-
verse, then the parameters of angular fluctuations of background radiation ob-
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tained from observations can be used to find the necessary characteristics of the-
se formations based on additional data on the infrared radiation of galaxies lo-
cated at a distance z ~ 6. The energy of angular fluctuations is negligible AEgy~
10° Ecuves compared to the CMB itself, so it is not possible to measure the spec-
trum of these angular fluctuations, especially considering that it is close to the
Planck spectrum. Therefore, by default it is assumed that angular fluctuations
belong to the cosmic microwave background radiation, which has a Planck spec-
trum with a temperature of 2.7 K. If we abandon this postulate, then the spec-
trum of angular fluctuations can be represented in the form of two components:

1. The first component corresponds to angular fluctuations on the scale of
the first Doppler peak at temperatures above 27 uk (Fig. 1, upper part of the
lower panel).

2. Frequency-independent “substrate” located below the 27 pk level (Fig.
1, lower part of the lower panel).

According to point 1, the features of the fluctuation spectrum at | = 200
are created by a submillimeter population of high-luminosity galaxies located at
high redshifts z ~ 6 during the era of the formation of large-scale structures of
the Universe. However, the frequency-independent part is due to angular fluctu-
ations of the 2.7 K background radiation [19, 20].

In Fig. 1, brightness temperature fluctuations on the scale of the first
Doppler peak are 4.8-10° K (they located above the horizontal line) and 2.7-10
> K (below the horizontal line). If these components can be of different natures,
then temperature fluctuations from these parts are dispersions of independent
processes. To find the parameters of discrete sources responsible for the ob-
served structure of background radiation on the scale of the first Doppler peak,
the emissivity of dust cocoons in infrared galaxies was estimated.

The flux density on the Earth's surface from the radiation of the dust co-
coon surrounding galaxies is about Peai = 0.5-10%° Jy = 0.5:10% ergrem s
(Fig. 2). As already mentioned, objects with the indicated fluxes make the max-
imum contribution to the background temperature on a scale of | = 200. Let's
accept the bandwidth of the WMAP space observatory channel near 1 mm is
approximately 10* Hz and the evolution of cosmological power changes as (1 +
2)*. Then the distance to infrared galaxies is R, ~ 10% cm (z ~ 6). After this, we
find that dust cocoons provide the radiated power P, = Peartn 4TR,% A v-(l+z)4 ~
1.4-10% erg s™*. For the temperature of the dust cocoon (z = 6) Tee = 19 K, we
obtain in the blackbody approximation the radiation power per square centime-
ter of the dust cocoon P, = 6 T~ 7.4 erg-em ?+s *. From here we find the re-
quired surface size of the dust cocoon at radiation power P,, which would pro-
vide a flux density on Earth of about 0.5 mJy: S¢ec =P, / Peoe = 1.9-10* cm?, or
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the effective dimensions of the dust cocoon Ry ~ 4.0-10% ¢cm, which is about
1.3 Kkpc. In reality, the dust is distributed unevenly; most likely, it has a shell
structure, as we see around stellar associations and high-luminosity stars. There-
fore, active star formation zones occupy a circumnuclear region with dimen-
sions of about one kpc. Thus, to explain the radiation of distant objects of the
submillimeter population by a thermal mechanism, it is sufficient to assume the
existence of active star formation processes occurring in the central regions of
infrared galaxies at redshifts z ~ 6.

Judging by the logN — logS statistics for submillimeter sources, their den-
sity near one mly is about 10* per square degree (Fig. 2). The total contribution
of the flux density over the entire flux range in accordance with the existing
logN — logsS relationship is about four mJy per square degree. In this case, in the
radiation pattern of the WMAP space telescope with an effective area of 0.25
square meters and a beam width of 0.25 square degrees for the first frequency
channel there will be radiation from N =~ 10* sources. The temperature of the
antenna from each source with a flux of 1 mJy is equal to T,~ 0.9:10” K. The
total contribution from N ~ 10 objects to the antenna temperature will be T, ~
0.9-10°° K. If the temperature fluctuations of the space antenna radio telescope
is created by sources with a random distribution over the celestial sphere, then
the magnitude of the fluctuations will be AT, ~ T./VN = 0.9:10° K =~ 9 pK. In
other words, we would observe fluctuations of 1% of the antenna temperature.
Random fluctuations of 9 uK are 5 times smaller than the first Doppler peak.
However, if there are real deviations of sources from the Poisson distribution on
the scale of the first Doppler peak due to the existence of large-scale structures
of the Universe at high redshifts, then the situation changes radically.

In fact, we are dealing with a non-random distribution of infrared galax-
ies. Surveys of limited areas of the celestial sphere at submillimeter waves show
that the number of detected sources varies greatly in background fields and in
galaxy clusters. Deviations from the random distribution of infrared sources on
a scale | =200 by 5% of T, are sufficient to obtain the value of the first Doppler
peak CMB ~ 45-10° K. For radio sources, we obtained just such deviations
(50) from their random distribution over the celestial sphere [10, 13, and 21].
Thus, in the space experiment we observe angular fluctuations on the scale of
the first Doppler peak, the magnitude of which corresponds to our calculations
about the contribution of discrete formations to the temperature of the space
telescope antenna at z ~ 6.

Observations on high-frequency Planck channels do not change the situa-
tion, since the sources have a spectrum close to the Planck one. In the Rayleigh—
Jeans region, where observation was made, the spectral flux density increases in
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proportion to the square of the frequency, but the solid angle of the space tele-
scope decreases in this proportion. The data set we have allows us to draw the
following conclusions about the spectra of distant infrared galaxies, confirming
our hypothesis:

1. The dust there is multicomponent with temperature fluctuations from
10 K in cold dust globules to several tens of degrees in dust shells around high-
luminosity stars [22].

2. The emission spectrum of each dust component depends on tempera-
ture. At lower temperatures the spectrum is closer to Planck one.

3. To explain the first Doppler peak by emission from distant infrared
galaxies, it is necessary to have a dust component with a weighted average tem-
perature of about 20 K, which dominates the overall spectrum [23, 24].

4. The emission spectrum of low-temperature dust is close to the spec-
trum of a black body [13], which rightly leads us to a natural explanation of the
angular fluctuations of the CMB on the scale of the first Doppler peak by the
appearance of a large-scale structure of the Universe at z ~ 6.

We do not know with high accuracy the mass spectra of high-luminosity in-
frared galaxies located at high redshifts. Inthe vast majority of cases, z is unknown
for these galaxies, which are surrounded by thick shells of dust. Due to the high
absorption of light, it is difficult to observe the spectra of these sources. Redshifts
obtained indirectly, such as from spectral energy distribution (SED), require addi-
tional procedures and assumptions that do not appear to be completely reliable.

In any case, the explanation of the first Doppler peak of background radi-
ation by angular fluctuations of infrared sources looks quite plausible. The cru-
cial experiment that will allow us to answer these educated guesses will be to
conduct surveys of 0.25 square degrees of sky in places with lower background
temperatures and higher they values. If it is confirmed that the number of ob-
jects in the sites changes synchronously with the change in background tempera-
ture, then this will be direct evidence of the proposed explanation for the nature
of the first Doppler peak. However, it will be extremely difficult to conduct such
surveys of the celestial sphere due to the enormous amount of time required. For
example, to view an area with a diameter of three sg. min, when the flux density
reaches one mly, 5 hours of observation time are required. It is necessary to
reach a level of 0.2 mJy. Thus, for one area 0.25 sq. hail the hail will have to
spend at least 10*hours, that is, a year and a half, if breakthrough hardware solu-
tions do not appear. It is clear why this has not been done until now.

8. Hypothesis for the appearance of CMB

What physical processes led to the appearance of CMB? If we want to
explain the frequency-independent part of the angular fluctuation of the back-
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ground radiation, which are located below the horizontal line in Fig. 1, then you
need to answer the following question. What physical parameters should dis-
crete formations in the Universe have and at what epoch should they emit the
required number of quanta in order to provide of observational characteristics of
the background radiation of 2.7 K? What kind of formations are these? Consid-
ering the very high-energy release required to create a gigantic amount of cos-
mic microwave background radiation quanta, it is natural to assume that this is a
population of primordial supermassive POP Il stars. Therefore, this population
of stars should have the following characteristics.

1. Discrete formations (POP Ill) must provide the required number of
guanta so that they are observed at now as background radiation with a tempera-
ture of 2.7 K.

2. These structures must release the necessary energy in a short period of
time on the order of ATcws = (1-3)-10° years, so that the Planck spectrum of the
CMB does not become distorted.

3. The required number of quanta to create cosmic microwave back-
ground radiation must be absorbed by a large amount of dust.

4. Dust must mass at least Mgyt~ 10°° Meopii and re-emitted in the infra-
red wavelength range.

5. The radiation from dust shells around supermassive stars should have a
spectrum very close to that of a black body.

6. There must be a mechanism for the emission and re-emission of quan-
ta,8ensgring their observed ratio for each baryon in the Universe (Ngua /Npar =
10°-10°).

7. The parameters of the objects must also correspond to the detected
high isotropy of the cosmic microwave background radiation and its fluctua-
tions (ATcmg~ 2.7-10° K, Fig. 1).

8. The statistical characteristics of angular fluctuations of the background
must correspond to the data of experiments performed in space and in balloons.

9. Data on secondary ionization must correspond to the time of its occur-
rence and the energy characteristics of the emitted quanta.

10. Polarization data must fit into the picture of the formation of back-
ground radiation.

11. Abundance of helium, deuterium and lithium: the so-called primordial
nucleosynthesis should find its natural explanation in the evolution of the POP
I stellar population and be related to the chemical composition of stars and the
environment both at high z and in the modern era.

12. The picture of the occurrence of background radiation should corre-
spond to observational data of known discrete formations located at high red-
shifts.
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13. It is desirable to have specific observational forecasts regarding the
possibility of observing primary formations responsible for the occurrence of
cosmic microwave background radiation.

Discrete formations of POP Il stars create the so-called “first light” at
the end of the “dark epoch” following recombination at z = 1300. The concept
of “dark epoch” is arbitrary, since after recombination and the formation of hy-
drogen atoms the temperature of hadronic matter during the accelerated expan-
sion of the Universe decreased, starting from several thousand degrees. At the
same time, the radiation separated from the hadronic matter. Initially, this pro-
cess occurred with a uniform distribution of hadronic matter.

If CMB fluctuations are associated with discrete formations of POP I1I
stars, then ATpop 1 /T pop 1 = 2,7‘1075 K/27K= 1075. We assume that ATpgop i
~ 1\Nuw T pop 11, Where Ny, is the average number of POP Il sources in the
diagram of the WMAP space telescope Ny, ~ 1.0 -10™. The ratio of the area of
the celestial sphere to the solid angle of the beam width of the space telescope
on the first frequency channel is Qqn/Qan = 1,8-10° (Qun = 0.25 sq. deg.). The
total number of such objects on the celestial sphere is Nige = Npw: Qspn/Qan =
1.8-10™. The solid angle occupied by each such object on the celestial sphere is
equal t0 Qqouse = Qupn / Niotie = 4.4-10* / 1.8-10" = 2.5-10° ™, The mass of each
formation can be determined through the value of the baryon mass of the Uni-
verse Myar = 0.02-My, = 0.02-1.6:10%° g = 3.2:10* g. Thus, the formation mass
Mrorm = Mpar / Niotie = 1.8 10%° g ~ 10° M.

There are works showing that as soon as the mass of the gas reaches the crit-
ical value M;=0.7-10° M,, the gas cooling mechanism begins to work effectively
due to radiation in the rotational lines of hydrogen. The process of formation of
suchclouds canoccur even at z~ 30. Due to this process, dense clouds of molecu-
lar hydrogen are formed. Fromthis, we candraw the following conclusions:

1. The obtained value of the formation mass Msom IS close to the Jeans
critical mass M; with high accuracy.

2. Objects must be formed in the post-recombination period at z ~ 30.

3. The mass of discrete formations indicates that these objects are most
likely dwarf protogalaxies.

4. These protogalaxies can be primary blocks, from which galaxy struc-
tures with masses up to M ~ 10" M, are formed through mergers.

5. The processes of generation of relict background radiation that interest
us should arise precisely in these structures during the formation and evolution
of the primary population of POP Il stars in them.

So far, everything is developing in accordance with the proposed ideology
proposed by us. According to it, when the structuring of the Universe occurs, dis-
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crete smaller objects are first formed and over time, the process moves towards
their enlargement. We started with supermassive POP Il stars in dwarf galaxies.
The processes occur in accordance with expression (68), which indicates the lim-
its of the action of gravitational forces in the process of accelerated expansion of
the Universe. To determine a boundary action of a gravitational forces, it is neces-
sary to know the epoch z of formation of the structure and its mass. This follows
from the fact that in formula (68) before the square root of the mass there is a di-
mensional coefficient proportional to Ry, (G~R®, c~R; Table 2 [1]).

For the first discrete formations in the Universe — supermassive POP Il
stars, these values are respectively z ~ 20, Mpop 11 = 10° M,. The redshift was
obtained from data from the PLANCK space observatory, where the epoch of
secondary ionization (reionization) was determined at z ~ 11, but we must be
taking into account data from the James Webb Space Telescope, which discov-
ered giant galaxies already at z more than 13.

Reionization requires the presence of an extremely large number of quan-
ta of sufficient power, which could only be provided by a gigantic number of
supermassive POP Il stars. The duration of the reionization process was deter-
mined by the evolutionary time of POP Il stars, which for supermassive stars
was 1-3 million years. Such an insignificantly short period of evolution by cos-
mic standards ensured the preservation of the Planck spectrum of the cosmic
microwave background radiation.

Thus, for the first population of discrete formations POP 111 we obtain the
value of the gravitational acceleration dominance boundary (68):

Reop i ~ [G (L +2)3/c (1 +2) ™ Hy ]** VMeop 1 = (75)
[G/(c Ho)*(L + 2) “VMeop 11 ~ 0. 95 em-g *20.83-10%-4.5-10"" g
~3.5:10" cm = 0.01 pc.

This means that in a region with a radius of 0.01 pc, matter is in a gravita-
tional connection for each POP Il star. We are considering the option when
primary stars are formed inside structural formations, which we call dwarf gal-
axies, with masses on the order of 10° solar masses. In that distant era, they be-
come galaxies only when they include discrete structural formations - POP |11
stars. Before that, they were cold clouds of molecular hydrogen. It is interesting
to know the size of the region from which such dwarf galaxies are formed. As
was said, the total number of such objects on the celestial sphere is Ny =
1.8-10", and the solid angle on the celestial sphere is equal t0 Quyar ~ Qspn/Niotie
~2.5-10™ sq. deg. Taking into account the radius of curvature of the Universe
R~ 1.2:10% (Table 4 [1]), the size of the formation region of these galaxies is
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Rarar & Run * Odwart = Run “VQ gwart & 10*° cm, where Ogyar ~ 5-10°deg ~ 1072 arc
sec is the angle at which the dwarf galaxy is visible from Earth. For example,
the modern ALMA interferometric system has the best resolution for reliable
registration of objects, no better than an arc second.

To clarify the physical characteristics of primary stars, we will estimate the
required for this energy component of the relict radiation. It is known that the
density of cosmic microwave background radiation quanta in the modern era is
PcmB = 4-10% The total number of quanta in the Universe is equal to Nows = PcmB
“Vun = 2.8-10%”. The total energy of quanta Ecmg= Neme * h -+ vinac= 0.9-10"%erg,
where Ve > 3:10™ Hz. Inepoch z ~ 20 (the estimated period of evolution of POP
111 stars), the total energy of quanta in the Universe was Ecug; ~ Ecms - (1 +2) =
2.0-10" erg. The corresponding energy equivalent meyg, ~ 2.0-10°%g. Thus, in a
cosmologically short period of time Atcyg = 2-106years (the evolutionary time of
the primary supermassive stars POP IIl), a small part of the baryonic mass of the
Universe (~ 1 % My,) should have turned into background radiation. In fact, en-
ergy is released due to changes in the nuclear bond between nucleons.

Knowing the energy of the background radiation (Ecwe ~ 2.0-10" erg)
and knowing the number of protogalaxies at the specified redshift (N gras
1.8-10™), we can find the required energy release for each protogalaxies Egras
Ecwme / Naar = 1.0-10° erg. In accordance with modern ideas about stellar evo-
lution, the population of primary POP Il stars was very massive formations
with Mpop 111 = 2:10° M., Primary stars, formed from hydrogen without heavy
metal impurities, could have a surface temperature of approximately T = 10°K
and, during their existence of two million years, emitted energy at the Edding-
ton level, determined by electron scattering [25].

The possibility of the occurrence of background radiation due to the re-
emission of quanta by dust ejected into the surrounding interstellar space by
primary supernovae is considered in [26]. To explain the occurrence of relict
radiation, the required amount of the dust component turned out to be sufficient,
in their opinion, only in the modern era. Therefore, they had to abandon this
idea of the appearance of a background. In the case we are considering, it is as-
sumed that the Planck emission spectrum is obtained due to optically thick dust
shells around POP Il stars. This method of CMB formation is fundamentally
different from that proposed by Zeldovich and Novikov [26], since the emission
of quanta, their complete interception by the dust shell, and re-emission in the
infrared range occur before the onset of massive explosions of POP Il stars.
The beginning of the epoch of secondary ionization practically coincides with
the formation of the cosmic microwave background radiation and is also pro-
vided by the energy of POP Il stars in the process of their evolution.

Q

Q
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If, as mentioned above, each protogalaxy is responsible for the indicated
energy of background radiation Egs ~ 1,0-10° erg and the formation of the
background occurred over a time interval Atcys ~ 2:10° years, then the total
luminosity of the population of POP IlI stars in each protogalaxy should be Ly
~ Egrar [Atows = 1.5-10* erg s, or in solar luminosities Lgr ~ 4-10% L. The
obtained value of the luminosity of protogalaxies allows us to compare the val-
ue of the ratio of luminosity to mass of such objects at z ~ 20 and z ~ 6, where
measurements of the star formation rate (SFR) were carried out for distant gal-
axies of high luminosity. If, according to observations at z ~ 6, the ratio is L,= /
M,= ~ 5-10°, then in the case of protogalaxies at z ~ 20 this ratio is L=/ M=
~ 4-10*. Thus, when moving from z = 6 to z = 20, the L/M ratio can increase up
to 8 times. An increase in SFR was also noted by a number of authors as a nec-
essary condition for the energy supply of reionization of the interstellar and in-
tergalactic medium. However, reionization does not require as many quanta as
the creation of cosmic microwave background radiation. Consequently, if there
are enough quanta for the formation of cosmic microwave background radia-
tion, then the conditions for reionization will be provided.

The evolutionary characteristics of POP Il stars have been actively stud-
ied theoretically for a long time [23, 24]. If the mass of such stars in the pro-
togalaxy is two-thirds of its mass, then for the total mass of stars in the pro-
togalaxy we obtain the value M" = 6.6-10> M,. Their number in each protogal-
axy N" = (6.6:10° M,) / (2:10* M,) =~ 3.3-10°. The luminosity of each star re-
quired for the occurrence of background radiation is equal to L™ ~ Ly / N =
1.5-10"/3.3-10° ~ 0.45-10* = 1.2-10" L, For example, blue supergiants in our
galaxy with masses 40 M, have luminosities Lysg ~10° L. Their surface temper-
ature is Tpeg = 4-10*K, radii Ropsg = 40 R,.  Even if we assume that our blue su-
pergiants with a mass of 2:10% M, have a stellar radius of the same magnitude,
their surface temperature T* will be twice as high, then their luminosity will be
equal to the value L" ~ 1.6-10" L,. We took the value T~ 8-10* K:

Lex 41 R% 0 T*~0.6:10" erg s~ 1.6:10" L, (76)

(c =5.7-10°erg cm’ s). The data obtained indicate that the energetics of su-
permassive POP Il stars can provide the necessary energy release to create
cosmic microwave background radiation. The distance of the dust cocoon from
the supermassive star POP 111 will be equal to:

Reoe=[(1.2:107 Lo) / (4nic “T]"~[4.5-10°%(12.5°5.7-10°-55%] > (77)
~2-10® cm~ 0.7 pc.
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Thus, supermassive primary POP Il stars, constituting 0.66 of the mass
of the dwarf protogalaxy, are sufficient to create the required number of quanta
that ensure the formation of cosmic microwave background radiation. As a re-
sult, the remaining mass of these dwarf galaxies will be hydrogen, the state of
which is determined by the temperature of the surrounding medium.

To explain the background phenomenon with Teys ~ 2.76 K emission of
dust cocoons emerging around POP Ill giant stars at z ~ 20, it is necessary to
have a cocoon temperature of about T, ~ 55 K and a Planck spectrum of dust
cocoon emission. If all the star’s radiation is intercepted by a dust cocoon and re-
emitted at a given Planck temperature, then the effective distance from the star
to the dust shell will have the value R"~ 2:10* cm ~ 0.7 pc. From the Earth's
surface, these dust cocoons would have angular dimensions 0.~ 0.5-107 arc.
sec. (Quwat ~ 2.0-10*?sq. deg.). Registration of such angles is not possible.
Powerful ground-based systems such as ALMA have a guaranteed angular reso-
lution of not much less than an arc second at the highest frequency channel.

In addition, other difficulties may arise. Because of the reionization of the
Universe, a gigantic number of free electrons are formed, filling all of outer
space. Their number is close in order of magnitude to the number of hydrogen
atoms in the Universe, although their total mass is insignificant compared to the
baryon component of matter. Their approximate number Ny, e~ 10", At the cos-
mological distances that quanta travel, there is a high probability of their Thom-
son scattering by electrons. There may be a haze that prevents us from seeing the
cosmic ripples created by primordial dwarf galaxies. Behind this haze may lie an
entire era of the appearance of the primary discrete structures of the Universe.

Now let us return to our dust shells around POP Il stars. The gas compo-
nent of matter in dense clouds can be in three states: molecular, atomic and ion-
ized. Absorption of radiation in dense clouds of molecular hydrogen, even
without dust, can reach many tens of stellar magnitudes in the optical range.
Strong absorption by molecular hydrogen is also observed in the infrared region
of the spectrum. In the denser environment of primordial dwarf galaxies, the
effects of absorption of quanta of radiation from primordial supermassive POP
111 stars are even more pronounced. However, to create a Planck spectrum with
a temperature of 55 K at z = 20, a very large amount of the dust component of
the substance is required. Dwarf protogalaxies with a mass of about 10° M.,
during the process of their emergence and evolution, naturally had a distribution
of gas mass with increasing density towards the center. In the denser central
regions of these galaxies, star formation processes occurred faster than at the
periphery. During the evolution of primary stars of large mass, a gigantic vol-
ume of dust component up to a third of the mass of the star can be formed. For
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stars with a mass of 200 M,, the dust mass will be Mg, ~ 1.4-10% g. This dust
should fill the surface with a radius Reoc = 2-10* ¢m (0.7 pc). The surface densi-
ty of dust ASqys; Will be:

ASqust= Maust / 41 Reoe 2~ 1.4:10%° g/ 12.5-(2:10"%) cm? ~ 2.8-102 g cm 2. (78)

If we take the characteristics of interstellar dust in our Galaxy to estimate
the absorption of radiation from the POP Il star, we obtain the following pic-
ture of the formation of cosmic microwave background radiation with a Planck
spectrum. In this case, the size of the dust grain in the shell around the super-
massive star should be taken equal to 0,3y, the mass of the dust grain my = 10~
13 g, and the density pg~ 1.1 g cm®. The absorption per unit mass of such dust
is Agust = 4-10* mag. cm? g* [27]. Using data on the surface density of dust Sgus
and the absorption value per unit mass, we obtain the absorption of the dust en-
velope in stellar magnitudes:

AMgyust = ASqust - Aqust ® 7 M (Magnitudes). (79)

An absorption of seven magnitudes is equal to Amgust & 625 times. With
this consideration, we obtain an ideal Dyson sphere emitting a Planck spectrum
with a temperature of 55 K.

Now about the possibility of registering primary dwarf protogalaxies.
Currently, technical means for detecting a galaxy of high luminosity L ~ 10" L,
in the submillimeter wavelength range at redshifts z ~ 6. It is impossible to de-
tect protogalaxies with a luminosity L = 1.7-10° L, at z~ 20 The difficulty
lies not only in the need to increase the sensitivity of the equipment by 4 orders
of magnitude, but also in the ability to provide high angular resolution when
using a filled aperture of interferometers. There is also a circumstance associat-
ed with the low brightness temperature of the objects under study. The charac-
teristic “ripples” on the celestial sphere from protogalaxies have an angular
scale of about one millisecond of arc. For example, a radio telescope with a di-
ameter of 25 meters at submillimeter waves has a radiation pattern of about 10
arc. s. Try synthesizing a filled aperture with a resolution of 10~ arc. s. We do
not have such an opportunity yet.

It is necessary to answer the question of obtaining a high ratio of the
number of background radiation quanta to the number of baryons in the Uni-
verse. This value can be obtained from an analysis of the evolution of primary
POP Il stars. This relationship is obtained due to the fact that the temperatures
inside the main stars, where thermonuclear reactions occur, reach the value T =
5-10° K, and the temperature on the outer surface of the dust cocoons surround-
ing the stars has T, =55 K. The initial fragmentation of quanta occurs inside
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stars due to multiple acts of absorption and re-emission. In addition, each bary-
on repeatedly participates in the reactions of converting hydrogen into helium,
helium into carbon, etc. It takes much time for quanta to reach the surface of the
star. As a result, on the surface Tyt ~ 10° K. Further, the temperature decreases
in gas and dust shells formed because of emissions from the surfaces of giant
stars. Ultimately, the process ends with the absorption and scattering of quanta
in dust shells around stars. Thus, primary nucleosynthesis occurs inside primary
stars, which ultimately participates in the formation of the necessary ratio of the
number of quanta per baryon:

Nguaar = 5-10° K/ 55 K =~ 108, (80)

In addition, each baryon repeatedly participates in the transformation of hydro-
gen into helium, helium into carbon, etc. As a result, this makes it possible to
obtain a ratio of quanta per baryon of the value Nguabar = 10°,

In fact, stars tend to form in clusters. In the case of protogalaxies with
masses Mgy ~ 10° M,, stellar associations may contain up to hundreds of su-
permassive stars. Dust shells formed by primary stars can have a complex con-
figuration in a compact circumnuclear region less than a parsec in size. The ra-
dius of action of gravitational forces is equal to:

Ryat = [G/(c-Ho)]**(1 + 2) *VMga = 0,5 pc. (81)

The first supermassive POP Il stars, located in the central regions of dwarf pro-
togalaxies, evolve very quickly. This occurs both because of their large mass
and because of the more high density of matter in the centers of these protogal-
axies. Therefore, the evolutionary cycle of these stars does not exceed 2 million
years. It ends with massive supernova explosions and the release into the sur-
rounding space of a gigantic amount of heavy elements, which serve as the basis
for the further formation of the dust component of the cocoons surrounding oth-
er supermassive POP Il stars, evolving in the more peripheral regions of pro-
togalaxies, where the density is lower. The rate of formation of supermassive
stars there is also lower.

In reality, dust is not evenly distributed; it mixes with the gas component.
However, these effects only enhance the effect of radiation absorption. It should
also be noted that the uneven distribution of dust creates conditions for partial
“leakage” of quanta into the space surrounding the star and ionizes it. Thus, the
process of reionization of the Universe can begin with the appearance of back-
ground radiation. The polarization characteristics of the background radiation
indicate noticeable electronic scattering of background quanta at high redshifts.

It is worth noting that the primary dust formed before supernova explo-
sions at temperatures below T ~ 10° K is mainly single-component. This can be
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significant from the point of view of the occurrence of distortions in the Planck
spectrum of dust radiation. As metallicity increases, the mass loss of stars also
increases. The first to disappear are very massive stars that collapse into black
holes. Then, at the end of the evolution of pairwise unstable supermassive stars,
supernova explosions occur, producing increasingly less powerful explosions
until these processes disappear completely.

Returning to the observational possibility of recording phenomena asso-
ciated with supermassive POP Il stars, the following can be noted. The high
energy of primary stars, on the one hand, and the proven isotropy of sources of
gamma-ray bursts and high-energy cosmic rays, on the other, suggest the possi-
bility of explaining these phenomena, or part of them, as a result of the evolu-
tion of POP Il stars. Researchers do indeed observe such isotropic bursts of
gamma rays, and it is possible that they are associated specifically with POP I11
stars. It should also be noted that the power of supernova explosions in that an-
cient era was much higher [25]. Thus, in the process of rapid evolution, the
energy necessary for both the emergence of background radiation with
Tcwms = 2.76 K and the reionization quanta of the Universe can be released.
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1. BBegenue

B 2005 r. kommanuu Intel (CIITA) u QinetiQ (Benmukobpuranus) pacipo-
CTPaHWJH TIPEeCC-penn3, B KOTOPOM aHOHCHPOBAIIM CO3[[aHNEe CBEPXOBICTPOE -
CTBYIOIIETO TOIYITPOBOIHUKOBOTO TPHOOpa CO CBEPXHU3KUM DHEPronoTpedie-
HHEM — TIOJIEBOTO TPAaH3HCTOpa C KAHAJIOM B BHJI€ KBAHTOBOM SIMBI U3 aHTHUMO-
Huaa uaaus (QWFET). ABropsl pa3pa®oTKu BIpaskasld HaJleXKIy, YTO HOBBIH
TPaH3UCTOP MO3BOJUT «...MPOJUTUTH JeHcTBUE 3akoHa Mypa, o KpaiHel mepe,
ele Ha aecsruietue [ 1].
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<AL .- OZICJIMPOBAHUEC XapaKTCPUCTUK ITOJIEBOI'O TPAH3UCTOPA...

PaGoThl 1O co31aHMIO MONIEBBIX M TETEPOIIEPEXOIHBIX OUTIONSAPHBIX TPaH-
3MCTOPOB Ha OCHOBE CTPYKTYp, colepskammx cypbMy (Sb), BemyTcs yxe ¢
Hauaja JIeBIHOCTHIX TOJIOB MPOILIOrO CTONETUs (CM. cTaThu [2, 3] U UUTHpYe-
MyI0 TaM JIUTepaTypy). MHTepec K HMM CBSI3aH CO CTPEMJIEHHEM IOBBICUTH
ObIcTpojeiicTBIE TPHOOPOB M CHU3UTH WX SHEPrONoOTpeOsIeHUE 3a CUET BBICO-
KOW TOJBIKHOCTH HOcHTeneH 3apsana. Cepbe3Hble pe3yinbTaThl B 3TOH 00JacTH
nosydeHsl ucciemoBarensimu w3 Naval Research Laboratory u Northrop
Grumman Space Technology (CIITA) [3].

Bapuantam kouctpykimu QWFET, ero xapakTepucTukam, UX ONTUMH-
3allMH, a TakKe BO3MOXKHBIM NMPHUMEHEHHSM 3TOTO MpHOOpa MOCBSIICHO 0O0Jb-
moe KonmdecTBo Tyonmukanmii [4—~8]. Ilo cpaBHEHHMIO C TpPaTUITHOHHBIMH
KpeMHHUEBBIMHU TOJIeBRIMU TpaH3ucTopamMu QWFET memoncTpupoBanm necstu-
KpaTHOE CHWXECHHE SHEPromnoTpeOieHns MpH OAMHAKOBOW IPOU3BOAUTEIHHO-
CTU U TPEXKPATHOE TOBBILIICHUE MPOU3BOJUTECILHOCTH IIPU OJMHAKOBOM DHEP-
romotpebnennu [1, 4, 5]. OgHako, cyas Mo TEHIASHIWSAM pPa3BUTHS COBPEMEH-
HOH MU POBOH 3MeKTPoHUKHU [9—11], oxXuAaBIIETOCS KapAHMHAILHOTO TIEPEBO-
poTa B ee KOMIIOHEHTHOH 0a3e MmoKa He TPOU30IILIO.

B cratee [12] paccMoTpeHa BO3MOXKHOCTH CO3/IaHUSI HOBOTO CBEPXOBICT-
POICHCTBYIONIETO TpPaH3MCTOpa C HU3KHM SHEPronorpedjeHreM Ha OCHOBE
HAaHOMPOBOAOB M3 aHTuMoHuAa uHaus (INSb), chopmupoBaHHBIX B TeTEepo-
CTPYKType, mpumensieModi mias cozmanuss QWFET. s (yHKIMOHUPOBaHUS
TpaH3WUCTOpa TMPU KOMHATHOM TEeMIIepaType HEOOXOAMMa BBICOKAs ITOIBH K-
HOCTh DJIEKTPOHOB B HAHOIPOBOJIE, YETO HE yNAETCs AOCTHYL IIPH BBIpAIIABa-
HUH UX Ha TIOBEPXHOCTH MOT0XKKH [ 13, 14].

B cBsizu ¢ atum QWFET M0okHO paccmarpuBaTh Kak TECTOBYIO CTPYKTY-
Py IUIS OompeAenieHHusl KadecTBa IBYMEPHOTO 3JIEKTPOHHOTO Ta3a B KBaHTOBOU
sIME TTYTeM CPAaBHEHHS DKCIIEPUMEHTAIBHBIX M PacUYeTHBIX BOJIBTAMIIEPHBIX Xa-
pakrepuctuk (BAX). Jlns cpaBHeHHS HeoOXouMa MOJIENb TiepeHoca 3apsiia B
pubope, MO3BOJSIONIAS CBA3aTh ICKTPUUYCCKUE XapaKTEPUCTUKH mpubdopa ¢
€ro CTpyKTypoil. B mpenmiecTByomux cTaThsiXx BHUMaHUE YAETSUIOCH TJIaBHBIM
o0pa3oM pacueTraM MOTEHLIHAIBHOTO penbeda U ypOBHEH SHEPTHH IO 3aTBO-
pom QWFET [8], a Takxke pa3paboTke ero CXeMOTEXHIUIECKOH Mojiend [6].

Lenbro 310N pa®oTHl OBLIO BHISCHEHHE MPHUIOJHOCTH MHOTOKOMITOHEH T-
HOI Mojenu nepeHoca 3apsaaa [15] w1 pacdeTa aNeKTPUUECKUX XapaKTEPUCTUK
QWFET u yTouHeHHE MapaMeTpOB MOJIENHU 10 UMEIOIIMMCS SKCIIEPUMEHTAI b-
HbIM JaHHbIM. McCronb30Bajicsi KBa3W-OJHOMEPHBIM CTAllMOHAPHBIM BapUaHT
Mozenu [16], s KOTOpOoro MMeeTcsl IporpaMMHas peanm3aiisa. Bo BceX BHI-
YHCIIEHUAX TIPEAIoarajoch, YTO TEeMIlepaTrypa SIEeKTPOHHOTO Ta3a paBHa
300" K.
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2. CtpykTypa npudopa

Crpykrypa npubopa nokazana Ha puc. 1. lltpux-nmynkrupom obo3Haue-
HBI TOPU30HTANBHOE U BEPTHUKAIBHBIE CEUCHNUSI, B KOTOPBIX PACCUUTHIBAIICS T10-
TEHLIUAJIBHBINA penbed, a Takke BbIAENEHa 001acTh MOJ 3aTBOPOM, B KOTOPOH
pemanoch ypaBHeHue IlyaccoHa aisi MOJEIUpPOBAaHUS PACIPEAEICHUS MIEKTPO-
CTaTHYECKOI'0 IOTCHIIMAJA BAOJIb KaHaJIa.

3areop (In)

AlsIn; «Sb Gapreg

Hcrok (In) Crox (In)

AlyIn;SbTe & 1eérupoBaHHBII JOHOPHBII CII01

AlIniSh creiicep

JBYMEPHBIH 3/IeKTPOHHEIH Ta3, KBaHTOBag AMa) ~—

AlxIn;Sb 6ydep

JaAs IOITYH30JIHPYIOIAs [10[I0KKA

Puc. 1. Ctpykrypa QWFET.
Fig. 1. QWFET structure

VuuteiBas pe3yibrarbl pabot [4, 5, 8], BeiOupanocs x = 0,1uy = 0,3.
Bonee BBICOKOE conepaHue aJIOMHHHUS B CIIEicepe TMOBBINIACT MOTEHIHAI b-
HBI Oapbep, OTASIAIOMINN KaHall OT O-JIETUPOBAHHOI'O CJIOS, YMEHbLIAs TEM
CaMbIM paccesHUe SIIEKTPOHOB M TOBBIIIAS WX TMOABMXHOCTH B KaHaje [17].
Beptukansasie pa3Mepsl Oapbepa, creiicepa, kaHaita u Oydepa paBusimcs 30
oM, 5 aM, 20 EM 1 3000 HM cOOTBETCTBEHHO. MOJIEIMpOBaHNE 3aBUCHMOCTEN
BEPTUKAJIHHOTO TOTEHIIHAIFHOTO penbeda I AIEKTPOHOB OT X, Y M YKa3aH-
HBIX pa3MepoB MPOBOAMIIOCE B paborax [7, 8]. 3mech BBIOpaHBI ONTHUMAaIbHBIC
3HayeHHs. Mcnonp3yeMass HaMH MOJEINb HO3BOJISIET NP HEOOXOAMMOCTH HpO-
BECTU AONOJHUTCIIBHYO OIITUMHU3ALIUIO.

Conepxanue Te B 0-JIETUPOBAHHOM CJIO€, KaK M B CTaThe [4], moJjiarajioch
nopsznka 11018 cm™3. B psne pabor mis nerupoBaHus HCIIONB30BAJIC KPEM-
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. A1 Ip. Monem{posaﬂne XapaKTCPUCTHK I10JICBOIO TPAaH3UCTOPA...
HHH WA a30T (cM. [7, 8] 1 muTHpyeMyro TaMm mutepaTtypy). Ilockoasky mist Mo-
JEIUPOBaHUs MEPEHOca 3apAa BaKHO 3HATh KOHLUEHTPALUIO U TUIl JIETUPY IO-
el MpUMECH, a TakXe BEJIUYMHY pa3pbiBa 30H HA T€TEPOrpaHULIAX, TO U3Me-
HEHUE JISTUPYIOIIETro MaTepuaina 0e3 TpyJa MOXKET ObITh YUTEHO Yepe3 3TH Ia-
paMeTphL

HOTCHHI/I&HBHBIe peJ'H)e(bBI AJId DJICKTPOHOB B BCPTHUKAJIBHBIX CCUCHUAX
CTPYKTYpBI BHE OOJNacTH 3aTBOpa W B OOJIAaCTH 3aTBOpa MPHU HAMPSIKEHHSIX 3a-
TBOP — CTOK V5 M CTOK — MCTOK Vg5, paBHBIX HyJIIO, OKa3aHbl Ha puc. 2—4.
Hampasnenue Ha 3THX pUCYHKaX CJieBa HAIpaBO COOTBETCTBYET HAIlPABICHUIO
CHHU3Y BBEpPX Ha puc. 1.

0,2500 HO’I‘EHHHaH (3B) AIO 3Ing 7Sb

0,2000 creiicep

0,1500
Alp1IngoSb

0,1000 Gap},ep

Alg.1Ine oSb 6ydep
0,0500
0,0000 S-coii

0,00 20,00 40,00 60,0 80,0 ) 120,00 140,00
-0,0500

Paccrostame (1m)
-0,1000

-0,1500

-0,2000
InSb xanan

-0,2500

Puc. 2. [oreHumanbHblil penbed s SIEKTPOHOB B BEPTUKAJIBHOM CEYEHUH CTPYKTYPBI BHE 00-
JIACTH 3aTBOpA NpU HanpsukeHusaX Vys = 0 u Vg = 0.

Fig. 2. Potential relief for electrons in the vertical section of the structure outside the gate area at
voltages V;; =0 Vand Vs =0

Bungno, 9To mis paccMaTpuBaeMO# CTPYKTYPBI 3aTBOP CYIIECTBEHHO HC-
KakaeT MOTEHUUATbHBINA peibed W NPUBOAUT K MOBBILIEHUIO MOTEHNIHANA MOJ
HUM npubnm3uTensHo Ha 0,111 5B mo oTHOIIEHHIO K OTEHIHANTY B OCTAIbHON
yacTu KaHama (cMm. puc. 4). B pesynpTaTe B HampaplieHWU MEpEHOCca 3apsiaa
(HampaBiieHHE UCTOK — CTOK Ha pHc. 1) B 00acTw 3aTBOpA MOSBIISETCS MTOTCH-
[IHAJTGHBINA Oaphep IS JJICKTPOHOB, KaK IMOKa3aHO Ha puc. 5. MBI IpHHSIIH
ey KaHana Lep, paBHoii 450 HM u jumMny 3atBopa Ly = 50 HM.
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0,3500
0,3000
0,2500
0,2000
0,1500
0,1000
0,0500
0,0000

0,00

-0,0500

-0,1000

Electronics, photonics, instrumentation and communications
DiexrpoHuKa, GOTOHHKA, TPUOOPOCTPOCHHUE H CBSI3b (2.2)

AlgsIng 7Sb
Ilorernnan (3B) creiicep
Al 1Ing sSb
daprep
Al 1Ing oSb 6ydep
8-coif 3atBop
20,00 40,00 60,00 80,0 100,00 120,00 140,00

InSb kapan

Paccrosune (EM)

Puc. 3. IloreHumansHbIi penbed Ui SIEKTPOHOB B BEPTUKAIEHOM CEYEHHH CTPYKTYPHI
B 0011aCTH 3aTBOPA NpU HANPsDKEHUAX Vyg = 0 u Vg = 0.

Fig. 3. Potential relief for electrons in the vertical section of the structure
in the gate region at voltages 1, = 0 and Vs =0

0,4000

0,3000

0,2000

0,1000

0,0000

0,00

-0,1000

-0,2000

-0,3000

Ilorennuan (3B) Alo’ﬂf,m’ﬁb
cneficep Alg 1Ing oSb
6apbep
Al 1Ing oSb 6ydep 8-croii
20,00 40,00 60,0 R&u‘gj 100,00 120,00 140,00
Paccrosmre (HM)

InSb xanan

Puc. 4. [loreHImansHble penbedbl T JIEKTPOHOB B BEPTHKATBHBIX CEUCHHSIX CTPYKTYPHI
B 00JacTH 3aTBOpA (BEpXHsA KpUBasi) M BHE 00JacTH 3aTBOpa (HUKHSSA KPUBas)
npy HanpsokeHusx Vg = 0 u Vg = 0.

Fig. 4. Potential reliefs for electrons in vertical sections of the structure in the gate region
(upper curve) and outside the gate region (lower curve) at voltages V,; = 0 and V,; = 0
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0,25
Torermman (3B)

0,20

Ob6mnacte
0,15 KaHaJa 01

3aTBOPOM
0,10
0,05 | Herox Crok

|\ .
0,00 =y
0 100 200 300 400 500 600
-0,05
Kanan Kaman Paccrostaie (HM)

-0,10

Puc. 5. IloreHumansHbIi penbed I SJIEKTPOHOB B CTPYKTYPE B TOPU30HTATEHOM CEYCHHH
(B HampaBJIEHUH UCTOK — CTOK) IIPU Vgs =0uVy =0.

Fig. 5. Potential relief for electrons in the structure in a horizontal section
(in the source—drain direction) at V;; =0 and Vs =0
1,20E+00
Koa¢durnienT npoxoxaeHus
1,00E+00
8,00E-01

6,00E-01

4,00E-01

2,00E-01

S— _J....JMUJ

0,00 0,10 0,20 0,30 0,40 0,50 0,60

Dueprus (3B)

-2,00E-01

Puc. 6. Koo dpuuueHT npoxoskaeHHs SIEKTPOHOB Yepe3 MOTEHIHAIbHBIA penbed,
MOKa3aHHbBIA Ha puc. 5.

Fig 6. The coefficient of electron transmission through the potential relief shown in Fig. 5
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pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)
J1a paccMaTpruBaeMoll CTPYKTYpBl KOHTAaKThl CTOKA M MCTOKA K KaHAITY
oka3biBatoTCsl KOHTakTamMu LlloTTkH, 00pa3yst JOBONBHO BBICOKHE MOTEHLIHAI b-
Hele Gaprepsl ~ 0,23 3B nHan ypoBHem sneprun @epmu Er. Ha puc. 6 mokaszan
KO3(p(QUIMEHT NPOXOKACHUSI SIIEKTPOHOB 4epe3 MOTCHUUANIbHBIN penbed,
MIpEeJICTaBICHHBIH Ha puc. 5. BuaHo, uro Haumnas ¢ sHeprun ~ 0,12 3B cTpyk-
Typa CTAHOBUTCS NPAKTUYECKH TYHHEJIBHO-IIPO3PAYHOM.

3. DieKkTpuYecKHe XapaKTePHCTHKH TPAH3UCTOPA

Ha ocHoBe 3kcriepMeHTaNbHBIX ANEKTPHYECKHUX XapakTepuctuk QWFET
paHee OBUTH IOCTPOSHBI CXEMOTEXHUYECKUE MOJICIH [ 6], KOTOPhIE HEOOXOIUMBI
JUIA pacyeTa CXeM Ha OCHOBE 3TOro TpaH3ucTopa. OHAKO 3TH MOJENH HE I03-
BOJIAIOT YCTAHOBHTD CBA3H ANIEKTPHUECKUX XapaKTEPHCTHK MPUOOpa C mapamer-
paMu ero CTPYKTYPHI H SJIEKTPOHHOTO Ta3a. [l BeIABIEHNS TaKoW CBA3M HEOO-
X0/IMMa MOJIeJb TIepeHoca 3apsaa, B KOTOPO B Ka4eCTBE BXOJIHBIX HCIIONB3Y-
I0TCS YKa3aHHBIE TapaMETPhI.

B at0li paboTe pacueTsl NPOBOAMIKCEH B PAMKaX MOJEIH, TOAPOOHO OMHU-
caHHOW B craThsx [15, 16] u xuure [18], mpu momoum nNporpaMMHOTO KOM-
mJIeKca, pa3paboTaHHOTO aBTOpaMu cTath [16]. B ogHOMEpHOM citydae B pH-
ommkeHnn 3GGEKTUBHON MacChl CaMOCOTJIACOBAHHO pEMIANCh ypaBHCHUS
peaunarepa, Ilyaccona u mepeHoca uis TpeX KOMIIOHEHTOB 3JEKTPOHHOTO
rasa: JIeBBIX 3JIEKTPOHOB, TOIMAJAIOIINX B KaHAJ M3 UCTOKA; MPABBIX JIEKTPO-
HOB, TIONAJAIOIINX B KaHAJ U3 CTOKA; CBSI3aHHBIX AJIEKTPOHOB, HAXOISILINXCS B
KaHaJIe B COCTOSIHUSX C JUCKPETHBIM CIIEKTpoM dHeprud (cm. [18]).

Jia yueta pacripeenieHrs 3J€KTPOCTaTHUECKOr0 MOTEHIIMala BIOJIb Ka-
HaJja ToJ 3aTBOPOM B 00JIaCTH, BBIIEJICHHOW MTPUXITYHKTUPHBIMH JIHHUSAMHI Ha
puc. 1, pemanocs ypaBHenue Ilyaccona. Kak BugHO Ha puc. 5, 3TO pacnpee-
JIeHUE TPOSBIICTCS XapaKTepHBIMUA W3THOAMU MOTEHIMAaNa B KaHAIe ¢ MaKCH-
MyMaMH €ro IPOM3BOJHOW (PIIEKTPUYECKOTO MOJIsl) BOJIM3M T'PaHUI] MPOSKINH
KpaeB 3aTBOpa Ha KaHaJL

BaxHpIM mapamMeTpoM HCIOIb3yeMOM MOIENH SIBISETCS BpeMs pelakca-
[IUU MUMITYJIbCA AIEKTPOHOB To. OHO CBSI3aHO € WX MOJABUKHOCTBIO e TIPOCTHIM
MIPUOIKEHHBIM COOTHOIIICHHEM

Ue = €Te /M, 1)

IJie: e — DIeMEHTapHBIN 3apsn, M, — 3hdEeKTUBHAS Macca AIEKTPOHOB, KOTO-
pas B MOJICJIM MOXKET OBbITh (DYHKITUEW KOOPAUHAT, OTpa)karoleil 3aBUCHMOCTh
m, oT Matepuana. U3 dopmynsl (1) ciemyer HemOCpeACTBEHHAS 3aBUCHMOCTh
XapaKTepHOH MJIOTHOCTU TOKA B MPHOOpE OT 3HAaueHHUs T.. B pacuerax momara-
JIOCh, UYTO BEJIUYNHA T, OJJMHAKOBA IS BCEX KOMITOHEHTORB SJICKTPOHHOTO rasa.
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DiexrpoHuKa, GOTOHHKA, TPUOOPOCTPOCHHUE H CBSI3b (2.2)
[Ipn puxcupoBaHHOM HamNpsOKEHUH Vg yIpaBIIeHHE TOKOM B TIpHOOpE
OCYHICCTBIIICTCA HAIIPSXKCHUCM Vgs. Ha puc. 7 TIOKa3aHbI MOTCHIUAJIBHBIC PCJIb-
el 11 nekTpoHoB npu Vys = 0 By pazimunbIx 3HaUeHUsX Vg B BEPTHKAIb-
HOM CCUYCHHUU TPAH3UCTOpa B obnactu 3aTBopa U B I'OPHU30HTAJIBHOM CEUYCHHUHU
BOJIb KaHaJla OT UCTOKA K CTOKY. BI/IILHO, YTO IOJIOKHUTCIBHBIC VQS IIOHMXXAroT, a
OTpHULIATEIILHBIE Vgs MOBBIIIAIOT PHEPTUIO JTHA MOTEHIMAIBHON SIMbI MO 3aTBO-
POM (CM. BEpXHHUH Psiji KPUBBIX HA PUC. 7). DTO MPUBOAUT K COOTBETCTBYIOIEMY
IIOHMXKXCHHIO U MTOBBINICHHWIO BBICOTHI IIOTCHIIUMAJIBHOT'O 6ap1,epa AJIsL SJIEKTPOHOB
BJIOJIb KaHaJla MoJ] 3aTBOPOM (CM. HWIKHUIH PsiZl KPUBBIX Ha puc. 7). V3MeHeHne
BbICOTbBI 3TOI'O 6apbepa ABJIACTCA OCHOBHBIM (i)aKTOPOM, O6GCH6‘H/IBa}OHII/IM
yIpaBieHue BbIxoHOH BAX TpaH3ucropa npu nomoIiu 3arBopa (cM. puc. 8).

0,07

Ja (B/1m)
s | ore  Ja(afa)

1,00E03 4,50E-06

Ja (Ajrm) Ja (Afmm)

9,00E-04 4,00E-06

8,00E04 350606

7,00E-04

3,00E-06
6,00E-04

2,50E-06
5,00E-04

2,00E-06
400604

1,50E-06
3,00E-04

1,00E-06
2,00E-04

1,00604 5,00E-07

0,00E+00 0,00E+00
0,00 0,10 0,20 0320 0,40 0,50 0,60 0,00 0,10 0,20 0,30 0,40 0,50 0,60

Puc. 8. Berxomusie BAX TpaH3ucTopa ¢ marom o HampsbkeHHIo 3atBop — crok 0,05 B.
Caepxy: cnesa V; usmenstercs ot 0 B 1o 0,2 B (xpuBbie cHu3y BBEpX), ClpaBa —

ot 0,25 B 10 0,4 B (xpuBble cHU3y BBepX). Crnsy: cnea Vs m3mensercs or 0 B no —0,2 B
(xpuBble cBepxy BHHU3), cipaBa — oT —0,25 B 10 —0,4 B (kpuBbIe CBepXy BHU3).

Fig. 8. Output current—voltage characteristics of the transistor with a gate—drain voltage step of
0.05 V. Top: on the left 1, changes from 0 V to 0.2 V (curves from bottom to top), on the right —
from 0.25V to 0.4 V (curves from bottom to top ). Bottom: on the left 1/, changes from 0 V
to —0.2 V (curves from top to bottom), on the right — from —0.25 V to -0.4 V
(curves from top to bottom)



OBUKHOV I. A. et al. Simulation of Characteristics of FET with Indium Antimonide Channel 199
OBYXOB . A. u n1p. MonenupoBaHue XapaKTepUCTHK I10JIEBOTO TPAH3HCTOPA...

AHaIIOTHYHBEIM 00pa3oM BeIeT ce0s U MMOTCHITHAIBHEIN Oaphep MKy KaHAJIOM 1
3aTBOPOM, YTO IPHBOJIUT K POCTY TOKOB yTeUKH ¢ pocToM Vs (cM. puc. 9).

Ha puc. 10 nmoka3ansl nepemarounas xapakrepucruka QWFET, 3aBucu-
MOCTb €T0 yICIbHON KPYTH3HBI

9m = dJa/dVgs @
1 00paTHOH MOANOPOTOBON KPYTHU3HEI
571 = (dlog]a/dVes)™ 3)

ot Vys npu Vs = 0,33 B. MakcumansHoe 3HadeHHe gm™* = 865,33 MCm/MM
nocruraercs npu Vgs = 0,25 B. Tloamoporosas kpyrusna pasna 107,67 mB/
AeKazy BIoTh 10 Vg = 0,2 B, a 3aTem ObicTpo Bospacraer. IlnoTHOCTH TOKa
croka Jq npu Vgs = 0,25 B u Vg = 0,33 B pasnserca 104,48 MA/MM, oTHO-
wenue Jq(Vys = 0,25 B)/Jq(Vys = 0 B) = 122,92 npu V45 = 0,33 B. Bee stu
3HAYEHUsI XOPOILIO COTIaCyeTCst C IKCIEPUMEHTAIbHBIMK pe3yibTartamu [4, 5].

4,00€-07 LO0EOS - Jo (A/MM)
Jg (Afrm) g

800E-06

3,00E-07
V=028
5

6,00E-06
2,00E-07

4,00E-06

Vs =01B
1,00€-07 2.00E06
Vs=0B Vas (B) : Vas (B)
0,00E+00 0,00E+00
0,00 TI0 0,20 T30 TAT T50 0,60 0,00 o010 0,21 0,3p 0,40 0,50 o060

-2,006-06 ———
-1,00e-07

-4,00E-06
-2,00E-07

Vgs = 0,05B -6,00E-06 Vs =0,15B

-3,00E-07 _8,00E-06
-4,00E-07 -1,00E-05
250600 [ (A/MM) LOOEOS [ (A M)

6,00603
2,00E-04 Vps =03B Vs =048

00E-(
OE-04
1,006-03
0
OE-D
o =035
Vo= 0258 Vs = 0358

Puc. 9. 3aBUCHMOCTH IJIOTHOCTH TOKA YTEUKH TPAH3UCTOPA J 4 Uepe3 3aTBOP OT HANPSDKEHHUS
CTOK — MCTOK IIPU Pa3IMYHbIX HANPSDKEHUSX 3aTBOP — CTOK.

Fig. 9. Dependence of the leakage current density of the transistor J, through the gate
on the drain—source voltage at different gate—drain voltages
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Fig. 10. Transfer characteristic of the transistor
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e @) inverse subthreshold transconductance
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VYMEHBIIEHHE KPYTH3HBI gy 1pH Vg > 0,25 B MoxkeT ObITh 0OBACHEHO
MpeBpaleHreM OTeHIUAILHOTO 0aphepa, Co31aBaeMOoro 3aTBOPOM B KaHale, B
NOTEHIMATBHYIO MY, KaK Moka3aHo Ha puc. 11. [lo Tex mop, moka MoTeHIIH-
aJbHBIA Oapbep € yBETUYEHUEM V5 TIOHMKAETCS, POCT IJIOTHOCTH TOKA Jq TPH
¢uxcupoBanHOM V5 00ycIIOBIEH, B MEPBYIO OYepellb, YBEIMUYECHUEM KOJIHYe-
CTBa DIIEKTPOHOB HaJl 0apbepoM, KOTOPOE IKCTIOHEHIIUAIBHO 3aBUCHT OT BBICO-
Thl Oapbepa, U, cleqoBaTeNbHo, OT Vys. Ilpu mpespamenun 6apeepa B AMy Jq
pacTer 3a cueT WHXKEKI[UH IEKTPOHOB U3 Hee. [Ipu 3ToM mosiokeHne BepXHETo
YPOBHSI SHEPTUH AIEKTPOHOB B MOTEHIIMANBHON sIME CJIa00 3aBUCHUT OT €€ TIIy-
Ounbl. B pesynsrare, poct Jg ¢ BospacTanuem Vg npu (ukcupoBanHoM Vg
3aMeUIeTCS, gy, YMEHBIIACTCS.

VYMEHBIICHHE KPYTH3HBI TPaH3MCTOpa C POCcTOM Vg Takke CBA3aHO €
BO3PACTaHUEM ILUIOTHOCTH TOKA yTeUKH J4. [loTeHmmManbHbiii 6apbep MexKIy Ka-
HAJIOM U 3aTBOPOM MOHMXXKaeTcs (CM. BEPXHUH Psl KPUBBIX HA pHC. 7), U €ro
MIPO3payHOCTh BO3pACTaeT, Kak Moka3aHo Ha puc. 12. OgHako, Kak cileayeT U3
pacyueToB, NPEJICTABICHHBIX HAa puc. 9, naxe npu Vgs = 0,4 B mioTHOCTE TOKa
YTEUKU Ha JiBa MOpPsIKa MEHBIIE, YeM IUIOTHOCTh TOKa CTOKa. BnusHue 3Toro
apdekra He MOKET MPUBECTH K CTOJb CYIIECTBEHHOMY CHIDKEHHUIO gp, TpPH
Vys > 0,25 B, xak mokasano Ha 10 n Habmogaercs B skcniepumente [4, 5].
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Puc. 11. IloTenmanbHbli pebed /1st 31eKTPOHOB B0 KaHama ipu Vyg = 0 B nVs = 0,3 B.

Fig. 11. Potential relief for electrons along the channel at V;; =0 Vand V;; = 0.3 V
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Puc. 12. KoappuunenTs mpoxoKICHHS SIEKTPOHOB Yepe3 MOTCHIHAIBHBINA perabed
B BEPTUKAILHOM CEYEHHU TPaH3UCTOpa B obnactu 3atBopa npu Vy; = 0 B n Vs = 0 B (caesa),
V;s = 0,2 B (cnipasa).

Fig. 12. Coefficients of electron transmission through the potential relief in the vertical section
of the transistor in the gate area at Vs = 0 Vand ;5 = 0 V (left), 1, = 0.2 V (right)

[NoreHnmanbHBIN peabed IEKTPOHOB BJOJIb KaHAA TPAH3UCTOPA CYIIlE-
CTBEHHO 3aBHCHUT HE TOJBKO OT Vg5, KaK MOKa3aHO Ha PUC. 7 (HMKHMK PsI KpH-
BBIX), HO B OT Vs (cM. puc. 13), 4TO IPUBOIUT K MOBBIILIEHUIO €TO MPO3PAYHO-
CTH IJIS1 3JIEKTPOHOB NpH HeHyleBbIX Vgg (cM. puc. 14). CpaBHUBas KpUBBIE Ha
puc. 6 u puc. 14, MO)XKHO YBUJIETH CHJIbHBIA CIBUT 3HAUYCHHUN KOdPQHULIMEHTa
MIPOXOXKIEHHS 3JIEKTPOHOB B CTOPOHY MEHbBIIUX 3Hepruil mpu Vg = 0,2 B o
cpaBHEHHUIO co ciydaeM Vg = 0 B. DTO IpUBOIUT K POCTY «OaJUTHICTHISCKOID)
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COCTABJISIIOLIEH MUIOTHOCTU TOKA CTOKA C pocToM Vg, Kak MOKa3aHo Ha puc. 15
(xkpuBBIE ClieBa).
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Puc. 13. TloTennmanbhpli penbed Juist S1€KTPOHOB BIOIb Kanana npu Vg, = 0,2 B u V= 0 B.

Fig. 13. Potential relief for electrons along the channel at V;; = 0.2 Vand I, =0V
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Puc. 14. KoappuuneHTs MpOXOKICHHS SIEKTPOHOB Yepe3 IMOTSHIINATBHBINA perbed,
MOKa3aHHbI Ha puc. 13.

Fig. 14. The coefficients of electron transmission through the potential relief shown in Fig. 13
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«bammcTiaeckasy (BEpXHss KpUBas ClipaBa) U BeIxoaHast BAX (HIDKHSS KpUBasi CIipaBa)
npu Vs = 0,05 B.

Fig. 15. A series of “ballistic” current-voltage characteristics of a transistor with V, ; varying from
0 Vto 0.2 Vin steps 0of 0.05 V (curves from bottom to top left); “ballistic” (upper curve on the
right) and output current-voltage characteristic (lower curve on the right) at V;; = 0.05 V

«bamnuctuueckumMu» 31ech HazBaHbl BAX, paccuMTaHHBIE IO XOPOIIO
usBectHOU hopmysie Tcy u Ecaku [19] 6e3 yuerta ciy4aifHOTO paccesHusl dIieK-
TPOHOB M BO3MOXXHOCTHU HX MEPEXOJ0B MEKIY KOMIIOHEHTAMHU 3JEKTPOHHOTO
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Vs, uaMmenswoumemcs ot 0,25 B 10 0,4 B c marom 0,05 B (xpuBsle cHU3Y BBEpX), C Pa3IHIHBIMA

gs
3HAYCHUSAMU IMOJABUKHOCTHU 3JIEKTPOHOB B KaHAJIC.
Fig. 16. A series of calculated output current-voltage characteristics of the transistor with Vs

varying from 0.25 V to 0.4 V in steps of 0.05 V (curves from bottom to top), with different values
of electron mobility in the channel
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pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)
rasa [15, 16, 18]. CpaBuenune BAX, mpencraBieHHbIX Ha puc. 15 ciea, ¢ BAX
Ha 3TOM PHCYHKE CITpaBa M BBIXOJHBIMH XapaKTEPUCTHKAMH Ha PUC. 8, TOKa3bI-
BaeT, 4to mnepenoc 3apsina B QWFET npu BeIOpaHHBIX pa3Mepax CTPYKTYpH U
KOMHATHOW TeMIepaTrype He SBJIsIeTCs OaJUIMCTHYeCKUM. XOpOIlee COOTBET-
CTBHE PACCUMTAHHBIX U IKCHEpUMEHTaTbHBIX [4, 5] BeIXOAHBIX BAX cBHIe-
TEIBCTBYET O HEOOXOAWMOCTH ydeTa MPH MOJEIHPOBAHMU CTOXACTHYECKOTO
paccestHUS IIEKTPOHOB ¥ HEPABHOBECHOCTH KOMITOHEHTOB JIEKTPOHHOTO Ta3a,
BBI3BaHHOM MepexoJaMu 3JIEKTPOHOB MEXIY KOMIIOHEHTAMH TPH MPOTEKAaHUU
TOKa 4yepe3 mpuoop.

[Ipu MozenupoBaHuM, KaK U B cTaThe [4], moyiaraioch, 4To MOABHKHOCTD
3IEKTPOHOB /i, B KBaHTOBOM siMe m3 INSh cocrasmsama 30 000 cM?B~1c™2, uro
cornacto (1) coorBeTcTByeT 3HaueHuio T, = 2,22 - 10713 ¢, a noBepxnocrHas
koHIeHTpanus ng = 1,3+ 1012 cm™2. Pacuersl ¢ ApPYrdMH 3HAYEHHAMH IIO-
IBIDKHOCTH (BpEMEHHU pejlaKcallii UMITYJIECa) TIOKA3ali MPaKTUYECKH MPSMYIO
MPONOPLHOHATIBHOCTD INIOTHOCTH TOKA J4 3TOH BenM4uHE (CM. pHc. 16).

4. 3akioueHue

[IpeacraBnenHble pe3yibTaThl AEMOHCTPUPYIOT BO3MOXKHOCTH aJEKBaT-
HOTO SKCIIEPUMEHTY pacuera craTuueckux anekrpuueckux QWFET mpu momo-
I MHOTOKOMITOHEHTHOM MOJeNH nepeHoca 3apsiaa. OHa Mo3BOJISeT NOTYYHUTh
NpaBUIbHBIC 3HAYEHUS JIJIsl TUIOTHOCTEH TOKOB TPaH3UCTOPA, CBA3ATh MX C Ma-
pameTpaMu TeTepoCTPYKTYphI, HA OCHOBE KOTOPOW OH CO3JIaH, pa3Mepamu pas-
JUYHBIX 00JIaCTEeH MpHOOpa 1 XapaKTepUCTUKAMHU IEKTPOHHOIO Ta3a.

B sr0ii pabote MBI HE CTPEMIIIMCH MOIYYUTh TOYHOE COBHAICHHE pac-
cuntaHHbIX BAX TpaH3ucTOpa ¢ SKCIepUMeHTanbHbBIMU. 1 3TOro Heo6xoau-
MO JOMOJHEHHE MMEIOIIEroCsl MPOrPaMMHOI0 KOMITJIEKCAa YYETOM IUIOTHOCTH
TOKa JBIPOK, pa3orpeBa HOCHUTENeW 3apsia IpH IepeHoce, MX JaBHHHOTO
ymHOXkeHus1. OnHako U 0e3 Takoro YCJIOKHEHHUS B paMKaxX KBa3u-OJIHOMEPHOTO
MPHOJIMKEHUS MTOTyYEHO XOpOoIliee YHCICHHOE COOTBETCTBHE PE3yNbTaTOB pac-
yera u m3MepeHuil. [lo-BHauMoMy, 3TOTO AOCTATOYHO Al HMPOEKTHPOBAHUS
AKCTIEPUMEHTAILHBIX 00pa3IioB IPHOOPOB.

B 3akiroueHne OTMETHM, YTO C HOMOLIBIO HPEACTaBICHHOIO IOAXOMAA
MOKHO MOJEIUPOBATh BBIXOJHBIE M TEPeAaTOYHbIE XapaKTEPUCTUKU aHAJIO-
THYHBIX TPAH3UCTOPOB C KaHAJIAMU U3 IPYTUX MaTepHalioB, HAPUMEp, apCEeHH-
na uaaust [20].
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Annomayus: Memooamu amomHol CUL080 MUKPOCKONUYU UCCIe008AHA CIMPYKMYPA NOo-
BEPXHOCIIU IEHMOYHBIX AMOPPDHBIX INEKMPOMEXHULECKUX CIas08 — (honve cocmasa Fe-
Si-B-Nb u cnaasos moeo sce cocmasa, no ¢ dobasxoii 1 % Cu, nomyuennvix memooom
C8EPXOLICMPO20 OXNANCOCHUSL NPU PACHLLICHUY PACNIABA HA 8PAUAIOUIEMCS MEOHOM Da-
pabane. Hccnedosamvl c60000HbLE NOBEPXHOCTU (OIbe, He NPUTe2aloWUX K 8payaioujemy-
cs bapabany, u Opyaue Konmaxkmuwie nosepxrHocmu. Ha c60600Hbix nosepxHocmsix goinve,
He npune2arwux K spawaroujemycs bapadbamny, 06HapysiceHbl MUKpOOOPA306aHUs, GbICTITY-
narowue HeposHoCmuU ¢ Xapakmephvimu pasmepamu menee 0,5 mxm, umo 6 npoyecce Kc-
nAyamayuy dNeKMmpOmexHULecKUx Uu30enull MOJiCem UHUYUUPOSAMb HA NOBEPXHOCHU
honveu nanuuue 2paduenmos NeKmpudecko2o nos. [Ilo006HbIX Ha KOHMAKMHBIX HOGEPX-
HOCMAX 3ape2ucmpupo8ano He 6win0. Hcciedosanus amop@uuix gonve memooamu mae-
HUMHO-CUNOBOU MUKPOCKONUU HATUYUS MASHUMHO20 KOHMPACMA He GbiAGUIU.

Knrwouesvie cnosa: amomuas cunoeas MUKpoOCKONUs, JeHMouHble aMOp@uble CHIAbl,
mopghonoeus nogepxnocmu, CBY-mexnuxa.
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1. BBegenue

AHanu3 BO3MOXHOCTEH HCIOJB30BAaHHUS PA3IMYHBIX AJIEKTPOTEXHHYE-
CKHX MaTepHajoB B JIEKTPOIHEPreTHKE MOKa3all, YTO TpaHCHOPMATOPhI C Mar-
HUTONPOBOAAMH M3 aMOP(HBIX CIUIaBOB Oojee SHEeprodPGEeKTUBHBI, UYeM
TpaHchHOpMaTOPHI ¢ TPATUIIMOHHBIMA MAarHUTOIIPOBOJAMH U3 3JICKTPOTEXHHY e-
CkuX cTaned [1]. A KadecTBO 3HAYMTEIHHOTO YHCJA ODIIEKTPOTECXHUUYCCKUX
YCTPOHCTB, B TOM 4HCIE LU(PPOBBIX BBICOKOYACTOTHBIX TPaHC(POPMATOPOB,
o0ecreunBaeTcsl ypOBHEM 3JIEKTPOMArHUTHBIX CBOWCTB JICHTOUHBIX aMOP(HBIX
CIIaBoB [2—4], UCTIONB3yeMBbIX MPU U3TOTOBICHUH MarHUTONpPOBOaOB. Cpean
CBOMCTB TaKHX CIUIABOB 0CO00OE MECTO 3aHMMAIOT KOIPLUUTHUBHASI CHJIa, MarHu-
TOCTPHKIINSI, MATHUTHBIE TTOTEPH, KOTOPBIE ONPECISIOTCS XUMAYSCKIM COCTa-
BOM CIUIaBa, COCTOSHHEM IIOBEPXHOCTH, OCOOCHHOCTSIMU OJMIKHETO IOpsIKa.
Tak kak 9aie Bcero 3TH CIUIaBbl M3TOTaBIMBAIOTCA MO0 TOHKOIUIEHOYHOH TeX-
HOJIOTHM WJIM B pe3yJbTaTe UX CBEPXOBICTPOTO OXJIAKACHUS, UX SJIEKTpOMar-
HUTHBIC CBOMCTBA BO MHOTOM ONPECIISIOTCS COCTOSHUEM MOBEPXHOCTH M OCO-
OCHHOCTSIMU MOBEPXHOCTHOH MHIPAlMd aTOMOB. OTO OOYCJIOBICHO TEM, YTO
MOBEPXHOCTh TAKUX MAaTEPUATIOB MPEACTABIACT CIOXHYIO CHCTEMY aTOMOB C
Pa3TUYHON IPOCTPAHCTBEHHON OpraHM3alMed W ONMKHUM TOPSAKOM, KOTOpBIE
JIETKO M3MEHSIOTCS B PE3yJIbTaTe BHEIIHUX 3JIEKTPOMArHUTHBIX BO3JCHCTBUI
1100 BO3ICHCTBHI MMOJIEH U3MEPUTENIBHBIX MPHOOPOB [4—6]. D10 0becneunBa-
€T BBIXOJ TaKOH CHCTEMBI aTOMOB W3 COCTOSIHUSI PaBHOBECHS, TOSIBICHUS JO-
KaJIbHBIX YYaCTKOB MOBEPXHOCTH C M3MEHEHHOH CTEeNeHbIO MO3UIHOHHOTO MO-
pSIKa B PacmoiOKEHUH aTOMOB. Takue y4acTKU MpPECTaBIsSIOT coO0H HEOIHO-
POIHOCTH B paclpeleNieHHH 3JIeKTPUYECKUX TIOJIeH, XapaKTepU3yIOTCsl BBICO-
KMMH{ 3HA4YEHUSIMHM UX IPAaJUEHTOB, KOTOpble 00ECIEYNBaOT U3MEHEHHUE DHEP-
TeTUYECKOTO COCTOSIHHS 3apsiiOB U, KaK CJIEICTBHE, U3MEHEHUE MUKPO- M MaK-
POCKOIIMYECKHX CBOMCTB CIIJIABOB.

[oBbIlIEeHNE SKCIUTYaTAIMOHHBIX MapaMEeTPOB IEKTPOTEXHUYECKUX Ma-
TEpHaJoOB SABJISIETCS BAXKHOW TEXHOJIOTHUECKOH 3aiaueii, KOTopast MOKET OBITh
pellleHa pa3nuYHBIMU MeToJamMi. Hanboree M3BeCTHBIMHA M IIHPOKO MCTIONE3Y-
€MBIMHU B TIPOMBIIIJICHHOM TIPOHU3BOJICTBE SIBJISIIOTCS CIIEAYIONINE KIIACCUUECKHUE
METOJbI: YIIPOUHEHHE JITUPOBAHUEM, YIIPOUHEHHUE MJIACTUUECKUM J1ehOpPMHUp O-
BaHUEM, YIPOYHEHUE TEPMUUYECKUMHU METOJAMH, B TOM YHCIIE IIOBEPXHOCTHAS
3aKayka, oOpaboTKa Jla3epoM M BIIEKTPOMCKPOBOE JIETHPOBaHUE, HEKOTOPHIC
apyrue (LeMeHTal|s WM a30THPOBAaHUE CTald, HUTPOLEMEHTAIUS W T. IL.)
[6, 7], a Taxke muasmenHass oopaboTka [5—8]. BO3MOXKHO HCIONB30BaHKE H
WHBIX, B HACTOsIICE BpeMs elle He HalleANINX MIHPOKOTO MPOMBIILICHHOTO
MPUMEHEHHUs, HO MEPCIEKTUBHBIX U SKOHOMHYHBIX METOJIOB TOBBIIICHHS K C-
IUTyaTalMOHHBIX XapaKTEPUCTUK MaTepUajioB, OCHOBAaHHBIX Ha HCIOIb30BAHUU
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pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)
SIIEKTPOMArHUTHBIX m3nydeHuit (cM. [9—15]) m amrepaTypy Tam xe. A s
HcceIoBaHNi (PU3UKO-XUMUYECKUX CBOWCTB aMOP(HBIX 3NMEKTPOTEXHUUECKUX
CIUTABOB HCIIOJIB3YIOTCS DPA3JIUYHbIC METOJbI, TaKHe, KaK PEHTTEHOBCKAs IU-
¢dpakus, MK crnekrpockomnusi, U3MEpEHUS] MarHUTHBIX XapaKTEPUCTHK, PacT-
pOBasi U MPOCBEUUBAIOIIAS AJICKTPOHHAS MUKPOCKOIIUS, ONTUYECKAs, aTOMHAs
CHIIOBass M MATHHUTHO-CHJIOBAass MHKPOCKONHS M HEKOTOpble napyrue (cM.,
Hanpumep, [2—4, 7, 12, 16, 17] u nutepaTypy Tam xe).

Oco0wIif HHTEpEC cpear aMOP(HBIX AEKTPOTEXHHUECKUX CIIJIABOB MIPe/I-
CTaBJIAIOT aMop(dHBIe Marepuanbl Ha ocHoBe cuctemsl Fe-B-Si-Nb mms CBY-
TEXHUKH, MOJIYYCHHBIC METOJIOM CBEPXOBICTPOTO OXIAKIACHHUS MPU PACIIBLICHUH
pacruiaBa Ha BpallaoIIeMcsi MEJHOM OapabaHe, Ha TOBEPXHOCTU KOTOPBIX B
ONTHYECKOM MHUKPOCKOIIC MOTYT HAaOJIONAThCS YIOPSIOUYCHHBIC 00JIACTH HAIO-
nobue «uermouek» wim «jaeaT» [10]. Jliast Takux MaTepranioB YCTAHOBIEHO, UTO C
pPOCTOM HANPSHKEHHOCTH DJJIEKTPUYECKOTO IIOJII BO3MOXKHO HWHHIMHUPOBAHHUE
B3pPBIBHON AJIEKTPOHHON IMHUCCHH, KOTOPast 00YCIIOBJICHA HAJTMYHUEM Ha MOBEPX-
HOCTH HAaHOYYaCTKOB OKCHJIOB C 00Jie€ BEICOKHM yIEIbHBIM COMPOTHBICHUEM.

B cuny TOro, 4ro SKCIUIyaTallMOHHBIC XapaKTEPUCTHUKU JIEHTOYHBIX
amopdHbIX criaBoB Fe-B-Si-Nb Bo MHOTOM ommpeenaoTcst JOKaIbHBIMHA CBO¥-
CTBaMH, B T. Y. CTPYKTYPOM MX MOBEPXHOCTH, U3YUCHHE TIOBEPXHOCTHOM CTPYK-
TYpBI TAKWX CIIJIABOB METOJIAaMH aTOMHOH CHiI0BOH Mukpockommu (ACM) u co-
CTaBJISIET TIPEIMET PACCMOTPEHUS HACTOSIIEH paOOTHI.

2. MaTepuaJibl 4 METObI

O06pa3upl aMOpPHON ANEKTPOTEXHUYECKOH cTanu ((oJbru) mpencrasis-
a1 co0oil neHTy TommuHON okoso 100 MM, mupuHON 45 MM, KOTOpBIE OBLIH
[IOJIy4EeHbl METOIOM CBEPXOBICTPOrO OXJIAXKJEHMS IPU PACIBUICHUU pacIuIaBa
Ha Bpararomemcs MetHoM OapabaHe. McciienoBanuch HEOTOXKEHBIE aMOpd-
Hble cIIaBbl cocraBa Fe;3(SIBND),; 1 crumaBeI TOro ske cocTaBa, HO ¢ 100aBKOMH
1 % Cu, Bnustomeld Ha MpoLecC KIacTEepU3alMy B MPOIECCE MOCIEAYIOIIEeTO
TepMmuyeckoro orkura [18, 19].

[penBapuTenbHbIC HCCIIEAOBAHUSI COCTOSIHUSI TMOBEPXHOCTEH MPOBOIM-
nock onrtrudeckuM mukpockonom MKJI-P ¢upmer «JIOMO» ¢ Bumeokamepoi,
COEIMHEHHOH C KOMIBbIOTEPOM. bbUIM MCIONIb30BaHbI CIEAYIOUINE OOBEKTUBBI:
I[UTAH-ATIO F=5, JIOMO 91036 u JIOMO 91048. [Jlns coxpanenust u oOpa-
OOTKHM ONTHYECKMX CHHUMKOB Oblila MCIIOJNB30BaHa mporpamma Toup View 3.7
For Digital Camera.

C ucnonb3oBaHuEM oNTHYECKOM MUKpockomuu At ACM-uccieaoBaHuii
BBIOMPAIMCH YYaCTKH TIOBEPXHOCTH (HOJIBI, UMEBIINE CPAaBHUTEIBHO HEOONb-
[ITe HEPOBHOCTH, M 3TH YYACTKH M3ydanch MerogoM ACM. JlokanbHBIE CBOM-
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CTBa TOBEPXHOCTH (HOJIBI MCCIECIOBAINCEH IO CTAaHAAPTHOM IBYXIIPOXOIHOMH
MCTOOUKE [16] C HCIIOJIB30BAHUEM CKAaHHUPYHIOIICTO 30HAOBOIO MHKPOCKOIIA
SMENA-A, miatopma «Solvery (NT-MDT, P®, r. 3eneHorpaa, Mockga). Oc-
HOBHAS YacTh HCCIIeNOBaHMI BbImonHeHAa MeTogamu ACM, Taxike HMcclegoBa-
HUA (I)OJH)F OBLITN MPOBEJICHBI METOIAMHU MAarHUTHO-CHJIOBOM MUKPOCKOITHH.

3. Pe3yabTaThl HCCJIeI0BAHUI H UX 00CYKIeHHE

Cropona ¢onsru, He TpUIIeTaBIIas K MegHOMYy OapabaHy, T. H. CBOOO/I-
Hasl TIOBEPXHOCTh, HMeJla POBHYIO U OJIECTSILYIO Ha BHJ NMOBEPXHOCTb. Jpyras
MOBEPXHOCTh OBICTPO 3aKaJeHHBIX 00pa3loB, MpHIIEraBliasl K MeAHOMY Oapa-
0aHy, T. H. KOHTaKTHasl IOBEPXHOCTh, HMEJa HEOTHOPOAHYIO, XapaKTEPHYIO IS
BCEX OBICTPO 3aKaJIeHHBIX 00paslloB, CTPYKTYPY, BCIECACTBUE YETO BU3YallbHO
9Ta TOBEPXHOCTH (DOJIBI'H KaKeTCs MaToBOH. OTMETHM, YTO XapaKTep IMOBEPX-
HOCTH aMop(dHBIX crutaBoB coctaBa Fe;3(SiBND),; u crimaBoB Toro sxe cocrasa,
HO ¢ nobaBkoit 1 % Cu, npu ckanupoBannr B ACM yuactkoB ot 50x50 MkM u
OoJibllle MMEJIM BO MHOTOM OJAWHAKOBBIE CTPYKTYpHl M B TOCJIEIYIOMIEM IS
TaKHUX yYaCTKOB UMEIOIIeEeCs pa3sinire B COCTaBaX OTMeUarbesl He OyAeT.

B ACM cBoOojHasi M KOHTAKTHAs TOBEPXHOCTH HMEIH XapaKTEPHYIO
CTPYKTYpY, IIpeIICTaBlIeHHYIO Ha puc. 1. B BeiOpanHOM MacmiTabe assi cBoOOI-
HOH TOBEpPXHOCTH OblIa XapaKTepHa MPaKTUYECKH TUIOCKAas IMMOBEPXHOCTH 0e€3
BBISIBIICHUS B BBIOpaHHOM MaciiTabe CKaHWPOBAaHHS KAKUX-THOO CYIIECTBEH-
HBIX HEpOBHOCTeW (puc. 1a), B TO BpeMs Kak JUIsi KOHTAaKTHOH MOBEPXHOCTHU
XapaKTepHBIM OBbLTO HAJIM4Ke HEPOBHOCTEH C XapaKTepHBIMH IUIOCKOCTHBIMH
pasmepamu 10 20—40 MM (puc. 16). B 10O xe Bpemst Ha cBOOOAHON TOBEpX-
HOCTH (HOTBTU B ATOM MaciTabe CKaHWPOBAHHS HAOIIONAINCH MEIIKUE HEOTHO -
pomHOCTH ¢ pazmepamu MeHee | MKM. Ha ydacTke ckaHWpOBaHHS TOBEPXHOCTH
tomeru 40x80 MKM OLIEHUTH UX pa3Mephl U CTPYKTYPY HE MPECTaBIIIOCHh BO3-
MOKHBIM. OLIEHUTH pa3Mepbl HEOTHOPOAHOCTEH CTaNn0 BO3MOKHBIM IPU CKaHH -
POBaHUM MEHBIIETO y4acTKa MOBEPXHOCTH. Tak, Ha pHUC. 2 MpeICTaBlCHbI MO-
ayueHHbie B ACM n300pakeHus] yuacTKOB CBOOOJHOM (pucC. 2a) U KOHTaKTHOM
(puc. 2B) nmoBepxHOCTEH Qobru pazMepom 5,5%5,5 MM (puc. 2a) u 87x87 Mxm
(puc. 2B) COOTBETCTBEHHO, WILTIOCTPHPYIOIIEE pa3Mep W pacrpenesieHue I0
TTOBEPXHOCTH HEPOBHOCTEH. A Ha puc. 20 W pHC. 2T TPEACTaBICHBI MPOGUIH
cedeHust cCBOOOAHOM (puc. 20) M KOHTAKTHOU (pHC. 2T) y4acTKOB (DOJIBIH BIOIH
OTPE3KOB MPAMBIX, IOKa3aHHBIX Ha pUC. 2a U pHUC. 2B.

U3 puc. 1 BugHO, 4TO A71s1 CBOOOAHOM CTOPOHBI (PONBIH HAa 3TOM Y4acTKe
noBepxHocT (puc. 20) BbicoTa HepoBHOCTeH He npeBocxoauT 40 um. Taxke
BUJIHA YIOPSJIOYCHHAsI CTPYKTYpa B PACIIONIOXKCHUHM ITUX HEPOBHOCTEH: OTpe-
30K MPSIMOM, YKa3aHHOW Ha pUC. 2a, MPOXOIUT Yepe3 3 HEPOBHOCTH, OTIUYHO
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DiexrpoHuKa, GOTOHHKA, TPUOOPOCTPOCHHUE H CBSI3b (2.2)
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Puc. 1. a— y4acTku OBEpXHOCTH JIEHTOUHBIX aMopdHBIX criaBoB Fe-Si-B-Nb,

nony4deHHble B ACM B aMruiuTyaHOM KoHTpacte B 3D:
a — y4acTOK cBOOO/IHOIT TOBEPXHOCTH; O — y4aCTOK KOHTAKTHOH MOBEPXHOCTH.

Fig. 1. a —areas of the surface of ribbon amorphous Fe-Si-B-Nb alloys obtained in AFM in
amplitude contrast in 3D: a — area of the free surface; 6 — section of the contact surface

oroOpaxkeHHbIe Ha nipoduie cedenus Qosbru Ha puc. 26. U3 puc. 2a u puc. 26
JIETKO OLEHHUTH Pa3Mephl TUX HEPOBHOCTEH: IIMPHHA Y OCHOBAHUS MPOQPHIS OT
MIPUMEPHO 2 MKM, HO He 6oJiee 5 MKM U UX BBICOTY (JUIsI IIEPBBIX IByX HEPOBHO-
CcTe okojio 25 HM, IS TpeThel — HeMHOro MeHee 40 HM). AHAOTUYHBIC
OLIGHKM MOJKHO CHENIaTh W NPU PacCMOTPEHUM pHUC. 2B U puc. 2r. W ecim s
CBOOOZHOM MOBEpXHOCTH (ONBIH Hepenaj BBICOT cocTaBisier He Oonee 40 HM,
TO JUIsl KOHTaKTHOM CTOPOHBI (DOJIBTHU 3TO yKe 1 MKM.

Ilpu ckaHUPOBaHWU CBOOOJHON MOBEPXHOCTH (OJBIH C pa3MepaMu
2,5%x2,5 MKM (T. €. Ha TIOPSIIOK MEHBIIUMH, YeM Ha puC. la) B aMIUTUTYJHOM
KoHTpacrte B 3D ynanock BU3yanu3upoBaTh 3TH HEOAHOPOJHOCTH — CM. puc. 3.

Ha puc. 3 Takxe sIBHO BUIHA YNOpPSJIOYEHHAs CTPYKTypa B pacIioyioe-
HUU 3TUX HEpoBHOCTeH. B BhIOpaHHOM MaciiTabe CKaHUPOBAHUS T€OMETPHIO
HEPOBHOCTEN MOXKHO OIUCATh CIEAYIOIUM 00pa3oM: OCHOBOM HEPOBHOCTH $5IB-
JsIeTCA 4acTh IOJOr0 LWJIMHAPA, BHYTPH KOTOPOTO HAOIONAIOTCS KOHYCO000-
pasHble 00pa30BaHus, MPUYEM AJIsl HEKOTOPBIX HEPOBHOCTEH SICHO BHIHO, YTO
9TH 00pa30BaHHUs BBIXOIAT W3 LMWJIMHAPOB: HA PUC. 3 HA OJHOH IIETOYKE HEPOB-
HOCTEH B ee BepXHEW YaCTH OTIMYHO BHJIHO OJHO JOBOJBHO BBICOKOE (OKOJIO
15 aM) KOHYCOOOpa3HOe 00pa3oBaHUe, «BHIPACTAOINIEE)» M3 MOJIOTO HUIMHIPA,
a B HIDKHEH 4YacTH 3TOH LIETIOYKH — elle 2 TAaKUX e CTPYKTYpbl, HO BBICOTA
3THX 00pa30BaHUI MEHBIIIE.

Mopdosorust cBOGOAHOM TOBEPXHOCTH (OJBIU C XapaKTEPHBIMH HEPOB-
HOCTSIMH JIydllle BUIHA MIPU CKAaHWPOBAHUHU yYaCTKOB MIOBEPXHOCTH C XapaKkTep-
HBIMHU pa3MepaMu oT 5 MKM U Oonee. Tak, mpy CKaHUPOBAaHUH Y4acTKa CBOOO -
HOW MOBEPXHOCTH C pazMepaMu 6X6 MKM (puc. 4) OTUETIMBO BUAHBI YIOPSIO-
YEHHBIE PsiJIbl HEPOBHOCTEM.
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Puc. 2. a— u3o0paxkeHne cBOOOIHOI MOBEpXHOCTH yyacTKa (osbru, noiaydeHroe B8 ACM,
HIJUTIOCTPUPYIOLIEE pasMEP U paclIpe€ACIICHUE 110 ITOBEPXHOCTH HepOBHOCTeﬁ MOBEPXHOCTHU
¢dompru pazmepoM 5,5%5,5 MkM; 6 — npod s cedeHns GpobrH BIOIL OTpe3Ka MpsSIMOi,
TTOKa3aHHOH Ha pUC. 2a, WILTIOCTPUPYIONINH XapaKkTep HEPOBHOCTEH; B — H300pakeHNe
KOHTAaKTHOU IIOBEPXHOCTH y4acTka (oJbru, noiayieHHoe B ACM, niumocTpupyoliee pasmep 1
pacmpeneneHue o MOBEPXHOCTH HEPOBHOCTEH MOBEPXHOCTU (POIBIU pasMepoM 87X87 MKM;
I — npoduib cedeHns (OoJIbIH BIOIb OTPe3Ka MPSIMOK, MMOKa3aHHOW Ha pHcC. 2B,
WITIOCTPUPYIOIUI XapaKkTep HEpPOBHOCTEH.

Fig. 2. a —image of the free surface of a section of foil obtained in AFM, illustrating the size
and distribution of irregularities in the surface of the foil measuring 5.5x5.5 pm over the
surface; b — cross-sectional profile of the foil along the straight segment shown in Fig. 2a,
illustrating the nature of the irregularities; ¢ — image of the contact surface of a section of foil,
obtained in AFM, illustrating the size and distribution of surface irregularities of the foil
surface measuring 87x87 um; d — cross-sectional profile of the foil along the straight segment
shown in Fig. 2c, illustrating the nature of the irregularities

[Nockonbky A5t cBOOOJHBIX MTOBEPXHOCTEH XapaKTEPHBIE pa3Mephl TaKKX
o0pa3oBaHMii CymeCTBEHHO MeHbIe 0,5 MKM, IIPOBECTH JIOKAIBHBIN PEHTTEHO-
CHEKTPaJIbHBIA MUKPOAHAIN3 OTAEIBHO Ul LUIMHAPUUYECKON YacTH U OTHENb-
HO JJIs1 KOHYCOOOpa3HOM 4acTH TaKMX HEPOBHOCTEH, MO-BUANMOMY, SBIISETCS
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Puc. 3. Yuactok cBOOOIHOM MOBEPXHOCTH JICHTOYHOTO amop(Horo criaBa Fe-Si-B-Nb,
nony4deHHblld B ACM B ammumtynHOM KoHTpacte B 3D.

Fig. 3. A section of the free surface of a ribbon amorphous Fe-Si-B-Nb alloy,
obtained in AFM in amplitude contrast in 3D

BeCbMa HENpOoCTO# 3amadeil. B To ke Bpems HajIMyWe TaKuX MHKPOOOpa3o-
BaHWI, HEPOBHOCTEH C «MHUKPOOCTPHAMIY (B BEIOPAHHBIX MacIiTabax CKaHUPO-
BaHHUS TIOBEPXHOCTH), B MPOIECCE IKCILTYyaTAI[MH MOKET HHUIMHUPOBATH HAIIH-
YHe CYIIECTBEHHBIX TPAaJUEHTOB AIEKTPUIECKOTO MO — JUTSl SIEKTPOTEXHH-
YECKUX YCTPOMCTB 3TO MOXKET ObITh BEChbMa HEXKEJIATSIIbHBIM.

Puc. 4. Yuactok cBOOOIHOM MOBEPXHOCTH JICHTOYHOTO amop(Horo criaBa Fe-Si-B-Nb,
nony4deHHblid B ACM B aMrumTy1HOM KoHTpacte B 3D.

Fig. 4. A section of the free surface of a ribbon amorphous
Fe-Si-B-Nb alloy, obtained in AFM in amplitude contrast in 3D

Uro kacaeTcs KOHTAKTHOM CTOPOHBI ()OJIBTr, MPHIIETaBUICH K METHOMY
OapabaHy, TO NpU NPOBEJCHUU MTPEIBAPUTEIBHBIX UCCIEAOBAHUN METOAOM OTI-
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THYECKOW MHKPOCKOITWH, B 3aBUCHMOCTH OT (POKYCHPOBKH MHUKPOCKOIA TTOTY-
YeHBI M300paXKEeHUsI MOBEPXHOCTEH (DOJBIH, JOBOJHHO CHIBHO OTIUYAFOIIUECS
Ipyr oT apyra. Tak, riryouHa peskoctu o0bektuBa [JIAH-ATIO mo3Bonuna Bu-
3yaln3upoBaTh 00IACTH MOBEPXHOCTH, XapaKTEPHBIE JJIsi CBOOOAHOTO OCTHIBA-
HUS pacIljIaBIEHHOTO MeTaia (CM. puc. 5a), YTO TO3BOJISIET NMPEANONO0XKUTH
HEIJIOTHOE TpuJleraHue pacruiaBa K OapabaHy — OT9acTH, BO3MOXKHO, U BBUAY
0COOCHHOCTEH ToBepxHOCTH Oapabana. B To ske BpeMs HaOIOmamich 00IacTh
MTOBEPXHOCTH (pHUC. 50), MO3BOJSIOMIAE TPEAIONIOKHATH TSI HEKOTOPBIX ydacT-
KOB (DOJIBI'M TIOTHOE HEPaBHOMEPHOE IMPHIIETAHUE PACIBUIIEMOr0 MeTailia K
Oapabany. Ha moBepXHOCTH JIEHT, IpUJIETaBIIUX K MeAHOMY OapabaHy, IpaKkTH -
YeCKH OTCYTCTBOBAJM YYAaCTKH C HU3KOH MIEPOXOBATOCTHIO. B TO ke Bpemst 1uist
npoBeaeauss ACM-u3MepeHnii KOHTaKTHOW CTOPOHBI (DOJIBT yIaBaioch BHIOH-
paTh CpaBHUTENHHO HEOONBITNE YIaCTKH IMOBEPXHOCTH 0€3 CYIIeCTBEHHBIX He-
poBHOCTel. Ha puc. 6 mpencraBieHbl HEKOTOPBIE PE3yJbTaThl TAKUX HCCIIE]0-
BaHUI y4acTKa KOHTaKTHOMU JIeHThI 85%85 MKM.

W3 puc. 6, puc. 2B 1 puc. 2r CIEIyeT, U4TO I JAHHOTO ydacTKa (oJbru
niepemnan BeICOT coctapisieT 1m0 0,8—1 Mxm. HepoBHOCTEH ¢ yHOpsSI0UYeHHBIMA
«MHKPOOCTPHUSIMHY», aHAJIOTUYHBIX OOHapY>KEHHBIM Ha CBOOOHBIX IMTOBEPXHO-
CTAX (POJIbT, HA KOHTAKTHBIX TTOBEPXHOCTSIX 3aPETUCTPUPOBAHO HE OBLIO.

Puc. 5. CTpyKTypa pa3iM4HbIX YacTei moBepxHocTH amopdHoro crasa Fe;3(SIBND),,
npuieraBiuas K MexgHomy 6apabany. O6bextus [IJTAH-AIIO F = 5,
Pa3IUYHbIC YYACTKHA OBEPXHOCTH.

Fig. 5. Structure of various parts of the surface of the amorphous alloy Fe;3(SiBNb),7,
adjacent to the copper drum. Lens PLAN-APO F = 5, various surface areas

HccnenoBannst amopdubix (oasr Ha ocHOBe cocTaBa Fer3(SiBND),;
HaJIMYKsl MATHUTHOTO KOHTPACTa HE BBIABHIIM.
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Puc. 6. YuacToK KOHTaKTHOM MOBEPXHOCTH JICHTOYHOTO amop(Horo criasa Fe-Si-B-Nb,
noiyueHHbli B ACM B ammumtyqHOM KoHTpacte B 3D.

Fig. 6. A section of the contact surface of a ribbon amorphous Fe-Si-B-Nb alloy,
obtained in AFM in amplitude contrast in 3D

4. BeIBOABI

MerogamMu aTOMHOM CHJIOBOM MMKPOCKOIIMM HCCIIEIOBAaHA CTPYKTypa
MOBEPXHOCTH aMOP(HBIX DIEKTPOTEXHHUECKUX CIUIABOB — (OJIBI COCTaBa
Fe.3(SiBNb),; u cmmaBoB Toro e cocrasa, HO ¢ fHo6aBkoit 1 % Cu, momydeH-
HBIX METOJIOM CBEPXOBICTPOrO OXJITAXKICHUS NpPU PACHBUICHHMH paciulaBa Ha
BpalmaroriemMcsi MeqHoM Oapabane. Ha cBOOOIHBIX MOBEPXHOCTSIX (ONEBT, HE
MIPUJICTAIOIINX K BpamiaromeMycs 0apabany, oOHapyX)eHbl MUKPOOOpa3oBaHMs
C XapaKTePHBIMH pa3MepaMu y oCHOBaHHUsS MeHee 0,5 MKM U nepernajamMi BEICOT
10 40 HM. J{71s1 KOHTaKTHBIX TOBEPXHOCTEH (OB XapaKTepHBIE pa3Mephl Y OC-
HOBaHUS SAPKO BBIPAXKEHHBIX HEOAHOPOAHOCTEH ObLTH 0K00 10—20 MKM U Tie-
penasl BeICOT JIo 1 MKkM. B mporiecce skcruryaranun 31eKTPOTEXHHYECKUX U3-
nenuit u3 Takux (OB HaJMYHME TAKUX HEOJHOPOIHOCTEH MOXKET WHHUIUHDO-
BaTh Ha MOBEPXHOCTH (HOJIBTU IPAUCHTbI HJICKTPUIECCKOTO OIS

Baaropapnoctn

HccnenoBanue BBITONHEHO 3a c4eT rpaHTa Poccuiickoro Hayunoro ¢onna u [IpaBurens-
crBa Kanysxckoii obmactu Ne 23-21-10069, https:/rscf.ru/project/23-21-10069/, https://rscf.ru/en/
project/23-21-10069/.
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Abstract: Using the methods of atomic force microscopy, the surface structure of strip
amorphous electro technical alloys was studied — foils of the composition Fe-Si-B-Nb
and alloys of the same composition, but with the addition of 1% Cu, obtained by the
method of ultra-fast cooling by spraying the melt on a rotating copper drum. The free
surfaces of foils not adjacent to the rotating drum and other contact surfaces were stud-
ied. On the free surfaces of the foils not adjacent to the rotating drum, micro formations
were found, protruding irregularities with characteristic sizes less than 0.5 microns,
which during the operation of electro technical products can initiate the presence of
electric field gradients on the foil surface. No similar events were recorded on contact
surfaces. Studies of amorphous foils using magnetic force microscopy did not reveal the
presence of magnetic contrast.
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1. BBegenue

HHTeHcuBHOE pa3BUTHE MOIIHBIX TPAH3UCTOPHBIX MCTOYHHUKOB KOjeOa-
HUAW CaHTHMETPOBOTO W MIJUITMMETPOBOTO AMANA30HOB JUTHMH BOJH ITO3BOJISIET
YCIIEIHO OCBauWBaTh M 0o0Jiee KOPOTKOBOJIHOBBIE AMAIA30HBI, MPUMEHSS IS
IEpPeHoca CIEeKTpa BapakTOpHble yMHOXxuTenu dactorsl (YY). Ilpu stom oco-
Oyl0 aKTyaJbHOCTh UMEET 3ajadya MOBBIIICHUS 3()(PEeKTHBHOCTH Mpeodpa3oBa-
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. A. Ornenka koo pdunrenta npeodpa3oBaHusT yMHOKUTENS YACTOTHI ...
HUS CIIEKTpa CHUTHAja, ISl PEIIeHHS KOTOPOW Mpeaiaralorcs He TOJIbKO pas-
JTUYHBIE CXEeMOTEXHUYECKHEe OCOOSHHOCTH IOCTPOEHHs BapakTopHbix YUY [1],
HO ¥ KOHCTPYKIMHU BapaKTOPHBIX JHUOJOB, TEXHOJOTHS KOTOPBIX €Ile HE JO-
CTUTJIa HIMPOKOrO MPAKTUYECKOTO BHEAPCHUS, HAIPUMEpP, reTepoOapbepHBIX
BapakTopoB [2]. Mexmy TeM u3BecTHO [3], 4TO BBICOKOH 3((EKTUBHOCTHIO
npeobpaszoBanus oosagaror YUY Ha ocHoBe Au070B IIoTTKHM ¢ HU3KOW KpaTHO-
CTBIO YMHOXCHHUSI (YIBOUTEIHN U YTPOUTEIN JACTOTHI), pabOTAIOIINE B PEKIME
HOMHHAJIEHOTO BO30YXIEHUS — TIPH 3aKpbeIToM auoje. B Takux YU mpeoOpa-
30BaHUE CIEKTPa OCYIIECTBISAETCS Oaroaaps HeJMHEHHOH OapbepHOH eMKOCTH
JIMOJIa-BapuKaria, CyIeCTBCHHOE BIMSIHUE HA KOTOPYHO MOTYT OKa3bIBaTh IITY-
OoKHe prMecHBIE TIEHTPHI [4].

B pa6ore npoBeneHa oleHka koddduiiuenTa npeodpazosanus YU Ha oc-
HOBe kpemHaneBoro auoza lllorTku ¢ riryookumu mpuMecHbME TieHTpamu (I TILT).

2. MeToauka oneHkn ko3¢ punneHta npeodpazopanus YU

PaccMoTpyM yIpoOIIEHHYIO CXeMY YMHOXHTENS YacTOThI apajlIeIbHOTO
THIIA ¢ HEHATPY)KEHHBIM MealbHbIM pe3oHaTopoM P, (puc. 1.). Ilpu anammse

pabotel YU HCmonb3yeM MPOCTYH 3KBHBAJICHTHYIO CXEMY BapHKama, COCTOS-
Y0 U3 MOCJIEA0BATEIHFHO BKIIOYCHHOW HETWHEHHON €MKOCTH M COIPOTHUBIIC-

HUA IOTCPb ANOaa RS , HoJjiarasd, YT0 UHAYKTHUBHOCTb BBIBOJOB JWOJA BKJIFHOYC-

Ha B coctas ¢puistpoB @, D, u @,.

OddexTuBHOCTL TIPe0Opa3oBaHUs CliekTpa curHaia YUY omeHuM ¢ mo-
MOTIIBI0 K03 duImenTa mpeodpazoBaHus B MPUOIMIKESHHN OTCYTCTBUS IOTEPh
MOIITHOCTH B COTJIACYIOIIUX IETSX U HEeMsIX (uibTpauu:

n= PBb[X/ Pax 1)

rie Py, — Mommocts nonesnoii rapmonnku na Beixoge YU; Pgy — momi-

HOCTh BXOJIHOTO CHUTHAJIA.
Bynem cumrath, 94TO B HACTPOCHHOM Ha MAaKCHMAJIbHOE 3HAYCHHE KOD (-
¢unuenta npeodbpazoBanust YU Ha ocHoBe Bapukana VD ¢ moMomsio uiaeaib-

upix GuinbtpoB @y, D, u @, ocyuiecTBisETCS TaKas YACTOTHAS CENEKIHS Tap-

MOHHYECKUX COCTABJIAOINNX TOKA YEPE3 BapHUKaAIl, YTO 3aBUCUMOCTD 3apsaaa Ha
HEJIMHEHHON €EMKOCTH Bapukama OT BpEMCHU UMECT BU/:

q(t) = Q, +Q, cos(at) +Q, cos(2at +y,) +Q, cos(3at + ;) , )
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rne Q, — mocrosHHas cocTaBmsromas sapsaga; Q,, Q,, Q; — ammuTy B! HEP-
BOIi, BTOpO# U TpeTbeil rapmMoHuK 3apsiaa; @ = 27f,, f, — 4acrora BxoaHoro
BO3JICHCTBUS; |/, , |/, — HadallbHble (ha30BbIE CABUIM MEKIY IIEPBOM U BTOPOIi,
IIepBOil M TPeThel TapMOHUKAMHI COOTBETCTBEHHO. Benmunna Q) B (2) ompene-
nstetest mo crarnueckoit (mpu Q, =0, Q, =0, Q, = 0) BonbT-KyNOHHOIT Xapak-
tepuctuke (BKX) U(Q) o0paTHo cMelleHHOro JHOAa M3 YCIIOBUS

U, =U(Q,) 1 coorsercrByeT npuiioxeHHOMY K 1uoxy Hanpsokerno U ., .

@1 @2
= =
R- L,
@,
S
Er U

Puc. 1. Cxema YMHOXHUTEIIA YaCTOTHI ITapaJlJICJIbHOI'O TUIIA.

Fig. 1. Parallel type frequency multiplier circuit
st mpuMeHeHHs CEKTPaIbHOrO METOJAa aHalu3a K paccMaTpuBacMOM
cxeme YU HeoOxoaumo paccuntath BKX U (q) Bapukama VD c T'TIL. Y nens-

Hyto BKX muoga ottku ¢ I'TILH nmony4yum ¢ mOMOIIbIO PELICHUs] OHOMEPH O-
ro ypasHenus Ilyaccona. [{ns onpenenennoctu paccmorpum ['TII aknenTop-
HOTO TWIAa B KPEMHHHU, OOYCJIOBICHHBIE aTOMaMH HHIHS, C OHEPIEeTUYECKUM

II0JIO)KCHUEM OTHOCHTEJIBHO IOTOJKA BasieHTHOi 3086 E, = E, + 0,156 2B n

¢ nonHol kouuentpauueii ITIL[ N, (X) . Pacnpenenenre HOHU3MPOBAHHBIX

I'TIL mHAMS B KPEMHUU 110 KOOPAMHATE OLIEHUM C IIOMOIIBIO BRIpakKeHHs [4]:

_ N..(X)
Nta(X! (0) = = ! (3)
1+ Zexp(q(Eta - EF _qo(x))j
KT
rie (| — oneMeHTapHbIA 3apsam; K — mocrosmmas Bomenmana; T — a6co-

motnas temnepatypa (1 =300 K); Ex — nonoxenune yposus ®epmu otHo-
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CUTEIBHO JTHA 30HKI IpoBoMMOCTH E . B anexrpuyeckn HeHTpanmbHOM 00beMe
nonynposoaunka (E. =0); ¢(X) — pacnpenenerue noreHnuana B Ipumo-

BEPXHOCTHOM 00JacTH TMOJyNIPOBOJHHUKA, ONPEAEIIeMOe M3 PEIICHUS OJHO-
MepHoro ypaBHenus [lyaccona

2

S8 = N0 -ntxe) N ), @
¢ rpannunbivu yenousivu @(0) =—@g, —E- +U,, . @W)=0. B (4)
@am =0,7 B — Boicora 6apwepa llortkn; U, — HanpsokeHue NpuiiokeH-
Hoe K auony (npu obparnom ememennn U, <0); NJ(X) — xonuenrpanu-
OHHBI MPO(HIIL TTOJIHOCTHIO HOHM3MPOBAHHOW MENIKOM JOHOPHOM NpUMeECH;
n(x,e) = N [1+ exp(q(e(x) —Eg)/ kT)Tl — KOHIIEHTpAIMsl JJIEKTPOHOB B
30He npoBoguMoctH, rae N — 3(QeKTrBHAs MIIOTHOCTb COCTOAHMHA B 30HE

IIPOBOJUMOCTH.
Ilo JaHHBIM [4] MMOCTOAHHAA BPEMCHU MOHHU3aAllUN FJ'Iy60KI/IX IIPUMCCHBIX

neHTpoB In B kpemumu 7 He Menee 10™° ¢. DTO MO3BONAET CUMTATH «3aMOPO-

JKEHHBIM» X 3apsioBoe cocrosirue N (X, g))‘ , PACCUMTAHHOE C TIOMOIIBIO
U :U(_l’\/!

(3) w15t 3a1aHHOTO IOCTOSTHHOTO HATIPsDKeHUsE cMeteHnst U ., , IPHIIOKEHHOTO K
auony, U HE HU3MCHATH €ro Jid OTJIWYHBIX OT UCM 3HAYEHUH MTIHOBEHHBIX
HanpspkeHni U(t) 6sicTpo n3mensiouterocst CBY curnana ¢ yacroramu fy, 2 f

u 3 f,, yaursisas, uto f, >>1/7 . C yyetom 3TOro 3aBUCHMOCTb YIENBLHOTO HA

CANHUNY IJIOMIAA TOBCPXHOCTH 3apdaa 06€Z[H€HHOFO IIPHUITIOBEPXHOCTHOI'O CJI0A
MOJIYIIPOBOJAHHKA OT HAIIPSXKCHUSA OIIPEACTIAIACh TIOMONIIBIO BBIPAKCHUS !

w
aU) =af| N5 () =n(x,¢) =N, () dx. (5)

0 ‘U:UCM
Beipaxenue (5) mozsossier monyunts BKX U (Q) HenuHeiHON eMKoCTH
Bapukana c¢ ['TII]. BpemeHHbIE 3aBUCUMOCTH HaNpPsDKEHUSI HA HEIMHEUHOH eM-

koctu Bapukana U(t) u Toka uepes uero i(t) onpenenstores ¢ momonrsio BKX

U(q) u seipaxerns (2): u(t) =U(q(t)) i(t)=dq(t)/dt. s onpenencnns
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KOMITJIEKCHBIX BEJIMYHH CIEKTPAIBHBIX COCTABISMIONIMX HAMPSHKEHHUS] HA HEJH-
HEHHOM €eMKOCTH U TOKa Yepe3 Hee OCYIIECTBISIACh BPEMEHHAs! TUCKPETU3AIUS
sasucumocreit U(t), i(t) sa ommu nepuon xonebanmiit T =1/ f; ¢ wacroroit
muckpermsannu 100 f, ¢ mocnexyromum mposeneHnem GbicTpOro mpeobpaso-

BaHus Dypse.
NMmnenanc HeIMHENHONW €MKOCTH BapHKama Ha IIepBOM, BTOPOU U TPETh-
ell rapMoHukax Yy =1, 2, 3 COOTBETCTBEHHO [ 5]

Z.y:fy:R +_— (6)

TIO3BOJIAET ONPEJIETUTh CONPOTHBIEHUs R, n emkoctn Cy SKBUBAJICHTHBIX
eMy Ha TapMOHHKaX IIENOYeK M3 MOCIe0BATEIHbHO COSTMHEHHBIX PEe3UCTOpa U
xonzencaropa (R, C, -ueneii). Ilpn sTom Qushyecku NMonoKUTENbHBIE 3HAYE-
mug R, > 0 o3HayaroT, YTO HA HEJIWHEHHON €MKOCTH BapHKAara MOTJIOMIACTCs

MOIIIHOCTH Ha y l“apMOHI/IKe
_q2
Py—IyRy/Z, @)
a OTpI/ILIaTCJ'H:HLIC 3HAYCHUA Ry < 0 O3Ha4aroT, 4YTO aHAJIOITM4YHOC a6COJ'II-0THOC

3HA4YCHUEC MOITHOCTH BBIJACIIACTCA BO BHCIITHIOIO IICIIb. HpI/I I[aHHOf/'I IIOCTAaHOBKEC
3aga4du, y‘{I/ITBIBaIOHJQI)'I, 4TO HACaJIbHasd HEJIMHEHHAss €MKOCTh BapuKkaria pac-
CMaTpHBacCTCA B HpI/I6J'H/I)KCHI/II/I OTCYTCTBUA HOTCPBD, OanaHc MOIHHOCTeﬁ BbI-

3
MOJHSETCS Z Py =0.
y=1
B nepBom mpubnmxennu B YU yuuThIBaIUCh HOTEPH MOIHOCTH B BapH-
Kare, 00yCIIOBICHHbIE IPOTEKaHUEM TOKa 4epe3 conporusieHne R :

P, =05(1Rg + 12R, + I 2R ), ®)

e |, =aQ;, 1, =2aQ,, |, =3wQ, — ammmutyme rapmonuk Toka. Iote-

PH MOIIHOCTH, OOYCIIOBJICHHBIC TOKOM PEKOMOHMHAIIMU, HE YYUTHIBAIUCH, TaK
KaK Tpy 00paTHBIX CMEIICHHIX OHU MPEeHEOPEKMMO MaJTBI.
OrnpenenvB SKBUBAJICHTHbIE COMPOTHBIICHUS HEJMHENHOM €MKOCTH Ba-

pUKana Ha rapMOHUKAaX Ry ¢ momoteio (6) u yunteiBas (1), (7), (8) MoxHo

OLEHUTH K03 dureHT npeodbpasoBaHus paccMaTpuBaemoro YU
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__1Z(Ry+R)
(R +R)

TTouck mapamMeTpoB {Ql,QZ,Q3,1//2,l//3} B (2), COOTBETCTBYIOUIMX

,mpu R, +R;<0, R, >0, R, =—R;. )

HACTPOEHHOMY Ha MaKCHUMalbHbIH Kod(duiuent npeodbpazosanus YU 77, ¢

YU4EeTOM OCOOEHHOCTEH CXEMOTEXHHYECKOH peanu3aliu, a TaKKe HPHHATHIX
NpUOIVKEHUH U OTpAaHUYCHUHN, ONPENIeISICS MyTeM PEIICHUS ONTUMH3aLNOH-
HOI 3amaun s (9) ¢ IPUMEHEHNEM HUTEPAllMOHHBIX METOJIOB HEHAIIPABIICHH O-
T'O CITy9aifHOTO TTOUCKa [6].

3. Pe3yabTaThl U 00CyXKICHUE

PesynbTatel OLEHKH 7], TPHBEIEHHI JUI YTPOUTENS YacTOTHI Hapa-

JIECTBHOTO TUIA C HEHATPYKEHHBIM PE30HATOPOM B PEKUME HOMUHAILHOT'O BO3-
Oy»KIIeHUs MIPU MCTIOIB30BAaHUH B €r0 KOHCTPYKIINU KpeMHHUEBHIX qro0B LloTT-
KU C Pa3IMYHBIMHU TPOQIIAMHA JIETHPOBAHHUS TTONYIIPOBOAHUKOBOI 00MacTH, B
ToM urcie npu Hanmruny B He [T akuentopHOTro THIIA, 00YCIOBIEHHBIX aTO-

MaMu mHAus. YacToTa BXOJJHOTO BO3JEHCTBUS fo =3 ITu, BeAMYMHA yIEILHO-
T'O CONPOTUBIICHUS Ha €AUHUILY TUTOIIAAM JUIsI OTIPEICTICHUS COIPOTUBICHUS T10-
teps Ry mpunrnmanace pasaoit 100 MKOM - cM? . Bimsane >(dexToB camo-
paszorpesa Ha TapaMeTphl JU0/a HE YUUTHIBAIOCH. TOIIMHA aHAM3HPYEMOTO B
(4) momynpoBoaHKMKOBOrO ci1osi npuHUManack pasHoit W = 2 MKM . Yuutsisas

CpPaBHUTCJIBHO HHU3KHUC HpO6I/IBHLI€ Halps’KCHUA JUOO0B ]_HOTTKI/I, BBOIUJIOCH
OrpaHNYCHUC HAa BCIMUYMHY MTHOBCHHOI'O HAIIPSPKCHUA Ha HEIIMHEHMHON €MKOCTHU

Bapukana B Buje U < U(at) <0 mis 0< at <27 u U,.x=-5B.
Ha puc. 2. mpuBeneHsl 3aBUCMMOCTH MaKCUMAaJIbHOTO 3HaUeHUS K03 u-
IueHTa npeobpasosanus YU 77, OT HampsbkeHus cMelneHus. Paccmarpusa-

JUCh Pa3JInYHbIC TPOQPUIIN JETUPOBAHUS ITOITYIPOBOHUKOBON CTPYKTYPBI THO-
na [lortku. KpuBoii 1 COOTBETCTBYIOT KOHIICHTPAIMOHHBIC TPOQUITH:

10"%cm®, mpu 0< x<a,
10"%em”®, mpu a < X <W, (10)
N, (X)=9-10"cm >, mpu 0< X <W.

ND(X):

Hns kpusoii 2 u 3 T'TIL B nonynpoBoaHUKOBOU cTpykType nuoaa loTT-
KH HET, 3TUM CIIy4asiM COOTBETCTBYIOT KOHLIEHTPAIIMOHHBIE TPOQUIIH:



228 Electronics, photonics, instrumentation and communications
DiexrpoHuKa, GOTOHHKA, TPUOOPOCTPOCHHUE H CBSI3b (2.2)

10%cm®, pu 0< X <4,
Np () =4 & " (1)
10180M'3,np1/1 a<x<W,

M COOTBETCTBEHHO
10"%cm®, mpu 0< x <4,
Np (X) = 18 3 (12)
10”cm ™, mipu a < X <W,m
B konnenTpannonnsix npoduisx (10) — (12) a=1mxkm , W =2 Mkm .
0.6 \

—=—1

0.5

0.4

n
max g o

0.2

UCM’B

Puc. 2. 3aBuciMOCTh MakcUMaITLHOTO KO3 riueHTa mpeodpasopanus YU
OT HalpsHKEHUS CMEICHUSL.

Fig. 2. Dependence of the maximum conversion coefficient of the amplifier on the bias voltage

MakcumanbHblil kKoaddunuent npeodpaszoBanus YU Ha ocHOBE BapHKa-
na ¢ ['TII{ pocruraer 3uauennst 0,55 mpu U, ~-2,1 B. MakcumaibHbie Ko-
a¢duireHTs npeodpazoBanuss YU Ha OCHOBE BapUKAIlOB C KOHIIEHTPAI[MOH-
upivu ipodmsivu (11) u (12) nocrurator 3uadennii 0,37 u 0,12 mpu U, ~ -2

B u U, ~-0,6 B coorBercTBeHHO. MakcumanbHOMy KO3 duIHeHTy Ipeos-

pazoBanus YU Ha ocHoBe Bapukamna ¢ I'TIL] cooTBeTCTBYET yaenbHasi BEIXOIHAS
MorrHocTs 40 BT/CMZ, a YUY Ha OoCHOBE BapHKana ¢ KOHIEHTPAUOHHBIM IPO-
¢unem (11) umeer Ha BeIXOAE 33 Br/em? IJIOLIAIN JUOLA COOTBETCTBEHHO.
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4, 3akI0ueHue

Enunas npupona gusnveckux sBICHUH, TPOUCXOIAIINX B 00CJHEHHBIX
OCHOBHBIMH HOCHTEJISIMH 3apsija o0JacTsax p-N-mepexonos, nuoaos lortku, a
TaK)Ke MOBEPXHOCTHBIX BAPUKAIIOB Ha OCHOBE CTPYKTYp METaul — OKHCENl —
MTOJTYIPOBOJHUK Tpy Hainmuuu B HUX [ 'TIL] mo3BoIsSeT MpeaArnonoXuTb BO3MO K-
HOCTb TOJyYEHUs aHAJOTUYHBIX MOJOXKHUTEIBHBIX PE3yJbTaTOB IIPH IOCTPOE-
Huu YU u Ha ux ocHOBe. B 3TOM HanpaBneHuu paboTta OyAeT mpoJoIrKeHa.
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Abstract: Approach for estimating the conversion coefficient of a frequency multiplier
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impurity centers.
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Annomayusn: Ilpusedeno mamemamuyeckoe GblpadceHue Kpumepus UHMeZPAIbHOL
aphexmusrHocmuy Keyenus MOUeKAMeHHOU DONe3HU NYMeM PaspyuleHus Mo4egblx KaM-
Hell n00 8030eliCmauemM 1a3epHO20 U3LY4eHUs U 000CHO8AH 8b1O0P GIUAIWUX DAKMO-
pos. Paspabomana cmpykmypa u aneopumm KOMRbIOMEPHOU NPOSPAMMbl, NO380AI0-
Wil ocyuwecmsisaims OYeHKy Kax s¢pgexmusnocmu pabomsl 6puzadsl ypoio208, max u
ypoaoeuueckux omoenenuti 8 yeiom. Ilpusedenvt ocobennocmu KpoccnaamgopmeHHou
peanuzayuy npoepammul 0 NEPCOHATLHLIX KOMUBIOMEPOS.

Knrouegvle cnosa: nazepnas rumompuncus, MHO20pakmopHulil Kpumepuii 2¢) pexmue-
HOCMU Jledenust, cucmema onpeoeienust dPhexmusHocmu, Kpoccniamgpopmennas npo-
2PAMMHAS Peanu3ayusl.

Jna yumuposanus (FOCT7.0.5—2008): Yepnera B. C., Tyumua B. C., boumapes A. 1.
Cucrema onpenenenns 3G (HeKTHBHOCTH JieUeHNs] MOYeKaMEeHHOM 00JIe3HU ClIocOO0M

na3epHoit nmurorpuncuy // IHGpOKOMMYHUKAIIMOHHBIE M PaJJH03JIEKTPOHHBIE TEXHOJIO-
ruu. 2024. T. 7, Ne 2. C. 231—241.
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1. BBenenne

MouekamenHas 6ose3ub (MKDB) sBisieTcss OMHUM M3 caMBIX PacipocTpa-
HEHHBIX YPOJOTHUYECKUX 3a00JICBaHUN, MPU KOTOPOM OOPa3yloTCs MOYEBbIC
KaMHH (KOHKPEMEHTHI) MPEACTABISIONUE CO00 HEOPTaHUYECKUE COCTMHCHUS
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pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)
KaJbITUs, MarHus, HaTpUs. B coBpeMeHHON yposoruu Hanboee 3pPeKTHBHBIM
meronoM nedeHnss MKbB sBisiercss npoOieHne MOYEeBBIX KOHKPEMEHTOB CIICIIH-
aJbHBIMH YCTPOMCTBAMH — JIUTOTPUIITEPAMH, KOTOPbIE TTOCTPOCHBI HA OCHOBE
KBaHTOBBIX F'€HEPATOPOB Pas3IMYHOro THIa. B HacTosiee BpeMst HanboJiee IIu-
POKO TPUMEHSETCS JIMTOTPUIITEPHI, CO3JaHHBIC HA OCHOBE TOJBMUEBOTO M TY-
JMEBOTO Jla3zepos [ 1—4].

B rompMmmeBBIX Ta3zepax UIMHA BOJHBI ONTHYECKUX KOJIeOaHWH paBHa
2100 BHM; MakcHMalbHas MOIMHOCTH M3MydeHus mocturaer 120 Br; sHeprus
HMITYJIECOB MOXeT perynupoarhes ot 0,2 mo 6 J[x; 4acToTa HMITYIIBCOB MOXKET
yctaHaBiuBatkes oT 3 10 50 ', amutensHOCTh MMITyibcoB — oT 150 mo 1000
MKC. ['0nbMHEBBIN Ja3ep ABISETCS «30J0THIM CTAaHIAPTOMY» B JIa3€PHOM JIUTOT-
puricun. OHAaKO, HECMOTPS HA PAJl IPEUMYILECTB, IO CPABHEHUIO C TTHEBMATH-
YECKUMU U YIBTPA3BYKOBBIMH JIUTOTPUIITEPAMHU, TOJBMHUEBBIM JIa3epaM IIPHCY-
ITA Pl HEJAOCTATKOB: OYCHBb HU3KHH K. II. [I., BCIEJACTBHE YET0 eMy TpedyeTcs
BOJSHOE OXJTXKICHUE; CPABHUTEIBHO OOJbINAs TITyOHHA MPOHUKHOBEHUS H3ITY-
YeHHS B OKPYIXKAIOIIKE TKAaHHU, YTO MOXKET IPUBECTH K UX IMTOBPEIKICHHIO.

Bonee nepcrneKTUBHBIMU SIBIAIOTCS] TUTOTPUIITEPHI, IOCTPOSHHBIE HA OC-
HOBE TYJHMEBBIX BOJOKOHHBIX J1a3zepax. s nazepHoOl JTUTOTPUIICUU TYJIUEBHIN
BOJIOKOHHBIN JIa3ep ONTUMHU3UPOBAH IS U3ITyYCHHS Ha IMHE BOJHBI 1940 HM,
YTO COOTBETCTBYET ITHKY MOTJIONICHHUS BOJIbI B OJIM>KHEM UH(PAKPACHOM JHaria-
30He npu 22°C. BhIoJHEHHE TMTOTPUIICUM IPH IjIMHE BOHBI 1940 HM cyiie-
CTBEHHO TOBBIMIAET KAYECTBO MPOBEICHUS OIEPAIlUN M CHUKAET PUCK BO3ZHUK-
HOBEHUS MOCIICONEPAI[UOHHBIX OCIIOKHEHUH.

Jo HenaBHero BpemeHH b dextuBHOCTE Neuennss MKb onennBanacse mpe-
MMYIIECTBEHHO OHUM (PakTOpOM — KOA(PPHUIIMEHTOM MOIHOTO OCBOOOKICHUS
nanuenra ot kamueit SFR (Stone Free Rate) [3, 4]. On BbIuucnsieTcst Kak KoJauye-
cTBO oneparnuii NSfr, Ipu KOTOPBIX OCYIIECTBIACTCS MONHOE YAaJICHHE KaMHEH 1
ux (parMeHTOB, 10 OTHOILICHHUIO K 00IIIeMY KOJIUYECTBY IMTOTpUIickHi Nsum:

Esfr = (str / Nsum)-IOO % . (]_)

Hapsny ¢ atum mast otieHku 3(h(heKTHBHOCTH JIUTOTPUTICHA TPUMEHSIIICH
u apyrue ¢GakTophl, B YaCTHOCTH, JUTHTENFHOCTH OIEPAINH, BEPOSTHOCTH BO3-
HHUKHOBEHUS IOCJIECONEPALMOHHBIX OCIOXHEHUH, ATUTEIBHOCTh HAXO0XKICHUS
manueHTa B crarmonape. OIHAKO UCTIONB30BaHKE TS onpeeseHus 3pdexT B-
HOCTH OJIMHOYHBIX (hPaKTOPOB HE MO3BOJISLIO OLICHUTH npouecc JieueHus MKDB B
[EJIOM, YUYHUTHIBAIOIIEEe KayecTBO pabOThl XUpypra, (MHAHCOBBIC 3aTpaThl Jie-
4eOHOTO 3aBeJICHHsI, Ka4eCTBO JKH3HH TAIMEHTOB Tocie onepauuu. s ydera
MHO)XECTBa HEOJHOPOAHBIX (DaKTOPOB, OKa3BIBAIOIIMX BIMSHHE HA IIPOIECC
nederauss MKB criocobom n1azepHOit TUTOTPHUIICHH, OBLT TIPEIOKEH HHTETPal b-
HBII TOKa3aTeNb 3PPEKTUBHOCTH, YUUTHIBAIOIINNA PSIJl BAXKHEHUIINX, BIHSFOIINX
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Ha 3TOT mporiecc, pakTopoB [S5]. AKTyanbHOH 3amadcii IBIIETCS aBTOMATH3AITUS
ompejieNieHus UHTerpanbHOro Kputepus 3ddextrBHOCTH nedenns MKB mpu
Pa3TUYHBIX TAPAMETPAX JTUTOTPHUIICUU

Lenbto HacTosIEH CTATBU SBISETCS Pa3padOTKa KOMIBIOTEPU3UPOBaH-
HOW CHCTEMBI BBIYMCIICHHSI UHTETPAIBHON 3(P(PEKTUBHOCTH JEUCHHUS MOYCKa-
MEHHOH 0OJIE3HU HAa OCHOBAaHHH IapaMeTPOB JA3€PHON JIMTOTPUIICUM U OTIpe-
JIETICHUST 3aBUCHMOCTH KOJIMYSCTBECHHBIX 3HAYCHHH ITOKA3aTessl HHTETPAITbHON
3(h(HEeKTUBHOCTH OT MTapaMEeTPOB BIUSIONTUX (PaKTOPOB.

2. MaTtemaTH4ecKHe COOTHOLIEHHS, MCIOJIb3yeMble B cCcTeMe
omnpeaeJeHUs] HHTErPAJIbHON 3P (PEeKTHBHOCTH JIeYCHUSA

WuaTerpanbHeiii kputepuit 3QPEeKTHBHOCTH JICUCHUS MOYeKaMEHHOH 00-
JIE3HU CIOCOOOM JIMTOTPUIICUU F oy TIPEATIOKEHO OIEHUBATH B BHUJIC B3BEIIICH-
HOHM CyMMbI 4aCTHBIX KpuTepueB (pakTopoB) @; ¢ yueToM BaKHOCTH YACTHBIX

kpurepues F;[5]:
K K
Evr :ZWi(pi :ZFL': (2)
i=1

i=1

rae K — KonMM4gecTBO YUHTHIBAEMBIX (aKTOPOB; Wi— BECOBBIC KOA(PPHUITHEHTHI,
YUYHUTHIBAIOIINE Ba)KHOCTH (BECOMOCTB) BKJIaja I-TO KPUTEpUs B CyMMAapHBIH
nokKasarenb; Fj— B3BelIeHHBIN I-if YacTHBIA KpuTepHil. bonee BakHOMY KpHTE-
pHIO TpUTHCHIBaeTCs OOJNBIINK Bec, a 00Iasi BaKHOCTh BCEX KPUTEPUEB NpH-
HUMaeTcs paBHO# 1, T. e:

K

> w, =1,

i=1

B paGore [6] mpuBeseHa MeToiMKa BbIOOpA TOMHHHUPYIOMIUX (aKTOPOB,
OKa3bIBAIOIIMX CYIICCTBCHHOE BIMSHUE Ha MHTErPAJIbHBIN MOKaszareib 3dhdhek-
THUBHOCTH, a Tak)xe (POPMyJIbl ISl pacueTa HOPMHUPOBAHHBIX 3HAUCHHUH BIIUS FO-
mx ¢GakTopoB. B mporiecce ncciae0BaHus aBTOPAMH OTPEJIENIEH CIIe Ty oI
TepedeHb BIUAIONINX (GaKTOPOB:

®daktop @; — OTHOCUTENbHAs NOJI OONBHBIX C IOJHBIM YAaJCHHEM
KoHKpeMeHToB — Stone Free Rate (SFR);

®akTop O, — cpenHss JUINTEIbHOCTh OlEepallH;

dakTop O3 — HaIUYKE MHTPA- W/WJIHM TOCTOMECPAIMOHHBIX OCIIOKHECHUH;

®daktop O, — cpeHee KOIMISCTBO KOMKO-THEH HAX0XKIEHUS OOJBHOTO
B nedeOHO-TipodmtakTndeckoM yapexaernn (JIITY).

[lpuBeneHnHsle (HaKTOpPHI SBISAIOTCS BEChbMa HEOJHOPOIHBIMH U HMEIOT
pa3IMuYHy0 pa3MepHOCTh. [losTomy aBTOpamu [6] ObLTH MpeaIoxKeHsl hopMy-
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JBI TIpEACTABICHUS BCeX (DAKTOPOB B OTHOCHTEIBHOHW (opMe (IIPOIECHTAX).
daktop @, u3MepseTcs B MPOLIEHTAX U B HOpManu3aimu He Hyxnaercsa. C yue-

TOM BBIIICHU3JIOXKCHHOI'O (baKTOp (I)g — (Cpel[HHﬂ JJINUTCIIbHOCTD OHepaI_[I/II/I) B
HOPMHPOBAHHOM BHUJIC BBIYUCIIACTCA 110 CHeI[yIOHIeI\/'I (I)OpMyJ'IC:
T -T
0 0
(DZ — o_cp o_gaxm XlOO% ’ (3)
do_cp

rie Ty, o — CpeiHee 3HaYeHHE JUINTEILHOCTH OIlEPallny;
Too gaxm — (aKTHUECKas JIIMTEIBLHOCTD BBINOIHEHHON ONEpalluy JIUTOTPUIICUH.
®daktop @3 B HOpMUPOBAHHOM BBIYMCIISIETCS 110 clenyouen popmyie:
@3 = (1 - 2K,.,) x 100 %, 4)
rae Kyp — kKo3pduuueHT ociioKHEHMH, 3aBUCANIMHA OT creneHu (Kiacca)
ocnokaenus no mkane Clavien-Dindo [7].

Koadpdumnuent ocrnoxaernit MOxeT npuHUMaTh 3HadeHns ot 0 mo 1. B
pabote [6] mpemsio’keHO HWCMONB30BaTh HEIMHEWHYIO IMIKamy Kod(hdHIeHTa
ocnokHeHUs: kK03(hdunueHT paBeH 0 Mpu OTCYTCTBHM OcliokHeHwid; 0,2 —
ocnoxHenut 1 crenenu; 0,5 — npu Bropoi crenenu; 0,75 — npu OCIOKHEHH-
sx crenenn 3a; 0,8 — ocnoxHeHMsIX creneHu 30; 0,9 — npu oclioxkHeHUIX 4
CTETEHU U | — mpu JeTaTbHOM HCXO0/Ie

®daktop ©4 B HOPMUPOBAHHOM BHJIE OIPEIEISACTCS IO (GopMyIie:

N —N
KKO __ (] KKO _ hakm
O, = =2 =P 100% | (5)
Nzcxc)_cp
rae NKK()pr — CpCAHCCTAaTUCTUYCCKOC KOJIHNYCCTBO KOﬁKO'HHeﬁ Hpe6LIBaHI/IH

6ombHoro npu sedeHnd MKbB B craunonape; Nywo gaom — PaKTHUECKOE KONUYE-
CTBO KOMKO-ITHEeH npeObIBaHU OONBHOTO B CTAIIMOHAPE.

[pusenennsie Gopmynsl (1—5) B3SATHI 3a OCHOBY NpH pacdere UHTe-
rpajgbHON 3((EKTUBHOCTH.

C y4eToM YHCIICHHBIX 3HAYCHUH BECOBBIX KOA(DPHUIIMEHTOB, MOIyUYEHHBIX
METO/IOM 3KCIIEPTHBIX OILEHOK, BhIpaykeHHe (2) IUIsl OLEHKH MHTETPANTbHON 3 (-
(heKTUBHOCTH JICUCHUS MOYCKAMEHHOH OOJIE3HH CIOCOOOM Ja3epHOM JHTOT-
PHUIICHY IPUHUMAET B!

Epr = 0,436XD; + 0,143 %D, + 0,24x D3 + 0,181 xDy (6)
3. CTpyKTypa H 0CO0€HHOCTH MPOrPAMMHOI peaii3aliu CUCTEMBbI

onpeaeJeHus HHTErPaJIbHON d(PPEeKTHBHOCTH

Cucrema omnpeneneHus HHTErpanbHOH 3(PPEeKTUBHOCTH co3aaHa Ha Oase
¢peiimBopka Electron, mosponsromiero co3iaBate rpauyecKue MpUIOKEHHS C
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UCTIOJIB30BaHNEM Opay3epHBIX TEXHOJIOTHH, JOTMKa pabOThl KOTOPBIX OIpere-
asiercst Ha JavaScript, HTML u CSS, a hyHKIHOHAIBHOCTh MOKET OBITH pac-
LIMpeHa 4epe3 cucTeMy JonoiaHeHuit [8]. JlocTonHCTBOM 3TOH MIAaT(HOPMEI 51B-
JSIeTCS TO, YTO B OTJIMUME OT Web-mpunoskenuii mporpamMmsl Ha 6ase Electron
MOCTABISIIOTCS. B BUJE CAaMOJOCTATOYHBIX MPWIOKEHUH, HE MPUBA3aHHBIX K
Opay3epy. Ilpu sToM pa3pabOTUMKy HE HYXKHO 3a00THUTHCS O MOPTUPOBAHUHU
MPWIOKEHUS U PA3IM4HBIX IUIAaTGopM, Tak Kak JId JaHHOTO (peliMBOpka
CYIIECTBYIOT MHCTPYMEHTHI, TI03BOJISIONINE COOMPATh MPHIIOKEHUS IO/ MOMY-
JSIPHBIE OTIEPAIIMOHHBIE CHCTEMBI.

Jnst oopMIiIeHHsT TOJIB30BATENBCKOr0 HHTEepdeiica BEIOpaH (hpedMBOPK
Bootstrap [9], mpencrasmstomuii 060l ¢BOOOIHEIN HAOOP WHCTPYMEHTOB TS
CO3JIaHUS CaliTOB U MPHIJIOKEHUH, KOTOpBIA BKitouaer B ceds HTML- u CSS-
madIOHBl 0OopMIICHUS BeO-POpM, KHOIIOK, OJJOKOB HABUTAIUH U MTPOYNX KOM-
noHeHToB. brnaromaps Tomy, uTo Bce KOMIOHEHTHI Bootstrap odopmiieHbl B
€AMHOM CTHJIE, 3IEeMEHThl MHTepQeiica BHIIIAIIT COTIacOBAaHHO M TpHUBIEKa-
TEJIbHO Ha BCEX YCTPOMCTBAX.

IToctpoenne rpaduKoB 3aBHCUMOCTEH B CHCTeMe ompeneneHus ddhdek-
THUBHOCTHU BBITIOJIHEHO C NMPUMEHEHHEM OeCIIaTHON OMOIMOTEKH C OTKPBITHIM
HCXOJHBIM KOJIOM, HCIIONb3yeMoW sl BU3yanusanuu gaHHbix Chartjs [10].
Bce mepeuncieHHble HHCTPYMEHTBI PaclpoCTPaHsIIOTCS 0] CBOOOIHON JIHIICH-
3ueit MIT.

[IporpammHas peanmu3anusi CHCTEMBI COCTOMT U3 9 Momysneit (0e3 ydera
CTOPOHHHX OMOITMOTEK U CTUIEH 0hOpMIICHNS):

1) index.ts — Touka Bxoza, ¢ KOTOPOH HAYMHAETCS 3aITyCK MPUIIOKE-
HUs. B Monyne omicaHbl mapaMeTphl 3alycKa TJIaBHOTO OKHA, a Takke oOpa-
OOTYHMKYU COOBITUH 3aKPHITHS U AKTUBAI[UU OKOH;

2) index.html, rme omicana pasMeTka CTpaHHIBI, OTOOpakaeMoil Ipu
3aITyCKe TPUIIOKECHUS;

3) defaults.ts — momysb, B KOTOPOM OIMCAHBI 3HAYCHHUS IO yMOI4a-
HUIO JUIS BCEX MMapaMeTpoB;

4) utils.ts — moayns co BcrioMoratesbHbIMUA (DYHKIHSIMH, TAKAMH Kak
OTKPBITHE OKHA MOATBEPIKACHHS JIEHCTBHUS, TTONyYSHUE TAaHHBIX U3 JIOKAJIBHOTO
XpaHUIHUIIA (C JONOJHEHUEM 3HAaYeHHSMH 10 YMOJYaHHIO, €CIM MapameTp OT-
CYTCTBYET B XPaHHJIHILE);

5) calculate-efficiency.ts — momyib, onuceiBaronHid GYHKIMIO BBIYKC-
JICHUS WHTETPAILHOTO ToKazatesss S(PQEKTUBHOCTH JICUSHUS TPH 3aJaHHBIX
napamerpax;

6) renderer.ts — MoyJb, OTBEYAIOLINI 32 PabOTY C COACPIKUMBIM OK-
Ha. B naHHOM MOyJie MOJIKIIOYAIOTCSA BCE OCTaJIbHbIE KOMIIOHEHTHI CHCTEMB,



236 Elgtjzltgipics, photonics, instrumentation and communications
pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)

7) efficiency-calculator.ts — wmomyns, oTBewarommii 3a paboTry co
BkIaaKol «Kanbkynsarop 3hGeKTHBHOCTHY,

8) analysis.ts — moxysp, oTBeyaronMii 3a BKIAIKY «AHamm3 3ddek-
THUBHOCTHY;

9) settings.ts — Mo/ynb, OTBeUarONIMii 3a BKIanKy «llapamerpsi».

3amyck mporpaMMbl HAYWHAETCSI ¢ TOUKH Bxoja (index.ts), mocie yero 3a-
rpy’kaercs crpaHuna riaBaoro okua (index.html), momyns renderer m crumm
odpopmieHUs (BO BpeMs COOPKH B KOJ CTPaHHIIBI BKIIFOUaeTcs (parMeHT, 3a-
rpykaroniuit ohopmieHue 1 Moaysb renderer).

Bun rmaBHOro okHa cucrembl 1mokasaH Ha puc. 1. B momysne efficiency-
calculator BoccTaHaBIMBAIOTCS COXpPAaHEHHBIC B JIOKAJIILHOE XPAaHHIIHIIE 3HAUC-
HUS KaJIBKYIATOPA, THOO0 BBOAATCS 3HAUCHHS MO YMOJUYaHHIO. Takke yCTaHaB-
JUBaeTcs 00paboTUrK COOBITHS OTHPaBKU QopMbl (HaxkaTre KHONKH «Ormpeze-
JATH 3PGEKTUBHOCTEY, IN00 HakaTue kiaBuimu Enter). Ilpu Be13oBe 00padoT-
YKKa BBEJICHHBIC JAHHBIC COXPAHSIOTCS B JIOKATBHOM XPaHWIIHUIIIE, BbI3bIBACTCS
¢yHkuus pacueta 3PQPEKTHBHOCTH W BBIBOIUTCS Pe3yJibTaT (B BHUAC 4YHCIA,
OKPYTJIGHHOTO /10 2 3HAKOB TOCJIE 3alsITON | MporpeccOapa Ui HarJIsAHOCTH).
OToOpakaeMblii IporpeccOap OKPaIIuBaeTCs B 3€JICHBIH, KEJIThIA UM KPaCHBIN
LBET, B 3aBUCHMOCTH OT BBIYUCIICHHOTO Moka3areis. [loporoBele 3HAYCHUS IS
OKpAacK{ MOTYT OBITh U3MEHEHBI BO BKIajke «IlapameTpbiy.

@ Cuncrena onpeaenenun 3 pexruenocTn neverma MKE - o x F
Fa
\ ; ONPEAENEHUNE SOOEKTUBHOCTU NEYEHUA MKB
Ki Ananmz Mapamerpsi
CpeaHve 3Ha4eHUA NO OTAENEHNIO dakTyeckne NapameTpbl IMTOTPUNCUN

Anutensmocts 1T, mun 326 SFR 100

Kon-8o xoiko-axed 34 AnutensHocts 1T, Mun 36

Kon-80 xoiiko-aned 4

b OCAOXHEHUA OCNOXHEHNR OTCYTCTBYIOT v

: %
3¢ dexTnBHOCTL Nevenns: 62.91% OnpesenuTs >deKTHBHOCT

Puc. 1. Bug raBHOrO 0OKHa cucTeMsl onpenenenus d¢pdextuBHocTr Jeuenns MKB.
Fig. 1. The main window of the system for determining the effectiveness of urolithiasis treatment
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B momayne analysis nHHIanu3upyeTcsi 1uarpaMMa d yCTaHaBIMBAIOTCS
00paboTUnKH COOBITHIA: OTKpBITHE (POPMBI MOOABIIEHUS JMHUW HA TpaduK, U3-
MEHEHHME MEHSIOIIErocsl MapamMeTpa, OTIpaBKa (OpMbI N0OaBlIeHHS (M3MEHe-
HUS1) JUHUW HA TpaduKe, Ha)kaThe KHOMOK YIaJleHUs! NI U3MEHEHUSI.

[lpu oTkpbITHH GOPMBI TOJS 3AMOIHSIOTCS JINOO MOCIEIHUMH BBEICH-
HbIMA M COXPaHCHHbIMU 3HAYCHUSMH, JHOO JNAHHBIMH TOH JHHHUH, KOTOPYIO
HY)XKHO OTpemakTupoBaTh. Eciam dopma oTKpwIBaeTcs Aisi HOOaBIEHUS HOBOM
JUHUW, TTPOUCXOTUT MOUCK HE3aHATOTO IBeTa Tl Tpaduka. HalimeHHBIA mBET
orobpaxaercs Ha popme (puc. 2).

[Ipu cMeHe MeHstoImErocsa napameTpa CKpbIBaeTcs MoJjie, MpeIHa3HaueH-
HOE U151 BBOJa (PUKCUPOBAHHOTO 3HAYCHHUS ATOTO apamerpa. Ecnu rpaduk yxke
3aIloJIHEeH, U JOOABJISIeMbIH THIT HE COBIAIAET C CYIIECTBYIOLINM, TO IIOKa3bIBACT-
s IpeAynpeskKAeHUE O TOM, YTO JrarpamMma OyIeT OuunIIeHa repe 100aBIeHneM
nuHA. Ecnm BEIOpaHHBIN MEHSIOMIUICS TTapaMeTp — CTEIEHb OCIIOXKHEHHUS, TO
CKPBIBAIOTCSI TOJI BBOJIa HAYAJIBHOTO M KOHEYHOI'O 3HAUYEHUS, a TAK)KE 1Iara u3-
MEHEHHMSI, TaK KaK y JaHHOT0 NapameTpa (GUKCUPOBAHHBIN CTIMCOK 3HAYECHHH.

@ Cucrema onpeaenenun spdexmuenoctn nevenus MKE - [u] 28

OMPEAENEHUNE SOPEKTUBHOCTU JIEHEHUA MKB

p 36 Ananus 3¢

S P
° M S SREEaRan=———==
£3 ;

1ecKan ANUTENLHOCTH ONepaLun, MuH

A B PYC

Q0

19.02.2004

Puc. 2. Bug okHa crcTeMBl ITpH UCCIEIOBaHNM 3aBHCHMOCTH 3 pextiuBHOCTH NeueHnss MKB
0T (haKTHYECKOM [UTUTENLHOCTH OIEepaIiu.

Fig. 2. View of the system window when studying the dependence
of the effectiveness of treatment for urolithiasis on the actual duration of the operation

B cnydae HaxaTHsl KHONKHU peIakTUPOBAHUS OTKpBIBaeTcs popma no6as-
JICHUS, TIOJIS 3aTIOJHAIOTCS JaHHBIMU U3MeHsieMOoH uHuK. [Ipyu Ha)kaTuu KHOTI-
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KU yAaJeHus JUHUS yIOalsercs U3 CHucKa U ¢ rpaduka, OOHOBIIETCA CUETUHK,
a KHOIKa J00aBJICHUS HOBOM 3aBUCHUMOCTH CTaHOBUTCS JOCTYITHOW I HaXKa-
Tus (ecyin OblIa 3a0JIOKMpOBaHA paHee).

Ilpu ormpaBke Gopmbl nodaBneHus (M3MEHEHUs) JTMHUU JeNaeTcsl Mpo-
BEpKa, YTO THI JTOOABISIEMON 3aBUCMMOCTH COBIIAJIACT C YIKE UMCIOIIUMHUCS Ha
rpaduke. Eciau TUn oTiMYaeTcs, TO y MOJIB30BATEsl 3aMpaliiBaeTCs 10 ITBEP-
JKJIEHWE OYHMCTKHM IHarpaMMBbl Tiepel] JoOaBlieHHeM HOBOW JTWHUH. B ciydae
MTOATBEPKICHUS TIOJIB30BaTEIIEM TOTO JICHCTBHUS BCE AOOABICHHBIE 3aBHCHMO-
ctu ypanstorcs. OIHOBPEMEHHO IIPOBEPSIOTCS BBEICHHBIE IOJIb30BaTelIeM
JAHHBIC: €CIM HadajlbHOE 3HAYCHHE COBIAJACT C KOHEYHBIM, JIMHHS HE OyIeT
nobariieHa. Eciau ¢gopma Oblla OTKpBITA JUIsl CO3JaHUST HOBOW 3aBUCUMOCTH,
omnpeesaeTcss CBOOOIHBIN IIBET A rpadurka, MOCie Yero 3aBUCUMOCTh J100aB-
JsieTcsl B cOucoK. Jlajgee B JIOKaIbHOM XPaHMIIMIIE COXPAHSIOTCS BBEICHHBIC
I0JIb30BaTeIeM JaHHble. 3aTeM (opMUpyeTcss Ha0Op MaHHBIX JJIS TOCTPOCHHUS
rpaduka, a Takke MOJMNKCH MOJ HHUM, TOCIEe 4ero cOpPMHpPOBAHHBIA MaCCHB
JMAHHBIX JT00aBIsAeTCsS Ha Tpaduk, TM00 3aMEHsET YXKe CYIECTBYIONHHA (eciu
(opMma ObLTa OTKPBITA JJI1 M3MEHEHUs). B ciydyae MOCTHIKEHUS MaKCUMAaIbHOTO
KOJIMYECTBA JIMHUH Ha rpaduke KHOMKA j00aBieHus Onokupyercs. Jlagee BbI-
3BIBACTCS METO/] 3aKPLITHS (DOPMBI.

B momyme settings ycramapnmBaroTcs 00pabOTUNKKM COOBITHH OTKPBITHS
BKJIAJIKW C HACTPOIKaMmu, OTIpaBKH (POPMEBI, Ha)KaTUsI HA KHOITKH cOpoca mapa-
MeTpoB. lIpu OTKpEITUY BKIIAJIKKA ¢ HACTPOHKAMH TOJISI BBOZA 3aIOJHSIOTCS CO-
XpaHeHHBIMU NlapaMeTpamu. [Ipu ornpaBke Gopmel (TTpu HaxaTtuu KHOMKH «Co-
XpaHHUTbY, MO0 MpH HaXkaTUH ENter) BBeieHHbIC TaHHBIC PEOOPa3yOTCs B Mac-
CHUB, KOTOPBIN COXPAHSACTCS B JIOKAILHOM XpaHWIHIIE. YTOOBI MOJIE30BATEITIO ObI-
JIO BUJTHO, YTO COXpaHEHUE MPOIILJIO, KHOIIKA COXPaHEeHHsI aHuMupyercs. B ciydae
HaXaTHs KHOITKHM cOpoca mapaMeTpa IoJIb30BaTeI0 BEIBOAUTCS MTOATBEPIKICHAE,
€CJIM TIOJIK30BATENh HE OTKA3hIBAETCS, TO B COOTBETCTBYIOIIEE TIOJIE BBOJUTCS
3HaYeHHUE MapaMerpa Mo yMOITYaHHIO, HO HE COXPAHSAETCS B XPAHUIIHIIIE.

4. 3akJII0ueHue

Paspaborannas cucrema omnpeneneHus 3pQEeKTUBHOCTH JICYSHHsI MOYEKa-
MEHHOW 0O0JIe3HM CITOCOOOM JIa3epHON JIMTOTPHUIICHU TIpEJHa3HaueHa Ul WH-
(opMaMOHHON MOIEPIKKU JIESITEITBHOCTH PYKOBOJCTBA METUIIMHCKUAM IEPCO-
HaJIOM CTallMOHAPHBIX YPOJIOTHYECKHUX OTACICHHH JIeUeOHO-TIPOPHIAKTHISCKUX
yupexneHuit. Cucrema Mo3BOJSIET OLICHWBATh MHTETPATbHYIO 3(PEKTUBHOCTD
JIeYEeHUs] MOUCKaMEHHON OO0JIE3HH CIIOCOOOM JTUTOTPUIICHU HA OCHOBE (haKTHYe-
CKUX KIIMHUYCCKUX MMapaME€TPOB pPE3YJIbTATOB JIUTOTPHUIICUHN C YUCTOM Ba)KHOCTHU
YeTHIPEX BIUSIONIMX (HAKTOPOB, a TAKXKe aHAIN3a 3aBUCHUMOCTH MHTETPAITBEHON
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addexTuBHOCTH OT 3THX (pakTopoB. [IpemycMoTpeHo pydHOE H3MEHEHHE pede-
PEHTHBIX MOKa3aTenell pe3yabTaTOB JTUTOTPUIICHU U BECOBBIX KOIPQPUIIMEHTOB.
Cucrema TaKke MOXKET OBITh HCITOJIK30BaHa B JTIOOBIX APYrHUx oTaeneHusx JIITY
[P U3MEHEHHH MOKa3aTesel BIMSIOMHNX (JaKTOPOB M BECOBBIX KOAPOUIIMEHTOB,
YUUTBIBAIOIIMX CHIENH(UKY Mpoliecca JeUeHNs KOHKPETHOTO OTIACTICHHSL
Cucrema sBISIETCA KpocCIuiaTHOPMEHHON, (YHKIMOHMPYET Ha IMepCo-
HaJIbHBIX KOMITLbIoTepax ¢ 64-6utHoit OC Windows 7 u Beiie, a Takxe OC Linux ¢
Bepcueii sipa He Hike 4. SI3pIk mporpamMuposanust: TypeScript, HTML, SASS.
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Abstract: The article provides a mathematical expression of the criterion for the integral
effectiveness of treatment of urolithiasis by destroying urinary stones under the influence
of laser radiation and the choice of influencing factors is justified. Developed the struc-
ture and algorithm of a computer program that allows assessing the effectiveness of the
work of a team of urologists and urological departments as a whole. The features of
cross-platform implementation of the program for personal computers are given.
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Annomauyusn: Ilpeonodcern cnocod oyeHku 3¢ghexmugHoli OusIeKmpuiecKol npoHuya-
emMocmu nonockoso2o pesonamopa. Pezonamop cocmoum uz eubpamopa-6030youmens
U 8UOPAMOpa-npUeMHUKA, pazo0eleHHblX 3d30poM, 6 4 pasa npesvluaowum WuUpuHy
MOKOHecyweli NOA0CKU HA OudeKmpuyeckoll noonodcke. Ha nosepxnocmu nonocku
nomewen 0bveMHulll Kpucmain Huobama aumusa. [lpuseden npumep peanuzayuu cno-
coba sxcmpaxyuu I¢dexmusHol OUIIeKMPULecKoll NPOHUYAeMOCmU, KOMOpblll OCHO-
8aH HA UCNOTL30BAHUU NOLYHUEHHbIX USMEPEHULl PE3OHAHCHBIX YACMOM U PACHemos ¢
npumMeHeHuem umepayuoHHO npoyeoypbl.

Knrouesvle cnosa: sgppexmusnas Oudsiekmpuieckas npoHUyaemocms, HOJOCKO8bLI
PEe30HAmop, OYEeHKA NAPaMempos, HUoOam Jumusi, SIKCMpaKyus, paspexcernue Cnekmpa
coOCmEeHHbIX KONeOanuil.
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1. BBenenune

IlonockoBbIE TUHUN YacTO HCIHOJB3YIOTCA I U3SMEPCHUSA OTHOCUTEIIb-
HOI ,I[HBJICKTpH‘lCCKOﬁ INPOHUIIAEMOCTH €, Pa3HBIX MAaTCpHUaIOB PC30HAHCHBIM
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metonoMm [1—3]. OmHako TMpPUMEHEHHE 3TOr0 MeToAa HEe JaeT BO3MOXKHOCTH
OTIpelICNICHUs] JUANEKTPUYECKON MPOHUIIAEMOCTH B HIMPOKOM JMamna3oHe dYa-
CTOT, TIOCKOJIBKY U3MEpeHHsI 00pa3I0B U OCHACTKA PACCUUTHIBAIOTCS HA (DHKCH-
poBaHHBIE YacTOTHL B [4] s onpeneneHus AU3ISKTPUICCKON MPOHUIIAEMOCTH
00BEMHBIX KPHCTAJUIOB B MIMPOKOM YaCTOTHOM JHaria3oHe IPOBEIEHO DKCITe-
PUMEHTAJIBHOE MCCIICAOBAHUE YACTOTHBIX 3aBUCUMOCTEH KOd((OUIIMEeHTOB MaT-
PHULBI paccesiHUsI MOJOCKOBBIX MOJYyJIEH HAa OCHOBE KOIJIAHAPHOM ITOJOCKOM
JMHUH, BepXHEEe MOIyIPOCTPAHCTBO KOTOPOH 3aMOHEHO OOBEMHBIM KPHUCTAJ-
JIOM ¢ OOJIBIIION ¥ 3aBUCAIIECH OT YacToTH €,. [l onpenenenus 3pdexTuBHON
U OTHOCHTEIFHON AMAIIEKTPUYECKONW MPOHULIAEMOCTH KPHCTANIJIOB M3MEpsIIach
nosiHast (pa3BepHyTasi) ¢asa KodpHUIMEHTa Mepenady MOJIOCKOBOW JIMHUM C
kpucramuioM. Ho m3Mepenne momHoH (as3pl ¢ MOMOMIBIO BEKTOPHOTO aHaN3a-
TOpa 1enel MoKasaso, YTo Mo MPUYNHE BO3ZHUKHOBEHHSI MHOKECTBEHHBIX PE30-
HAHCOB aJITOPUTM pacuera €,, HCXOJs M3 3HaHUS MONHOU (a3wl, gaer usnye-
CKHM HepealbHBIN pe3ynsTaT. [lodToMy OBUT MpemioxkeH MeTom 00padboTku ¢a-
3bl, OCHOBaHHBIH Ha BBEJEHMM YacTOTHOTO MHTepBana peiakcauuu Of . Jlns

BbIOOpa Of moka He ycTaHOBIEHBI YeTKHE KpuTepur. [105TOMYy B 1aHHOMN pado-

T€ IMOCTaBJeHa M pelleHa 3ajjauya pa3pe’keHHs CIIEKTpa PEe30HAHCHBIX YacTOT
IIyT€M U3MEHEHUs] KOHCTPYKIUU ITOJIOCKOBOrO MoxyJisi. Ha 3toil ocHoOBe paspa-
0oTaH crnoco0 3KCTpakIuu SPPEKTHUBHON ANUIICKTPUUECKONW MPOHHUIIAEMOCTH
00BbEMHBIX KpUCTALIOB. B crocobe mpou3BOAMTCS CpaBHEHHE BKCIEPUMEH-

TAJIbHO OMPEENAEMBIX PE30HAHCHBIX YacToT f u pesynsraTos pacuera fgp,

exp

B cucreme COMSOL Multiphysics. Ilomyuaemoe pacxoxneHue fexp u g
MHMHHMH3HPYETCS C TIOMOIIBIO HTEPAIIMOHHOH MPOIEAyphl, YTO MO3BOIHIIO
HPOBECTH 3KCTPAKIMIO 3PPEKTUBHON THINEKTPUYECKOH MPOHHMIIAEMOCTH MO-

JIOCKOBBIX PE30HATOPOB ¢ 0OBEMHBIMH KPUCTAIIITAMH.

2. KoHCTpYyKIMSA 1 3KCIIePUMEHTAJIbHbIE YACTOTHbIE XapAKTePUCTHKHU

st vccnenoBaHuii B Ka4ecTBe 00bEMHOT0 KpUCTaJlIa TIPUMEHSIICS HUO-
Oat muTHsa. BHeTmHMIA BUI KOHCTPYKIIMHU 1OJI0cKoBOTO pe3oHaropa (I1P) ¢ 00b-
€MHBIM KPUCTAJUIOM HHUoOara JMTHS Toka3aH Ha puc. 1. B xoHcTpykumu [1P

MOKa3aHbl: | — KOAKCHAJIBHO-TIOJIOCKOBBIE MEPEX0pbl; 2 — COCOUHHUTEIbHBIC
OTPE3KH MOJIOCKOBBIX JHMHUHK; 3 — BUOpaTop-Bo30yauTenh, 4 — BUOpaTOp-
MIPUEMHIK; 5 — KpHUCTaII HHoOaTa IUTHS; 6 — OOKOBBIE SKpPaHBI, COCTUHEH-

HBIC MCTAJUIM3UPOBAHHBIMH OTBEPCTUAMHU C 3a3€EMIIAIOINIUM OCHOBAHHEM; 7 —
MCTAIUIMYCCKUN QJICKTPO/ C IJIaBaOIIUM MOTCHLM AJIOM.
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Puc. 1. BHenHuii BUJI MOJIOCKOBOTO pe30HATOpa 6e3 3JIeKTpoa (a) u ¢ 3IeKTpoaoM (6).

Fig. 1. External view of the strip resonator without an electrode (a) and with an electrode (6)

Kpuctann ycranaBmuBajics Ha MOBEPXHOCTh MOIIOKKH (puc. 1, a) co
CTOPOHBI TOJIOCOK ¥ OOKOBBIX IKPAaHOB CHMMETPHUYHO OTHOCHUTEIBHO BXOIHOTO
Y BBIXOJHOTO KOaKCHaJIhHO-TIOJIOCKOBBIX TepexonoB. Ha kpucramie cepxy
pacmonararncs 3eKTpon (puc. 1, 6), HaXoAALUIHICS MO MIaBaAIOMIMM OTSHIINA-
JIOM, TIOCKOJIbKY OH HE MMEET KOHTAaKTa C MEeTaJUIM3UPOBAHHBIM OCHOBAHHEM
ITOJIOCKOBOT'O MOJIYJIA.

W3 puc. 1 BUIHO, YTO B OTJIMYME OT KOHCTPYKUUH, IPUMEHEHHOH B [4],
IIOJIOCKOBBIE BUOPATOPHI OTJIENEHBI JAPYT OT Apyra 3a3opaMu 12 MM U B3auMO-
JNEHCTBYIOT C KPUCTAJIOM Ha JUIMHE 7 MM KaX[Iblid. ITO cO37aeT yCIOBUS BO3-
Oy>XJeHUsT COOCTBEHHBIX KOJICOAHWI KpUCTalla, CBOMCTBEHHBIX JHAICKTPHYE-
CKUM pe3oHaropam [5, 6]. Kak mokazanu 3kcrnepuMeHTaIbHbIE U3MEPEHUS, pPe-
30HAHCHl B MPEAJI0KEHHOW KOHCTPYKLUMH HAOMIONAIOTCS Ha Ooiee HU3KUX Ya-
CTOTaX B CPaBHEHHU C YCJOBHUSIMHM, KOTJIa Ha KPUCTAILI BO3JEHCTBYET 3JIEKTPO-
MarHuTHOE IoJie OeTyIiel BOJIHBI MOJIOCKOBOM TuHuM 0e3 3a3opa [4]. [Tpu Bo3-
OyXIeHUU COOCTBEHHBIX KOJIeOaHMIl B KpHCTAIIe MPOMCXOINT Teperadya SHep-
THH B OTPE30K MOJOCKOBOH JIMHUH, OTIEJCHHBI TOPIEBBIM 32a30pOM OT BXOJI-
Horo orpeska. [loaromy oTpe3ku nmuHui 3 1 4 Ha3BaHbI BUOpaTopamMu, Bo30yIu-
TCJIEM U IPUEMHUKOM COOTBETCTBCHHO.

N3Mepenmst 9acTOTHBIX XapaKTEPUCTHK MPEIaraéMoro MoJIOCKOBOTO pe-
30HaTOpa OBUIM TPOBEACHHI 10 CTaHAAPTHON CXEMe C IOMOIIBI0 BEKTOPHOTO
aHanu3zaropa ueneit P4226 npousBoactsa AO HII® «Mukpan». Ha puc. 2 moka-
3aHBI YaCTOTHBIC 3aBUCIMOCTH KO PHIIMEHTa Mepeaadn |821| u ko3 purrenTa

OTpPaKEHUSI |511| HCCIIETyEMOTO pe30oHaTopa ¢ pazMepoM kpuctamia 19x16x38

MM, PacIoI0KEHHBIM Ha IIIOCKOCTH MTPOTHBOIOIOKHON MIOCKOCTH XZ.
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Puc. 2. DxcnepuMeHTaIbHbIE Pe3yIbTaThl YACTOTHOW 3aBUCMOCTH |Sll| u |821| pe3oHaropa.

Fig. 2. Experimental results of the frequency dependence of |311| and |321| resonators

3. MoaeupoBaHHe YACTOTHBIX XapPAKTEPUCTUK
M HANIPAKEHHOCTH JJIEKTPUYECKOI0 MoJIs
MopennpoBaHue pe30HAaTOPOB MPOBEJEHO C MOMOIIBIO MPOTrPaMMBbl YHC-
nenHoro mozenupoBanuss COMSOL Multiphysics. PaccuuntbiBanucy 4acTOTHBIC
3aBHCUMOCTH S-TIapaMeTPOB U HAINPSDKEHHOCTH JIIeKTpudeckoro moinsi E Ha
MepBOM W BTOPOM pe3oHaHCHOW 4vacTtoTaX. IIOCKOJIbKY TOUHBIE 3HAYEHUS JIU-
ANEKTPUUYECKUX NMPOHUIAEMOCTEH KpUCTaJlia €9, £33 HE OBUIM M3BECTHBI, IIPO-
BEJIEHBI pacyeTbl YaCTOTHOW 3aBUCHMOCTH |311| u |821| IIpU Pa3HbIX 3HAYCHMSIX

OTHOCUTENIFHOW JHM3ICKTPUIECKON MPOHHUIIAEMOCTH &, =& ] =&33 00BEMHOTO
KpucTama 0e3 ydera aHuzorponuu. [lepoe mpubnmkenue €, ObUIO B3STO Kak
cpejiHee UAIEKTPUUECKHX MPOHULAEMOCTeH &1 =42, €55 =26, NPUBEIEHHBIX
B paborax [5, 6] mis gactorer 2 [T Hawnmydinee coBmazeHue pe3ysibTaToB
MOJIETTMPOBAHUS ¥ SKCIIEPUMEHTA OBLIO MOIYy4eHO NpH €, =27 .

Ha puc. 3 npuBeneHo cpaBHEHHE Pe3yJbTAaTOB 3KCIIEPUMEHTAa U MOAECIUPOBA-
Hust Koddduimenta nepenaun |Sy | i kodbduimenta orpaxenus |Sy;| pesoma-

Topa. HabmoaeTcsi OTKIIOHEHHE TEPBOH pacyeTHON pe30HAHCHOM YacToThl f;
OT BKCITepUMEHTAIbHOTO 3HaueHus Ha +0,67 % u BTOpOI pe30HaHCHOH YacTo-
o1 f, Ha —8,6 %, yacToTHBIC 3aBHCHMOCTH |S,y| 1 |Syy| MoOBTOPsIOT OCOGEHHO-
CTH IKCIEPHUMEHTAIBHBIX XapaKTEePHCTUK. Pe3yibraThl MOACIMPOBAHUS IICK-
TPUYECKOTO Mo pe3oHaropa Ha vactorax Ty u f, pesomaropa mokasamsl Ha
puc. 4, a, 6 B CeYEHUH MO/ SICKTPOJOM U B IPOJOIHHOM CEYCHHH HA YacTOTe
nepsoro pesonanca f; =2,1623 I'T'u (puc. 4, a) 1 Ha BTOPOl PE30HAHCHOM Ya-

crore f,=2,5832 I'T' (puc. 4, 0).
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Puc. 3. YacToTHBIEC 3aBHCUMOCTH U3MEPEHHBIX U PACCUMTAHHBIX KO3 PUIINEHTOB
nepesaun S, | 1 kod>PhULMEHTOB OTPANKEHI |311| pesoHaTopa.

Fig. 3. Frequency dependences of the measured and calculated transmission
coefficients |321| and reflection coefficients |311| of the resonator

B/m
10

Puc. 4. Pe3ynbrarsl pacueTa HOpMUPOBAHHOW HAPSHKEHHOCTH DJIEKTPHYECKOTO IO pe30HATOpa
Ha [epBOM U BTOPOI PE30HAHCHBIX YaCTOTAX.

Fig. 4. Calculation results of the normalized electric field strength of the resonator at the first and
second resonant frequencies

[loka3zaHHble KapTHHBI HAMPSHKEHHOCTH 3JIEKTPUUYECKOro MOJS HILTIO-
CTPUPYIOT BO3HUKHOBEHHE DPE30HAHCAa C KapTUHOW TMOJs, OTIMYarouieiicss oT
KapTHHBI TOJISI Y€TBEPTHBOJIHOBOTO PE30HAHCA, XapaKTEPHOH AJIs1 TOJIOCKOBOTO
YeTBEPTHBOJIHOBOrO BHOpaTopa B OAHOPOAHON cpese. ITO CBA3aHO C CHIIBHBIM
BIMSHHUEM OOBEMHOTO KpHUCTalla Ha OTOOp 3HEpruu BHOpaTopa-BO30yIUTENs
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KoJebaHn{ W Tiepenady SHEpruu B BHOpATOp-IPHEMHHUK 4Yepe3 KprucTai. Bei-
MIOJIHEHHBIE pacyeThl MO3BOJISIOT YCTAHOBUTH THIT KOJICOAHHH MO MOTYyYSHHOH
KapTUHE HAMPSKEHHOCTH AIEKTPUUECKOTO MOJIS.

4. JKCTpaKIUsA NapaMeTpPoB

U3BectHO [5, 6], 9TO CreKTp YacTOT COOCTBEHHBIX KOJNICOAHHMHA AMAIEK-
TPUYECKUX PE30HATOPOB B BHJE MPSIMOYTOJIHHOTO MapalIeNeNuIela HaXoIsT

o popmye (1)
m-n\’ (n-n) (&-7n) c 1)
fmnSZ ( A ) +( B ) +( 1 j -2-75‘\/;’

A,

rae M, N, O — Lelble Yhcia, COOTBETCTBYIOIIME TUITY KOneOaHuii TEmnS;

B, L — pasmepnl auanekrpuka; C — CKOPOCTh CBETa; €, — OTHOCHTENIbHAS

JIMAJIEKTPUYECKash MPOHUIIACMOCTh MarepHaia pe3oHatopa. Pasmepsl Kpucrtai-
ma: A=0,019, B=0,016, L=0,038 m. ITpo6nema pacuera f_ . 3akmouaercs

B TOM, YTO B HAIICM CJIydac¢ OTHOCUTCJIbHAA AUIJICKTPUUCCKAA MPOHULIACMOCTDH

8[‘ HEU3BECTHA. 3HaHUE OKCIICPUMEHTAJIBHBIX PE30HAHCHBIX YacCTOT fl u

exp
f2exp B paccMaTpHBacMOM CJIy4ae TAK)Ke HEJOCTAaTOYHO YTOOBI ONpECIUTh
€, . IlpoBenennoe monenupoanue B COMSOL nozBonuno myrem moabopa

OIIPEACIUTh MPUOIMIKCHHO 110 3HAYCHUSM flexp " f2exp BeM4UHy €, ~ 27 .
[lpu sTOM pacueT monel mokasal, YTo IS flexp HabJroaeTcs KapTuHa MoJs,
ommskas k TE,y,, n TE;;, Ha BrOpoii pesonanchoit f2exp gacTore. D10 mpej-
MOJIOKEHHE M 3HaHWE MPUMEPHOTO 3HAYEHUs €, IMO3BOJIMIIO IIOCTPOUTH UTEpa-
IMOHHYIO MPOIEAYpPY pacuera 3HAYCHUH PE30HAHCHBIX YacTOT fsiml u fsim2
1 3pPEKTUBHON JMIIEKTPUYECKON NPOHULAEMOCTH PE30HATOPA Egf giy IPH

MoJeIMpoBaHuK (MHAEKC SiM). Takas MocTaHOBKA 3a7a4d HAXOKICHUA Egf gim

BbI3BaHA TEM, YTO OOBEMHBIN KPHCTAUT HE HAXOJUTCS B COCTOSHHH «YHCTBIX»
CBOOOHBIX KOJEOAHUH, T. K. CHU3Y TPAaHHYHbIE YCIOBHSI OTPEICIISIOTCS TT0JIOC-
KOBBIMH JIMHUSIMH TIE€PEIaud ¥ JUDJIEKTPUKOM IOUIOKKH, & CBEPXY — MeTall-
JINYECKOM TIACTHHOM C TIJIABAFOIINAM MTOTEHIIHATIOM.

BBeneM MaTpuIly, OTPaKarollyrO THI KOJeOaHWi Ha JBYX 4acTOTax pe-
30HaHca (cM. puc. 4)
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n m o
h 1
nmo = ) (2)

n, m, 9,
rae nl,...,62 HMEIOT 1EJI0YKMCICHHBIE 3HAYEHHUs, BOOOIIE FOBOPS, HE H3BECT-
HBIC, UX HeOGXOI[I/IMO HaflTPI. ManI/IHa 3KCHepI/IMeHTaHbHO I/ISMCPGHHBIX qacToT

fexp | | 2,1623-10°
frep | |2,5832-10°

Bamaqum 1k mo 1 =12, npuBsS3aHHBIN K IEPBON M BTOPOM CTPOKE MaT-

pesoHanca usBecTHa Fo, =

punsl NMS no i, a magekc j=1,2,3 — coorsercrBenHo k Ny, My, §; umm
Ny, My, &,. Bapeupys coderanue N, M, 3, NOJYYUM TOT MM MHOW THI KOJE-
Oanmii. Kak yxe ormedanoch, N, M, & MOryT ObITh ONpeIe/iCHbl U3 aHaIn3a
KapTHUHBI 3JIEKTPOMATHUTHOTO MOJIs B Pe30HATOpe, paccuuraHHod Ha f ., U
fsim2 B cucreme Comsol nmu myrem ciyuaiinoro nepedopa.
CHaOmum uHIEKCOM | KO3 HUITEHTHI

nmd; - m nmd; , - m
PXia =" BYi 2 =——p Pzi5 =

Torma 4yacTorsl cCOOCTBEHHBIX KojeOaunil f

nmSLS *TU
L
¢ Homepamu | =1,2 Gyayr

sim
OTIPENIETATHCA B COOTBETCTBHH C (3)

C
fsim,i = \/BXL]‘Z + Byi’zz + BZiSZ . T ! (3)

8r,i

IJ€ € j — HM3HAYalbHO 3a/[aBAE€Mas OTHOCHTEbHAS JUDJIEKTPHIECKas HMPOHU-
[AEMOCTh JUIS | -TO THUIA KoJieOaHuid. 3Has fexp’i MOXHO HaWTH 3()PEKTUBHYIO
TUDIICKTPUYECKYIO MPOHUIIAEMOCTh pe3oHaTopa 1o hopmyie (4)

_ % ‘([3xi,12 + Byi,zz + BZi,sz) ) (4)

Cef i =
4.7°. feip,i

[lockonpKy NpPHONMKEHUE Eg j HAWIEHO, ONPENETMM HPHOIMKEHHO

coOCTBeHHBIE (PE30HAHCHBIE) YaCTOTHI (5)

c
fsim,i = \/Bxi,12 +BY; 2" + B ———" ®)
2 Tf‘«fgef,i

Bripaskenue (5) mo3BoinsieT n30exkaTh TPYAHOCTEH BBIYMCIICHHS KBaapaT-
HOT'O KOPHS U3 MaTPHILbI € j, BOSHUKAIOIIMX B CIIy4ae, €CIM Obl AUDJIEKTPUYE-

CKad MPOHUIIaEMOCTb 3a/1aBaJIaCh ManHLIefI.
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VcaoBUS UCTUHHOCTH BBIYUCIICHUS Egf | COCTOAT B OJHOBPEMCHHOM COB-

MMaJIecHUH 3KCIIEPUMEHTAJIBHO OMMPEACICHHBIX YacTOT M PAaCCUMTAHHBIX YaCTOT
IpH 3HaYEHMIX d()(HEKTHBHON NUAIEKTPHYECKON MPOHUIIAEMOCTH, MAKCHMAITh-
HO OJIM3KWX K JaHHBIM, TOJIYYCHHBIM B PE3yJbTaTe 3JIEKTPOIUHAMHUYECKOTO
MOJICTTUPOBAHUS

‘ fexp,i - fsim,i‘S Al (6)
‘ar’i —sef'i‘SAZ, (7)
rie Al 1 A2 — NOTpeIIHOCTH BRIYUCIEHHUS 4acTOT fgp i ¥ €4 ;.

Hlar 1. 3 aHanw3a KapTHHBI 3JIEKTPUUYECKUX TOJIeH (prc. 4) caeniad BHI-
BOJI, UTO

1 0 2
nms = : (8)
11 2
5 27
Bravane BbruMCICHHH OBLIO B3ATO & = 27" Ilpn Takux 3HAYCHUSX
HNHACKCOB THUIIOB BOJIH U ,Z[PIZ)JICKTpI/I‘IeCKOﬁ HpOHI/II_IaCMOCTI/I Sr,i HOHy‘IeHLI pe—
2,1487-10°
30HAHCHBIE YacToTa lgimj = 9 Pasnuna mexny pe3oHaHCHBIMU
2,8057-10
qacToTaMu, HOJ'Iy‘{eHHBIMI/I B peSyJ’ILTaTe 3KCH€pI/IMCHTa n pacqua, cocTaBulia
1,4525-10"
Alz‘fe)(p,i — fsimi| = . Jlanee BBITIOIHEH PACUET &4 j 1O HopMyITe

2,2251-10°

(4) ¢ ucrnoab30BaHUEM HKCHEPUMEHTAIBHO MOJYYEHHBIX 3HAYEHUH Pe30OHaHC-
HBIX 4acTOT fexp,i- [Monmy4ens! 3HaueHUs S3PHEKTUBHON AUITEKTPUUECKON MPO-

. 26,6386
HUILIAEMOCTH Ha IIEPBOM IIare BBIUHUCIEHHUH € o i = A IIOrpElI-
p 1.ef i 318518 p
. 0,3614
HOCTB BBIYMCIIEHUN A2 = .
4,8518

Iar 2. Kak BuaHo, 3QdeKkTHBHAS AUIICKTPHUUECKAs MPOHUIIAEMOCTh
IJIs BTOPOrO THIA KONEOAHMI 3HAYUTENBHO OTIMYAETCA OT €, IEPBOHA-

YajgpHO B3STOM NpH MOJEAUpoBaHuu. [lo3TOMy Ha BTOpPOM IIare B KauecTBe
JUDIEKTPHYECKHX NpoHunaemocTeil B hopmyie (5) B3ATHI € ¢ j, MONYYEHHBIE

Ha miepBoM miare. IlojncTaBuB 3HaueHHE & ¢ ; B BhIpaxkenue (5), momyunm
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2,1632-10°

3HAQYEHUs] PE30HAHCHBIX dYacroT f 9
2,5832-10

sim,i = U TIOIrp€IIHOCTH

1,4114-10°

= . 3amenusB f

1,3369-10°

nonyqaeM 3(1)(1)CKTI/IBHyIO ,Z[I/IZ)J'ICKTpI/I‘-IeCKyI-O HpOHI/II_IaeMOCTB
26,6386 3,4762-107°

Eoefi = 5
31,8518 3,2968-10

Takum 06p330M, OAHOBPEMCEHHO MHWHUMH3HNPOBAHBI OIIMOKH BBIYUCIIC-
HHUA PE3OHAHCHBIX YaCTOT U 3(1)(1)6KTPIBHOI>1 MNPOHHUIACMOCTH, a TAKIKC OMpcacic-
HBI THIIBI KOJIEOAHWHM Ha OCHOBE MPOBCACHHOT'O 3JICKTPOANHAMUYICCKOI'O0 MOJC-
JIMPOBAHUA. AOCOIIOTHBIE HOOrpeIIHOCTU OMPEACIICHUSA HCKOMBIX IMapaMETpPOB

He 6oree AL, A2<107%.

Urak, mpumeHeHHass UTEpalMOHHAS MpPOLeIypa, OCHOBBIBAIOLIASCA HA
ANEKTPOIMHAMUYECKOM MOJICMPOBAHUU MOJIOCKOBOIO PE30HATOpA M MOIIAro-
BOM HpI/I6HI/I)KeHI/II/I OKCIICPUMCHTAJIbHBIX W PAaCCUUTBIBAEMBIX PE30HAHCHBIX
YaCTOT NIpHU HU3MCHCHHH OTHOCHUTEILHOM I[I/ISJIGKTpH‘IeCKOfI IMPOHNIIaCMOCTH
KpUCTajula ¥ THIA KOJeOaHWH MO KPUTEPUI0 MHUHUMAJIBHON ITOTPEIIHOCTH
OTIpeIeNIEeHUs] PE30HAHCHBIX YacTOT, ITO3BOJIMJIA MTPOBECTH SKCTpakIuio 3hdex-
TUBHOM JTUAJIEKTPUUECKON MPOHUILIAEMOCTH PE30HATOPA.

Al=|f f Ha fg,; B BRIpaKenuu (4),

exp,i sim,i‘ exp,i

Y TIOTPEMIHOCTE A2 2‘81 ef i —Eoefi|=

5. 3akaouenune

Taxum oOpazom, B pabore pelieHa 3ajada pa3pexeHusi CIeKTpa peso-
HAHCHBIX YaCTOT ITyTeM WU3MEHEHHsI KOHCTPYKIUH IMOJIOCKOBOro Moxyds. [Ipo-
BE/ICHO SKCIIEPHMEHTAJIFHOE MCCIICIOBAaHUE M MOJCIMPOBAaHUE PE30HATOPA, CO-
JIeprKalero 1Ba COOCHBIX OTpE3Ka MOJOCKOBBIX JMHUH Ha JHAJIEKTPUUCCKOMN
MOJUTIOKKE, Pa3JIeNICHHBIX 3230POM M SIBJISFOLIMXCS JIEKTPUUYECKHMMHU BHOPATO-
pamMu, a TaKke MPOBEICHO CPAaBHEHHE IKCIEPHUMEHTAIBHO ONPE/ICIIEMBIX Pe30-
HAHCHBIX YacTOT W Pe3ylbTaToB pacuera Ha Monemu B cucteme COMSOL
Multiphysics. Tlonyuaemoe pacxoIeHHEe MUHUMH3UPYETCS C TIOMOILBIO UTEepa-
UOHHOHW MPOIEYPhI, YTO TO3BOJIMIIO TIPOBECTH OLEHKY d(PPEKTUBHON ANDIIEK-
TPHUYECKOH MPOHUIIAEMOCTH MOJIOCKOBBIX PE30HATOPOB ¢ 0OBEMHBIMH KPUCTAJI-
JaMH C BBIITOJHEHHEM OJHOBPEMEHHO YCIOBHH MHUHHMAJIBHOTO PACXOKIACHHS
MOTPEITHOCTH ONPECTICHNsI PE30HAHCHBIX YacTOT U 3P ()EKTUBHOM JAUDICKTPHU-
4ecKOi MpoHMIaeMocTd. [IpuMeHeHHBIH crmoco0 MOXKHO WCHOJIB30BAaTh JUIS
omnpeneneHus SPPEKTUBHON AUIIEKTPUUECKOH MPOHUIIAEMOCTH KOAKCHAIBHBIX
MEePEX0/I0B C AUICKTPUICSCKUMHU ONOPHBIMH Iaitbamu [7] U Apyrux ycrpoicTs.
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Abstract: A method for estimating the effective dielectric constant of a strip line resona-
tor is proposed. The resonator consists of an exciter vibrator and a receiver vibrator,
separated by a gap 4 times the width of the current-carrying strip on the dielectric sub-
strate. A bulk crystal of lithium niobate is placed on the surface of the strip. An example
of the implementation of a method for extracting effective dielectric constant is given. It
is based on the use of obtained measurements of resonant frequencies and calculations
using an iterative procedure.
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Abstract: The article discusses the issues of calibrating channels of multi-element pas-
sive phased array antenna in the near zone by the method of 180-degree phase manipu-
lation of elements. This method enables the isolation of a single channel's signal amidst
the overall aperture signal, even in cases where turning off phased array channels isn't
feasible. During calibration, the objective is to determine complex channel transmission
coefficients accurately in order to further consideration of initial phase distribution in
phased array development, configuration and operation. A comparison of near-field
calibration results is made between two methods: 180-degree phase manipulation of the
elements and direct measurement of the transmission coefficient of each channel.

Keywords: radiation pattern, phase shifter, antenna measurements, channel calibration,
phased array calibration.
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1. Introduction

Phased array antennas (PAA), due to the possibilities of inertia-free space
survey and operational control of the amplitude-phase distribution to optimize
the radiation pattern characteristics [1], are currently widely used as part of var-
ious radio equipment, including modern civil and dual-use radars [2]. To form
the desired radiation pattern (RP) of a multi-element PAA, knowledge of the
amplitudes and phases of the transmission coefficients of all its channels is re-
quired. The process of determining and incorporating PAA channels transmis-
sion coefficients for configuring initial phase states of phase shifters during
PAA setup and operation is termed calibration [3]. The accuracy of the PAA
calibration depends primarily on the chosen method for determining the trans-
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mission coefficients, as well as on the bit depth of the phase shifters, the num-
ber of faulty channels, the instantaneous bandwidth of the radio frequency sig-
nal, the implementation option of the beam steering feed network, which can be,
for example, serial, parallel, multipath, digital, etc. [2].

Solutions to PAA calibration are typically categorized based on the pres-
ence of phase measurements. Phase-free methods, including the method of
measuring two elements (MTE) and the method of rotating the electric field
vector of an element (REV), are prevalent. The MTE method is used if it is pos-
sible to turn off the PAA channels. These methods are discussed in detail in [3,
4]. Various adaptive algorithms such as the least squares method (LMS), the
recursive least squares method (RLS), and the quasi-Newton algorithm are em-
ployed for calibrating active phased array antennas [3]. In [5], the Exhausting
Blind Beamforming (EBB) and Partially Blind Beamforming (PBB) algorithms
are discussed, which are based on the idea of iterating through the states of the
phase shifters and fixing those states of the phase shifters at which the maxi-
mum signal was achieved in a given direction. While EBB and PBB algorithms
are relatively simple and require only amplitude measurements for calibration,
they prove inefficient for multi-element PAA, since against the background of a
total aperture signal, the amplitude change will be imperceptible. Additionally,
calibrating PAA by methods discussed in [3-5] necessitates either time-
intensive enhancements to measuring equipment and software used are neces-
sary or a significant increase in measurement duration.

This paper delves into the calibration nuances of multi-element passive S-
band PAA channels on a near-field stand employingm180-degree phase manip-
ulation of the elements [6], which makes it possible to isolate the signal of one
channel against the background of the total aperture signal by registering the
amplitude-phase distribution of the radiation field in the near zone with subse-
guent mathematical processing of measurement data.

2. Description of S-band PAA

The PAA is made in the form of four subarrays (2x2), each featuring
printed circuit boards with emitters, microwave power distributors, four-bit
phase shifters connected to the emitters and outputs of the microwave power
distributors (MPD), a phase shifter control module (PSCM) powered by a com-
mon power module. The subarrays (I-1V) of the PAA are made using the tech-
nology of manufacturing multilayer printed circuit boards. The power supply of
the subarrays is carried out through a sum-difference device (SDD) using phase-
stable radio frequency cables. The control and monitoring of the performance of
the PAA elements are conducted using the control unit. An air cooling system is
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integrated into the PAA to ensure heat dissipation. The general view and block
diagram of the S-band PAA are shown, respectively, in Fig. 1 and Fig. 2.

"' ) | Aiberd
T ‘: A’, A A

Fig. 1. General view of S-band PAA

The antenna aperture of the PAA is formed from 352 linear polarization
emitters (16 columns in the E-plane and 22 rows in the H-plane, 88 elements on
the emitter panel in each of the four subarrays 1-1V), placed in nodes of a rec-
tangular grid with a step approximately half the wavelength horizontally and
vertically. The PAA contains a sum receiving and transmitting channel (X) and
two receiving difference channels: azimuthal (A;) and elevation (A,). Four emit-
ters positioned in the corners of the antenna aperture function as antennas for
compensation channels (€;—€).

The microwave power distributors of the PAA form a decaying amplitude
distribution that ensures a side lobe level (SLL) of less than minus 20 dB within
the operating frequency band with a beam width of 7.5x5.5° and a gain factor of
about 25 dB.

3. Algorithm for measuring transmission coefficients of PAA channels

The transmission coefficients of the PAA channels are measured by 180-
degree phase manipulation of the element, enabling the isolation of one chan-
nel’s signal against background of the total aperture signal, including in the near
zone and scenarios where it is impossible to turn off the PAA channels. During
measurements, a continuous signal is applied at the PAA input, stimulating the
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Fig. 2. Block diagram of the S-band PAA

«State»  «Control»

«Qa»

emitters of the antenna aperture. The phase shifter state in the channel under test
is toggled 180 © relative to its initial state, while states of the remaining remain
unchanged. In each phase shifter state, a signal is emitted and received from the
emitter of the tested PAA channel, followed by measurements and recording of
the amplitude and phase of the total signal. Subsequent mathematical processing
involves calculating the difference between the two measured signals. The re-
sultant signal after subtraction equals twice the complex transmission coeffi-
cient of the tested PAA channel.
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Fig. 3. PAA signals determined during calibration

Fig. 3 illustrates the PAA signals detected during calibration. For each
antenna aperture element, two total signals E; and E, are measured, each repre-
senting a superposition [7] of signals from the tested and other channels:

E.=E +E (1)
E2 = Es - E, (2)

where E represents the signal of the tested subarray channel with the phase
shifter’s initial state, e.g., 0°, —E is the signal of the test channel of the subarray
with the phase shifter state differing by 180°from the initial, and E; is the total
signal from all other channels of the subarray.

Consequently, the doubled signal of tested channel 2E can be represented
as the difference between the measured total signals E; and E,. Accordingly, the
desired signal is:

E=(Ei-Ey/2, 3)

The calibration result is the phase of the transmission coefficient of the
tested PAA channel, determined by the formula (4):

¢ =arg[(E1 - E2) /2] (4)

The found phase values of the transmission coefficients ¢ are rounded,
considering the phase shifter’s bit depth, and then subtracted from the phase
distribution formed to achieve the desired PAA beam position in space.

Fig. 4 shows a block diagram explaining the algorithm for measuring
channel transmission coefficients and PAA calibration.
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Fig. 4. Block diagram of PAA calibration

4. Measurement scheme

Fig. 5 shows a measurement scheme for the amplitude-phase distribution
of the radiation field in the near zone of the PAA using a typical automated
measuring and computing complex for measuring the radio technical character-
istics of antennas. In Fig. 5 the following notation is used: 1 — calibrated PAA,
including four-bit phase shifters, phase shifter control modules, power module,
printed emitters, microwave power distributors, sum-difference device, 2 —
measuring antenna probe, 3 — mechanical planar scanner with a device for
mounting the antenna probe (2), 4 — a pivoting device , 5 — a vector circuit ana-
lyzer, 6 — a scanner control device, 7 —a personal computer (PC), 8 —an pivoting
controller, 9 — a remote control. Positions (8) and (9) are used for spatial posi-
tioning of the calibrated PAA (1) and manual control of the scanner (3) during
the measurement preparation stage. The amplitude-phase distribution is meas-
ured at a distance Z > A/4 (where A is the wavelength) between the measuring
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antenna probe (2) and the plane of the PAA aperture at 352 points (22x16) lo-
cated at the nodes of a rectangular grid with a step matching with the step of the
PAA emitters (shown by dots in Fig. 5) on the X and Y axes. During measure-
ments, the input “P” of the PAA is supplied with power from an external source,
the input “C/S” receives control and condition monitoring signals of the PAA.

Y
v L] :
ox 3

/

Z_

5 6 [«
A A A
Y Y Y
8 [+ 7 9

Fig. 5. Measurement scheme

Measurements of channel amplitudes and phases, mathematical pro-
cessing of measurement data and calibration of PAA were carried out in the fol-
lowing order:

1. Positioning of the antenna aperture relative to the antenna probe. This
initial step required precise installation of the PAA and the antenna probe in a
configuration aligned with horizontal polarization, ensuring the parallelism of
their radiating openings and maintaining distance of approximately three quar-
ters of the wavelength.

2. Setting the parameters of the probe movement in the coordinate system
of the measuring complex. In this step involved configuring the starting position
of the probe to align with the corner PAA emitter, establishing the horizontal
and vertical movement steps for the probe.

3. Step-by-step scanning with phase manipulation and recording of S-
parameters in *s2p format. The S-parameters of the two-port system are meas-
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ured between the total input PAA and the output of the antenna probe. The an-
tenna probe is sequentially positioned in front of each emitter. In each of the po-
sitions, the S-parameters are measured and recorded first in the initial phase state
of the channel under test, for example, 0°, and then in a state changed by 180°
relative to the initial one. The measurement data is recorded by the vector circuit
analyzer in the form of a file in the *s2p format. After measuring and registering
the S-parameters of the channel under test, its phase returns to its initial state.

4. Processing of measurement data. This stage involved extracting com-
plex coefficients S,; corresponding to the signals E; and E, from the saved files.
Subsequently, the phase matrix of the transmission coefficients of the PAA
channels is calculated in accordance with formula (4).

5. Accounting for the initial phases. The elements of the calculated phase
matrix of the transmission coefficients are rounded, considering the bit depth of
the phase shifters, and stored in the PAA control unit. When setting the required
position of the PAA beam in space, the control unit performs the operation of
subtracting the stored values from the generated phase distribution. Calibration
verification was conducted through a control measurement of the RP.

5. Experimental results

Data collection and processing, registration of measurement results, their
visualization and cataloging in the process of calibration and radiation patterns
measurements of PAA were carried out at the central (2975 MHz) and boundary
(2925 MHz, 3025 MHz) operating frequencies using standard measuring instru-
ments and software running under the operating system of the automated meas-
uring and computing complex (AMCC) — planar scanner. The AMCC features a
frequency range 1-40 GHz and uses a planar scanner, the size of the scanner's
working area (XxY xZ) is 4x1.5x1 m, the accuracy of positioning the scanner,
with the working area at X, Y and Z coordinates is not worse than 0.15 mm. An-
tenna characteristics are measured using AMCC in the near radiation zone using
the ampliphasometric method. The calibration and radiation pattern measure-
ments of the PAA on the AMCC took approximately 3 hours and 40 minutes.

Fig. 6 illustrates the main sections of the normalized RP of PAA in the E-
plane (solid lines) and H-plane (dashed lines) at the central and boundary oper-
ating frequencies, measured before and after calibration by 180-degree phase
manipulation. According to the calibration results, the maximum side lobe level
(SLL) ranged from minus 20 to minus 22 dB, which is in good agreement with
the calculated values of the SLL. Comparable SLL was achieved after calibra-
tion of the PAA by measuring phases of the signals at phase shifter’s outputs
using a vector circuit analyzer with a dismantled emitter panel, as well as based
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Fig. 6. Sections of normalized RP: a) 2925 MHz before calibration; b) 2925 MHz
after calibration; c) 2975 MHz before calibration; d) 2975 MHz after calibration;
e) 3025 MHz before calibration; f) 3025 MHz after calibration

on the results of numerical modeling of microwave power distributors and a
sum-difference device by the finite element method [8] taking into account ran-
dom errors of the amplitude-phase distribution and quantization of the phase
distribution due to the bit depth of the phase shifters [1, 9].
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For comparison, Fig. 7 shows the results obtained after calibrating the
PAA at the central frequency in the near zone by directly measuring the trans-
mission coefficient of each channel, in which the signal of the channel under
test is measured against the background of the total aperture signal, and the in-
fluence of neighboring elements is not taken into account. In this case, the max-
imum level of the side lobes of the bottom after calibration exceeded minus 15
dB. The solid lines in Fig. 7 correspond to the main section of the PAA in the E-
plane, the dashed lines in the H-plane.

Fig. 8 shows the amplitude (a) and phase (b) distributions of PAA cali-
brated by 180-degree phase manipulation, as well as the phase distribution
based on the results of calibration by direct measurement of transmission coef-
ficients (c) and the phase distribution of elements of uncalibrated PAA (d). The
results shown in Fig. 8 are obtained when radiation pattern measurements on
AMCC at the central frequency.

It’s worth noting that the 180-degree phase manipulation method, in ac-
cordance with formula (3), enables diagnosing malfunctions in the PAA chan-
nels. Fig. 9 shows the amplitudes of the PAA channels obtained after mathemat-
ical processing of measurement data at the central frequency. The highlighted
elements in Fig. 9 correspond to faulty channels (excluding elements of chan-
nels Q1-Q4 in the corners of the antenna aperture), the numbers of columns and
rows of PAA are postponed, respectively, along the horizontal and vertical axes.
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Fig. 9. Amplitudes of the PAA channels
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6. Conclusion

Calibration of channels of a 352-element PAA in the near zone by 180-
degree manipulation of the phase of the elements using standard measuring
equipment of the planar scanner enables forming a RP with a maximum SLL in
the range from minus 20 to minus 22 dB, which is in good agreement with the
calculated radiation pattern characteristics. Compared, for example, with the
method of direct measurement of channel transmission coefficients, the 180-
degree phase manipulation method allows reducing the maximum loss of RP by
5-7 dB with acceptable accuracy at relatively low time costs.

The prospects for method’s development lie further reducing calibration
time and the possibility of using a standard procedure for amplitude-phase
measurements in the near zone without requiring enhancements to the measur-
ing equipment and software used. According to the authors, this is feasible by
performing PAA calibration in several stages, dividing the multi-element anten-
na aperture into subarrays with fewer elements, in particular which also need to
be manipulated by the phase.
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1. BBenenne

B HACTOAIICC BPEM CO3JaHNC COBPCMCHHBIX PIH(i)OpMaLII/IOHHLIX " JIOKa-
IUOHHBIX CHCTEM CBA3H OIITHYCCKOI'O AMaria3oHa Tpe6yeT pa3pa60TKI/1 HOBOI'O
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THIIa HICTOYHUKOB KOT€PEHTHOT'O W3ITyUEHHsI C BBICOKOH CpeIHEer MOIIHOCTHIO U
Manoil pacxoaumoctsio [1]. OnHako npenenasl yBEIMUYECHHUS] MOIIHOCTH OTACIIb-
HOTO M3Jyd4aTess MPU MUHUMAIBHBIX MOTEPSAX OTPAHHYCHBI, 3 KAYeCTBO U3IIY-
YEeHHs MPH 3TOM CYLIECTBEHHO CHMKaeTcs [2]. OJHOBpEMEHHOE BBIOJHEHUE
YKa3aHHBIX TPeOOBaHUI B HACTOSIIEE BPEMS MOXKET OBITh JOCTUTHYTO 3a CUET
CO3/TaHUS MYJBTHACPTYPHBIX JIA3EPHBIX CHCTEM C KOTEPCHTHBIM CJIOKCHHEM
mydkoB [3]. B aToMm cirygae MOTYT OBITh JOCTUTHYTHI UPE3BBIYAHO OOJBIITE
3HAYCHUS MPOCTPAHCTBEHHO-PHEPTETUIECKUX XapaKTePUCTHK 0e3 TpembsBIie-
HUS TPEJeNbHBIX TPeOOBaHWH K MOIIHOCTH OTACIBHBIX M3JIy4aTelieil KaHaJIoB
Ja3epHOMN CUCTEMBL

KorepentHoe cioxeHue MYyYKOB  SBISIETCS  CJIOXHOM  HAy4HO-
TEXHUYECKOM 3ajaucii, TpeOyroliel pemeHus nmpoodieM (pa3zoBoi, YaCTOTHOU U
NOJISIPU3aIMOHHON CHHXpOHW3alni. B Hacrosimeil crarbe 00Cyx)maroTcst moj-
XOIBl K pEIeHHuI0 mpoOiieMbl (a3oBoil cuHxpoHm3anuu. Cpeld HUX BaKHOE
MECTO 3aHMMAlOT METO/bl, OCHOBaHHbIC HAa aKTHBHOM YIPaBJIEHUU ITapaMeTpa-
MU MBJIYYEHUs KaXKJOTo Jla3epa B CUCTeMe, B OOJBIIMHCTBE MTPAKTHYECKUX CITY-
YaeB MPEJCTABISIONICH OO0l CUCTeMY anepTyPHOTO 30HAMPOBAHUS HA OCHOBE
ONTUMHU3ANNY YHKITHH pe3kocTH u3obpaxenus [4]. Taxxke B mocieaHee Bpems,
CTaJiu TOJIF30BATHCS MOMYJISIPHOCTHI0 METO/BI, OCHOBAaHHBIE Ha HEHPOCETEBBIX
TEXHOJIOTUSAX, OJHAKO MPUMEHUTEIHHO K 3a/laue aHaln3a MPOCTPAHCTBEHHBIX
XapaKTEePUCTUK B MYJBTHANIEPTYPHBIX CHCTEMaX TAaKHE METOIbI TIOKa HE Jal0T
rapaHTHPOBAHHOTO peIIeHHs U TpeOyIoT 6olee rirybokoi mpopaboTku [5].

2. AHau3 3¢ (peKTHBHOCTH MYJIbTHANIEPTYPHBIX ONTHYECKUX CHCTEM

Ha mepBsIii B3r151 MOXKET MOKA3aThCsl OUEBUTHBIM MPEUMYIIIECTBO CUCTEM
C KOT€PEHTHBIM CJI0KEHUEM ITyYKOB, OJTHAKO PEaTH3aIlis TAKUX CUCTEM B HACTO-
sIIee BpeMsi, 0COOSHHO TS JIA3ePOB CPEIHEH U BEICOKOW MOIITHOCTH (C BRIXOHON
MOIITHOCTHIO Oosiee 1 kBT), TeXHUYeCKH KpaifHe 3aTpyIHUTEIbHA U (HHAHCOBO
3aTtparHa. [loaToMy TIpeacTaBiseT MPaKTHYECKUI HHTEPEC MPOBEICHUE CPABHH-
TEIHHOTO aHalM3a PAa3UYHBIX CIIOCOOOB MOCTPOEHUS TAKUX MHOTOKaHAJIBHBIX
M3JTydaTesed U BBISBICHUE ONTUMANTBHBIX YCIIOBUHN UX UCTIONB30BaHHUS.

B kauecTBe OCHOBHOU r€OMETPUUECKON MOJEIHU JJIsl YUACIEHHOTO aHalu-
3a anepryphl BEIOEPEM T'e€KCArOHABHYIO CTPYKTYPY ¢ KPYIJIBIMU cybanepTypa-
MU ¥ ['ayCCOBBIM pacipeaesicHneM HHTEHCHBHOCTH B KayKIoM KaHaue (puc. 1).

®daza B KaXIOM KaHaJie Il HEKOTePEHTHOH CHCTeMBI BEIOMpAiach CIy-
galHBEIM 00pa3oM B mpefenax £ 7 pam. I(HPeKTHBHOCTL CHCTEMBI ONPEIesIach
10 HOPMHUPOBAHHON MOIMHOCTH M3IYYCHHS B IUIOCKOCTH IIENH B TSTHE 3a/IaH-
HOH ILIOIAIU

n=P/P, (1)

ng’



270 Electronics, photonics, instrumentation and communications
DiexrpoHuKa, GOTOHHKA, TPUOOPOCTPOCHHUE H CBSI3b (2.2)

rie Pshg — cOOTBETCTBYIOIAs MOLIIHOCTH JUIS OTHOKAHAIBHON CUCTEMBI, TEX 7K€
Pa3MepoB | TOM e MOITHOM MOIITHOCTH Ha BBIXOJIE U3ITydarers.

a b c d

Puc. 1. BapraHThl reKCaroHaabHOM YIIAKOBKH JIA3€PHBIX U3JIyYaTelIeh [TPH Pa3IMuHOM YUCIIe
kaHanoB:a — N =7;b—19;¢c—37;d — 61.

Fig. 1. Options for hexagonal packaging of laser emitters with different numbers of channels:
a-N=7;b-19;c-37;d-61
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Ha puc. 2 npeacrapneHbl pe3yabTaThl YUCICHHOTO pacuera mo s¢dek-
THBHOCTH PACIPOCTPAHCHUS MHOTOKAHAJIBHBIX CHCTEM 0e3 aTMoc(hepHOro Ka-
Hana. [lapamerpbl cucTeMsl: o0me pa3mepst aneprypsl D = 0,6 M, mivHa BOJ-
uel A = 1,07 MkM, miomans 3axanaoro mstaa S = 100 cm?, MOIHOCTS H3Iyue-
HHSI B KQXKJIOM KaHajle Ha BBIXOJE M3IIydaTess Pp = 1 kBT, unciio kanamoB N = 7.
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Puc. 2. a(b(be](TI/IBHOCTI) MHOTOKAaHaJIBHbIX CUCTEM, B 3aBUCHMOCTH OT JAJIbHOCTH
(1 — xorepeHTHas cucreMa; 2 — HEKOTepEeHTHAs CHCTeMa).

Fig. 2. Efficiency of multi-channel systems, depending on range
(1 — coherent system; 2 — incoherent system)
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Ha puc. 3 mpencraBiaeHsl pe3yabTaThl YHCIECHHOTO pacdera 1o 3ddek-
TUBHOCTH PACIIPOCTPAHCHUA MHOTOKAaHAJIbHBIX CHUCTEM 0e3 aTMocq)epHoro Ka-
Hala. HapaMeTpH CHUCTCMbI aHAJIOTUYHBI IICPBOMY CJIy4daro. MOI[CJ'H: aTMOC(l)e-
PBI BBIOMpATACh B BHJIE OJMHOYHOTO CIy4aliHOTO (a30BOTO 3KpaHa, mapamerp
TypGynentHocTr Co2 =10 ¥ M2,

1,2

n

02

—

\

06 \\
2\§\

02 ————

0 20 40 60 100

80 L
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Puc. 3. OdpdexrnBHOCTE MHOrOKaHAIBHBIX CHCTEM, IIPH HANNYUH TypOyIeHTHOI aTMOC(hepsI

(1 — xorepenTHas cucrema; 2 — HEKOTEPEHTHAsI CHCTEMA).

Fig. 3. Efficiency of multichannel systems in the presence of a turbulent atmosphere
(1 — coherent system; 2 — incoherent system)

Kak BUIHO U3 PHCYHKOB, OCHOBHOE IPEUMYILECTBO KOTE€PEHTHBIX CHCTEM
NPOSIBIISIETCS JIMIIL Ha OOJBIINX AambHOCTSX (cBbime 20 kM) 6e3 atMmochepHbIX
nckaxenuit. [lpn Hammuuu TypOyneHTHOU aTMochepsl 3pPEeKTUBHOCTD CHUCTE-
MBI ¢ ()a30BOM CHHXPOHU3AINCH MPAKTHICCKH HE OTIMYACTCS OT aHAJOTHIHOM
CHUCTEMBI 0€3 KOTEPEHTHOTO CIIOKEHHS My4ykoB. OJHAKO JTaHHBEIE Pe3yNbTaThl
MMOKa3bIBalOT APPEKTUBHOCTh MOIMHOCTH B IISITHE 3aJlaHHBIX pa3mMepoB. Ecmu
LEJIBIO J1a3epHOr0 KOMIUIEKCa SIBISIETCS CO31aHNEe MAKCUMalIbHON MOIITHOCTH Ha
OCH Ty4Ka, TO B JaHHOM Cllyyae 3HaYUTeJIbHOE MPEUMYIIECTBO OyAEeT HUMEHHO Y
CHCTEM C KOTEPEHTHBIM CJIO)KEHHEM ITYYIKOB.

3. CxeMa aKTMBHOI'0 KOT€PEHTHOI'0 CJIOKEeHHS NMYYKOB

B Hacrosmeit paboTe paccMOTpEH METOJ BOCCTaHOBIECHUs (pa3oBON MH-
¢dopmanuu 0e3 OMOPHOrO MyyKa AJISl CHCTEMbI KOTEPEHTHOTO CIOXKEHUS C aK-
TUBHOH 0OpaTHOH CB3BIO, B OCHOBE Pa0OTBHI KOTOPOTO JIGKHUT AITOPHTM
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pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)
I'epm6epra — Coakcrona [6]. JlaHHBIN anrOpUTM TO3BOJIIET BOCCTaHABIMBATH
KOMIIJICKCHBIC TTOJIAA Ha allepType JIMH3bI U B €€ (I)OKaHLHOﬁ IJIOCKOCTH 110 pac-
OpCeACIICHUAM HX MHTEHCHUBHOCTEH. CprKTypHafI CXeMa CHCTEMBI aKTHBHOM
(ha30BOIl CUHXPOHU3AIMH, UCIOJB3YIOUICH NaHHBIN aaropuTM, IMPEACTaBICHA
Ha puc. 4.

Onok Onok
(ha30BbIX OTITHYECKHX
MOJLYJISITOPOB | | ycuiuTenei
3a/1aK011IHH
reHeparop oM, oy, »
oM, ov, >
oM, o, =
| = J11
CHUCTECMa <
yIpaBleHUs
JI2

BBIYHCIIHTEBHOE
YCTPOHCTBO

MYJIBTHANEPTYPHBIH 1aT4MK BOIHOBOTO (hpoHTA

Puc. 4. CtpykTypHas cxeMa MHOTOKaHAJIBHOTO Jla3epHoro usnydarens (3I° — 3agaromuit
reHeparop; OY — onmnueckue yeumrenu; ®M — dazossie moayisitopst, I —
¢doronpuemunk, BY — BeraucnnrensHoe ycrpoiictBo, CY — cucrema ynpaBiIeHHs).

Fig. 4. Block diagram of a multichannel laser emitter (3T — master oscillator;
OV - optical amplifiers; ®M — phase modulators, ®IT — photodetector, BY — computing device,
CV — control system)

OnTuveckuil CUTHAJ OT €AMHOTO 33/1a0IIETO TeHepaTopa pa3eiseTcs Ha
N nazepubix my4koB. [locie npoxoxaenus depe3 OM0K PazoBBIX MOAYISATOPOB
U OJHOMOJIOBBIX JIa3€PHBIX YCHIIUTENIEH U3IIyueHHe pa3erseTcs Ha Ba IIyuKa.
@da3a Ha BBIXOAE KaXIOT0 U3 YCUIIMUTENICH SIBISIETCS CIIy4allHON BCIEICTBUE
Pa3IMYHBIX OINTUYCCKUX HYTeﬁ B OTACJIBHBIX JIa3€PHBIX KaHaJaxX. OcHOBHO
IIy4OK MOIAJAeT Ha BBIXOJHYIO amepTypy, a BTOpoi Qokycupyercs Ha ¢oTo-
[IPUEMHUKE, PETUCTPUPYIOLIEM M300pakeHue B (POKaIbHON MIOCKOCTH. B nan-
HOH cxeme He MPOU3BOAUTCS M3MEPEHHE MHTEHCUBHOCTH B allepTypHOM ILIOC-
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KOCTH, TaK KaKk OHO OyZeT MOCTOSHHBIM Il KOHKPETHON apXUTEKTYPBI CHUCTE-
MBI U MOXeET OBITh OTKAJIHOPOBAHO W M3MEPEHO HEMOCPEICTBEHHO JI0 Hadaja
paboTel. M3MepeHHbIe pacrpefesieHrs TTOCTYIAT B BBIYUCIUTEIIEHOE YCTPOH-
CTBO, TJI¢ B XOJIC pEaIM3alMK UTEPAI[MOHHOIO AJIFOPUTMa orpenaeisercs (ha3o-
BOC paclpesiesiCHHe, Ha OCHOBE KOTOPOro (DOPMHUPYIOTCSI YIIPABIISAIONINE CUTHA-
761 Ha (Pa30BBIC MOAYIISATOPHI TSI CHHXPOHH3AITUH JIAa3€PHBIX KAHAJIOB.

YucneHHbIM aHaIU3 TakoM CHUCTEMBI JUIsl 7-KaHAJIbHOW JIa3epHOW CUCTe-
MBI ObT TIpoBeaeH B pabore [7]. Iloka3zaHo, d4YTO WpH IICHTPAIBHO-
CUMMETPHUYHOM HAYaJIbHOM MOJYJE CXOJUMOCTh aIrOpPUTMa HE TapaHTUPOBaHA
Y 3aBUCHUT OT HadajJbHBIX yciIoBUH. [[pobieMy comyTcTByrONMX MOOOYHBIX pe-
WIEHUN MOYKHO PELIMTh BBEJICHUEM AHTUCUMMETPUYHOW aMIUIMTYJHOH MOAY-
nad. B 9TOM citydae B cucTeMy TTOMENIaeTcsl aMIUTATYTHas Macka, Kodddu-
LIMEHT MPOXOKICHIS KOTOPOH MpencTaBiieT coboil criennaibHo Mog00paHHy o
JIBYMEpHYI0 (DYHKIIMIO, HE O0JIaaoNIyI0 IEHTpalbHON cuMmMeTpueli. Peannza-
[Us 3TOr0 OTPaHUYCHHS 00ECIeYnBAET TAaPAHTUPOBAHHYIO CXOAMMOCTH aJro-
puTMa A 7-ma3epHON CHUCTEMBI. DKCIIEPUMEHTAIBHOE IMOATBEPXKICHUE pe-
3yJIbTATOB YMCIEHHOTO MOJEIMPOBAHUS JUIsl CEMUKAHAIBHOW CUCTEMBI ITPUBO-
muTcs B pabore [8].

OpHako ¢ yBeNMYeHHEM 4ucia (asupOBaHHBIX KAHAIOB aJrOPUTM HAYH-
HaeT BOaJaTh B JIOKAJbHBIC SKCTPEMYMBI WJIM TaK Ha3bIBAEMbIC CTarHAIMOHHBIC
coctosiHusA [9]. dusnyeckn oOpa3oBaHUE JIOKATBHBIX IKCTPEMYMOB CBA3aHO C
MMOMCKOM SHEPreTHYECKOro OajaHca MEXIy pa3IMYHBIMH COCTABIISIONTAMU
CHUTHaJa OMMOKH. MaTeMaTH4ecKH MOBEJICHNE ajIropuTMa B OOJIACTH JIOKAIb-
HOTO 3KCTpEeMyMa MOXeET ObITh ONMCAHO YPABHEHHEM CTAarHAIIMH, BHIBOJ KOTO-
poro npuBoauTcs B padote [10].

4. CtpaTerusi BoccTaHoBJIeHUs (pazoBoii nHGopManuu

Hannuue y anropurma ['epridepra — CIKCTOHA COCTOSIHMH CTarHaluu
WM JIOKQJIBHBIX SKCTPEMYMOB SIBISIETCSI CEPbE3HBIM OrpaHMYCHHUEM IJISl HC-
[IOJIb30BaHUSL €T0 B 3aJadye BOCCTAHOBICHUS (a30BOM HMHPOpPMALUU MYJIb-
THAIEePTYpHOTO Marynka BosHOBoro ¢poHTta (MAB®D). Cam mo cebe mocTarod-
HO TPOCTOM M OBICTPBIA, 3TOT AITOPUTM CXOOUTCS K HCTHHHOMY PEIICHHIO
TOJIBKO TIPH OTIPEIeNICHHBIX YCIOBHX. Hanmpumep, eciin HauanbHOE MPUOIIKe-
HHUe ONM3KO pacroyaraeTcss K MCKOMOMY, TP HEOOIBIIOM yHciie (hazupyeMbIx
KaHaJoB U T. I. B 9TUX yCNOBUSIX TapaHTHPOBAHHYIO CXOJUMOCTH aJITOPHTMA
MO’KHO 00€CIIEUNTh, UCIIOJIB3YS METObI ITIO0ATBHON O TUMH3ALUH.

CymecTByeT JOCTaTOYHO MHOIO IIOJXOJOB K PELICHHI0O MHOTO3KCTpe-
MAaJbHBIX 3a/1a4, OJHAKO KaKOW-TO eIMHON YCTAaHOBUBIICHCS METOIUKH UX pe-
LICHUS HE CyIIecTByeT. Ha BBIOOp ONTHMANBHOTO ISt KOHKPETHOW 3a/1a4u Me-



274 Elzeafltggics, photonics, instrumentation and communications

pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHUE H CBSI3b (2.2)
TOJa OKA3bIBAIOT BIWSHHE Pa3IMIHBIC (aKTOPHI, O0YCIOBICHHBIE CTICITH(PUKOMH
3amaun. Jns anropurma ['epmbepra — CokcToHA 3TOM CrieUGUKON SBISIETCS
OBICTPOTA U JIETKOCTH MPOBEACHHSI JIOKAJTLHOW ONTHMH3AIMHU, KOTAA OTCYTCTBY-
€T HEOOXOIUMOCTh TPYAOEMKOTIO BBIYMCIICHUS YaCTHBIX MPOU3BOIHBIX. [leii-
CTBUTENBHO, MPOCTOTA BHINOJHEHNS ONEpalyii 3aMeHbl MOYJIs o0ecreunBaeT
€My BBICOKYIO CKOPOCTH BBITIOJIHEHHUSI UTEpAIliil IPaKTUYECKH HE3aBUCHUMO OT
pa3MepHOCTH 3aiadyi. B 3TOH CBiI3M MpW KOHCTPYHPOBAHWHU TMPOLETYPHI TIIO-
0anmpHONM ONTHMH3AIMN IIEeJIeCO00pPa3HO OPHEHTHPOBATHCS HA MOIXON, OCHO-
BaHHBII HA MHOTOKPATHOM OTHICKAHHH JIOKAITFHBIX IKCTPEMYMOB U3 Pa3IMYHBIX
HAYaJbHBIX TOYEK, PACIIONOKEHHBIX CIy4YallHBIM 00pa3oM Ha BCEM MHOXECTBE
ONTUMU3ALNY, U TMOCIEAYIOIEM BBIOOpE JIy4lIero U3 HUX. AJITOPUTM TakKoro
THUIIa MOJIyYHJI Ha3BaHUE «CIydaiHbI MynsrucTapT» [11]. HecomHeHHbIM ero
JOCTOMHCTBOM, TIOMUMO CKOPOCTH BBITIOJTHEHUS WUTEPALNi, SIBISIETCS BO3MOXK-
HOCTh OJHOBPEMEHHOTO OTHICKAHMSI JIOKABHBIX AKCTPEMYMOB U3 Pa3IAUHBIX
HaYaJIbHBIX TOYEK, YTO MO3BOJIIET Pean30BaTh €ro Ha MapajuledbHBIX MpoIiec-
copax, BBHIMOJIHAIOIIMNX OJMHAKOBBIC OIEpalHd, OCHOBHAS M3 KOTOPBIX —
ObicTpoe npeoOpazoBanue Dypoe.

OpHako mpu OONBIIOM KOJMYECTBE KaHAIOB (a30BOH CHHXPOHH3ALUH
yBeJIMYeHHE KOJMYECTBa MapalyIeIbHBIX MPOILECCOPOB MPAKTUYECKH HE BIIHSET
Ha pe3ynbTar. Jaxe mpu ywcie karHamoB N = 37 IPOIEHT CXOIUMOCTH airo-
putma Bcero 50 %. Ilpum nanpHeilleM yBEIMYEHHHM KOJMYECTBA KaHAJIOB
HacTymnaeT MOMEHT, KOTJla allTOPUTM MEPEeCTaeT CXOMUTHCS U3 000 Hadab-
HO# Touku. [TosTOMY IpH GONBLIIOM KOJMYECTBE KAHAIOB HEOOXOAUMO UCIOTb-
30BaTh HEKOTOPbIC METOJIbl YMEHBIICHHS Pa3MEPHOCTH 3ajadd, Tu00 mMaTema-
TUYECKUMH METOJIaMu, JIn0o ammapaTHo. B pabore [12] Obut npemioxken Oio-
KOBBII MPUHIHUI PEAyKIMH Pa3MEPHOCTH 3a7add W MpPUBEAEH pacuer HeoOXo-
OUMOTO YHCIIa WTEepaluii UIsl OJHO3HAYHOTO BOCCTAHOBJICHHS BOJHOBOTO
(hpoHTa B cHCTEME C POU3BOJIIBHBIM YMCIOM KaHAJIOB.

Hcxons W3 BBINIEW3I0KEHHOTO, OCHOBHBIE ATAllbl CTpaTerud (Ha30BOM
PEKOHCTPYKLIMM MHOTOKAHAJIBHOTO JaTyhKa BOJHOBOTO (hpoHTa OymyT cieny-
FOLTUMHU:

1. Peayin3aniiss aHTUCUMMETPUYHOM aMILTUTYIHONW MOMIYJISIIHA IS
yCTpaHEHUS] CHMMETPUYHBIX PEIICHHUM.

2. PazneneHue cuCTeMBbl pa3MepHOCTBIO Oonee 19 xaHanoB Ha ONOKU U
CHHXPOHHU3AIINS OT/IEIBbHBIX OJIOKOB.

3. Ucnonp3oBaHre aJropuTMOB IJ100aJbHON ONTUMU3AIUH, B YaCTHOCTH
aITrOpuUTMa CITyYalHBIN MYJIBTHCTAPT.

4. Ucnionp30oBaHWe JOIMOJHUTEIFHOW alpuoOpHON WH(GOpMaIMH, OCHO-
BaHHOI Ha CBOWCTBaX CHCTEMBI, OJTHOMOIOBBIX JIA3€PHBIX UCTOYHHUKOB, UX yIIa-
KOBKE U BOCCTaHOBJICHUH TOJILKO (Da30BBIX CIBUTOB.
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OO0mrast CTpyKTypHast cxema UIi OJHO3HAYHOTO BOCCTAaHOBJICHHS (a3o-
BO#l nH(OpMAaNUK B MyITHAIEPTYPHON CUCTEME C MMPUMEHEHHEM pa3pa0oTaH-
HBIX MECTOAUK IMPCACTABJIICHA Ha PUC. 5.B PE3yabTaTe Mpu NpUMCHCHUU MPCA-
JIOKCHHOI'O0 IMoAaxoJa MOXKXHO TCOPCTUYCCKHU IapaHTHUPOBATL CXOAUMOCTH aJIr'0O-
PUTMA IIPU POU3BOJIBLHOM YHUCIIE JIA3EPHBIX KAHAJIOB.

B,

«—
L . min(d)
p—y

(poﬁu.l

min(d) ('psn

Puc. 5. O6mas apxuTekTypa MyJIbTHAIIEPTYpPHOTO AaTYHKA BOIHOBOTO (pOHTA
Ha ocHOBe anroputMa ['epiibepra — CIKCTOHA ¢ MPUMEHEHUEM IT100aIbHOTO IOHCKA.

Fig. 5. General architecture of a multi-aperture wavefront sensor
based on the Gershberg-Sexton algorithm using global search

OCHOBBIBasICh Ha JAHHBIX O CKOPOCTH COBPEMEHHBIX IPOIIECCOPOB OBICT-
poro mpeobOpazoBanusi @ypee [13], B paboTe mpou3BeqeH pacyeT MPOU3BOIU-
TEIBHOCTH JaT4uKa BOJIHOBOro (pponTa ([IB®D) Ha ocHOBE pa3pabOTaHHBIX aj-
ropuT™MoB. PacdeTt mokasaj, 4To MPOU3BOAUTEIBHOCTH COBPEMEHHBIX BBIUHUCIIH-
TENBHBIX MPOIECCOPOB MPAKTUUCCKU HE OT'PAaHUYHUBAIOT CKOPOCTH aJalTHBHOM
CHCTEMBI KOMIUICKCA, 1 OCHOBHBIM OTpaHuumBaromumM (axropoMm B JIB®D Tako-
ro THIMA SBISETCS YacToTa KaapoB marpwil ¢ortonprueMHnka. Takum obpasom,
CKOPOCThH PabOTBI CHCTEMBI KOHTPOJISI U YIPABICHUS H3JIYYCHHEM B JIa3€PHOM
KOMILJIEKCE OTpaHU4YeHa CKOPOCTHIO aJalTUBHOTO ONTUYECKOTO 3JIEMEHTA U IS
COBPEMEHHBIX THOKUX aJalTUBHBIX 3epKaJ cocTanisieT nopsaka 10 kI,

5. 3akaouenne

Takum oOpazoM, B paboTe mpoBeleH aHaIn3 PQPEKTUBHOCTH MHOTOKa-
HAJBHBIX JTa3ePHBIX cucTeM. [Toka3aHo, 4TO OCHOBHOE MPESUMYIIECTBO CUCTEM C
(ha30BOIl CHHXpPOHM3AIUEH MPOSBIACTCS MPH PACIPOCTPAHCHUH M3ITyYeHUsS Ha
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OoJpIIFie JATBHOCTH 0e3 aTMOC(EpHBIX HCKaXKeHUH. Bo BceX OCTaNBHBIX CITY-
YasX CUCTEMBI C KOTePEHTHBIM CIIOKEHHEM MTyYKOB U 0€3 HEro JAIOT MpaKTHYe-
CKU OJTMHAKOBYIO 3(p(hEeKTUBHOCT.

PaccMoTpenHblli B Hacrosinel paboTe MOJX0J K MOCTPOCHUIO JaTYhKa
BOJIHOBOTO (ppoHTa it (a30BON CHHXPOHU3ALMH OJHOMOJOBBIX M3JydaTeneit
B MYyJbTHANEPTYPHOU Jla3€pHOM CHCTEME OCHOBAaH Ha MeETOoJax 00paboTKH
n300pakeHUH, B 9aCTHOCTH, Ha anroputMme [ epmbepra — Coakcrona. Mcrmomns-
30BaHUE pa3pabOTaHHON CTpPaTeTHH BOCCTAHOBJICHHUSA (a3bl B KOMOWHAITUHM C
METO/IaMH TJI00aThbHON ONTUMHU3AIUH TTO3BOJISIET CHSITH OCHOBHOE OTPaHHUYCHHE
3TOT0 AITOPUTMA, CBA3aHHOE C OTCYTCTBHEM B OOIIEM cllydae rapaHTHPOBaH-
HOM cXOoZuMMOCTU. Bce 3T0 Aenaer NaHHBIM NOAXOJ Pa3yMHOH albTEPHATHBOU
CYLIECTBYIOIIMM B HACTOSIIEE BPeMsI METOJIaM.
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Abstract: A method for reconstructing the phase field for a multi-aperture laser system
for coherent beam combining with active feedback, based on the Gershberg—Sexton al-
gorithm, is considered. The algorithm is analyzed and it is shown that the characteristic
features of its use are the presence of stagnation states and the ambiguity of its solution.
A phase recovery strategy based on global optimization methods is proposed. Physical
modeling was carried out to restore phase information for a 7-aperture system.
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Annomayun: B cmamve nposeden cpagHumenvHulil aHaiu3 08X OCHOBHbIX CIMOXACMU-
yeckux mooenell Kanaua cesasu: mooenu Kponexepa, 0CHO8AHHOU Ha 66e0eHUU KOIDD u-
Yuenmos Koppensiyuu noOKananos, u ceomempuyeckoi mooeau 3GPP TR 38.901. Knio-
YegblM Kpumepuem 8 OYeHKe Kauecmed NpeolodCeHHbLX 8APUAHMOS8 AGTSIOCh HAULY Y-
wee COOMHOWEHUE BbIYUCTUMENbHOU IPHeKMUSHOCMU U ONUCAMENLHOU MOYHOCTU
Modenell npu ux UCHOIb308AHUU 6 3a0aye ONMUMUAYUL NAPAMENPO8 AHMEHHOU D e-
wemku. [Ipedcmagnenvl MaKCUMAaibHble 3HAYEHUsl IP2OOULECKOU NPONYCKHOU CNoco -
HOCMU KAHAIA NPU ONMUMALLHOM 6b100pe WUPUHbL OUASPAMMbL HANPAGIEHHOCHU Jile-
MEHMO8 AHMEHHOU PeUlemKU U UX TUHEHO20 PA3MEUWeHUs.
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1. BBegenue

B mamm mHU CHCTEMBI CBSI3HM 00J1aal0T BCe 0OJIee CIOKHOM CTPYKTYpOu
u opranuzanuei. Ilepexon B 007acTh BBICOKMX YacTOT 3HAMEHYET COOOU m0-
CTHIKEHHE CBEpXOOIBIINX CKOPOCTEH Mepefadd AaHHBIX 3a CYeT OOIIMPHOTO
CIEKTPANLHOTO pecypca. Takue TEeHACHIIMH MPUBOAAT K IMOCTOSHHOMY ITOUCKY
HOBBIX aNlapaTHBIX PEIICHHH, KOTOPBIC MO3BOJIAT CJIENaTh CBA3b Ooiee A dek-
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THBHOW W ycroiWumBod. OJHMM W3 HHUX SBISIETCS WCIIONB30BaHWE aHTECHHBIX
pemeTok ¢ OONBIIMM YHCIIOM AHTEHHBIX JJIEMEHTOB Ha IIPUEMHOW U Tiepeiato-
el cTopoHax. YMEHbBIIEHUE PACCTOSIHHSI MEXIy U3IydaTelsiMU MPUBOIUT K
pOCTY B3aMMHOTO BIHSHUS, YTO, B CBOIO OYepelb, MOPOXKIAET U3MEHEHHUE Xa-
PaKTEPUCTHK aHTCHHOM PEIIETKH U, KaK CIEJICTBUE, YMCHbBIIICHUE TPOMYCKHOM
criocobHocTH cucteMsl [1]. B [2] mpoaeMoHCTprUpOoBaHa CBsI3b B3AMMHOI'O BIIH-
SIHUSI C TMIPOCTPAHCTBEHHOM Koppelsiued nojkananoB B cuctemax MIMO, ko-
TOpas MpPH OMPENEICHHOM PACCTOSHUU MEXITy dJIEMEHTaMH MIPUBOANT K yBEIH-
YEHHIO CKOPOCTH Tepenadn JaHHbIX. [[puBeieHHbBIe CcTaThH OMUCHIBAIOT AP deK-
THl B3aWMHOTO BIIUSIHUS B OTCYTCTBHE OTPAaHUYEHUH, TO €CTh HPU MPOH3BOIIH-
HBIX pa3Mepax amepTypbl aHTCHHOW peuieTkd. Takoe NOMylIeHUE SBIAETCS
BeCbMa TpyOBIM JUIS peajbHOM ammapaTHON pealu3alui, B OCOOCHHOCTH Ha
CTOPOHE TOJIb30BATEILCKOT0 000pyaoBanus. B [3] npoBeneH aHaiu3 mpeeiib-
HBIX CKOPOCTEH Tepenaun NaHHBIX JJIS alTOPUTMOB JIMHEHHOTO MPEKOAMPOBa-
HUSI B YCIIOBUSX B3aMMHOTO BIIMSHUS aHTCHHBIX 3JICMEHTOB TIPH OTPaHHYCHHOMN
aneprype. [lonck MakcuManbHO 3proauvecKor IPOMYCKHOMN CITOCOOHOCTH MPH
3aJaHHBIX OTPAHUYCHUAX AJIS JUHEHHON AHTEHHOH pPELIETKH W3JI0KEH B [4].
ABTOpaMU BBIBEJICHBI aHATMTUYECKHIE BBIPAKECHHS IJIs1 IPOITYCKHOM CIIOCOOH O-
CTH TPU HU3KUX OTHOIICHUSX CUTHAJ/IIYM, & TAKXKE MOKA3aHO, YTO TIPHU OITHU-
MaJIbHBIX PAaCCTOSHUSAX MEXAY DJIEMEHTaMH IPEKOAMPOBAHHE AT HE3HAUH-
TEIbHOE YBEIUUCHUE CKOPOCTH Tepeiavun TaHHBIX.

[Ipenmnonoxenrne 0 HE3aBHCUMOCTH M OJMHAKOBOM BEPOSTHOCTHOM pac-
npeaeneHny Kod(pHUIINEHTOB Tepeadn TMOIAKAHAIOB CBSI3W TaKKe SBISETCS
BeCbMa TPYOBIM JJISl pealbHBIX YCIOBHH. MonenupoBanue B [5—7] moarsep-
JK/TaeT HEJOCTIKUMOCTh TEOPETHUECKUX 3HAYCHHI TIPOIYCKHOM CIIOCOOHOCTH,
€CIIM YUUTHIBATH B3aUMHYIO KOPPEJIAIUIO MOAKAHAIOB CBA3HU. BrnusHue Menko-
MacIITaOHBIX 3aMUpaHMil HA CKOPOCTh NepeAayn AaHHbIX B cucremax MIMO
NpHBJIEKaeT Bce OOJibllice BHUMaHHUE HccienoBarencil. B [8] mpeacraBiieHsl
BRIpOKEHUS UIST (DYHKIIMM TMPOCTPAHCTBEHHON KOPPEISAIMM TIOJKAHAJIOB B
TPEXMEPHOM TPOCTPAHCTBE. ABTOpPaMH IPOBENICH aHAN3 B3auMHOU MH(popMa-
oMd B paMkax mozienu KpoHekepa misi cpaBHEHHS pPa3IHMYHBIX aITOPHUTMOB
qrarpaMmmoo0Opa3oBaHus. BeipakeHus] B3aMMHON KOPPEISIUH TTOAKAHAJIOB B
TPEXMEPHOM TPOCTPAHCTBE JIJIS Pa3IMYHbIX KOH(PUTYypAIMii aHTEHHON PEIIeTKU
u310keHsl B [9]. B crarbe mpoaeMOHCTPUPOBAHO BIUSHUE BUAA BEPOSITHOCT-
HBIX PacHpeleNICHUI YIJIOB MPUX0Ja Ha KOPPETSIUI0 MEXKIY COCEJIHHMH aH-
TEHHBIMHU JJICMEHTaAMH.

Mopnenu kaHanoB B cucteMax cBszu ¢ MIMO mnogapaznensitorcs Ha jiBe
OCHOBHBIE KaTETOPUH: CTATUCTHYECKHE (CTOXaCTUYECKHE TN BEPOSTHOCTHBIE)
u nerepmunupoBanHsbie [ 10]. K nepBoii kaTeropuu, B CBOIO 04epe/ib, OTHOCITC S
MOJIETIM, OCHOBaHHbBIC Ha KOPPEISIUHA MOJKAHAIOB, U MOJIENH, CHOPMUPOBAH-
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HBIE HMCXOJAS W3 I€OMETPUYECKOTO OIKCAHUSA PACIPOCTPAHEHUS PaguOBOJIH.
CTpyKTypa NETEPMUHHPOBAHHBIX MOJEJEH, OCHOBAaHHBIX Ha TPACCUPOBKE Y-
yeil, 6a3upyeTrcs Ha CBOMCTBaxX 3JIEKTPOMATHUTHOTO IO U JIEMOHCTPUPYET
BBICOKYIO TOYHOCTh B OTJIMUKE OT CTATUCTHUYECKUX Mojenei. KimtoueBsiM Heg0-
CTaTKOM JICTePMUHAPOBAHHOTO MOAX0/IA SBJISETCA €r0 Ype3MepHasi CI0KHOCTD.
OddeKTrl, CBSI3aHHBIE C MPOCTPAHCTBCHHON KOPPEISAIUEH MOIKAHAIOB U
B3aMMHBIM BJIMSTHUEM aHTEHHBIX DJIEMEHTOB, OTPAXKCHBI B CTOXaCTHIECKIUX MO-
nensx kaHanoB cBs3u. Mogens 3GPP TR 38.901 ocHoBaHa Ha T€OMETPHYECKOM
NPEICTABICHUM PACCESIHUS U MEPEOTPAXKEHUS FIEKTPOMAarHuTHhIX BosH [11]. B
€€ CTPYKType COJIEPKUTCSI HA0Op TTapaMeTPOB BEPOSTHOCTHBIX paclpe/IelIeHIH,
OIKCHIBAIOIIMX MEJIKOMACINTA0OHBIC M KPYITHOMACIITAOHBIC 3aMHpAHHs, a B3a-
HMMHOE BIUSIHHUE DJICMECHTOB aHTCHHON PENICTKU HESBHO BXOAUT B MapIHaIbHbIC
JuarpaMMbl HarpaBieHHOCTU. JlaHHAs MOJENb, XOTS M OIKCHIBAET Paclpo-
CTpaHEHHE BOJH MIUIITUMETPOBOTO JIHANAa30Ha C BEICOKOM CTENEHBIO JOCTOBE P-
HOCTH, HE TTOAXOIUT IS 3a7a9 ONTHMH3AIINN U3-32 CIOKHOCTH €€ aHAJINTHYC-
CKOTO MpeJCTaBlIeHus. AJIBTEpHATUBHBIN MOJX0J OCHOBaH Ha Mojeiau Kpone-
Kepa, SBHO BKJIIOYAIOIIe B ceOs MAaTpUIBl B3aUMHOTO BIUSHUS M MPOCTPaH-
CTBEHHOU KOppessiiuu noakanainos [7], [12]. U3BecTHO, 4TO nomyuieHus, BXO-
JSIIIUE B JAaHHYIO MOJIETh, B HEKOTOPBIX CIIEHAPHUAX ACNAI0T €€ JOCTaTOYHO He-
tTouHoi [13], [14], HO IBHOE MaTPUYHOE IIPEACTABICHUE FAPAHTUPYET BHICOKYIO
CKOPOCTh BBIYMCIICHUH, YTO MOOYKIaeT HCII0JIb30BaTh Mojaeiab KpoHekepa B
3a7a9e ONTUMHU3AINN [TaPaMETPOB aHTCHHOW PEIIETKH.
OCHOBHOI LIEJIBIO CTAaThbU SIBISIETCS KAYECTBEHHOE UCCIEJOBAHUE BIMSI-
HUS TIapaMeTPOB aHTEHHOW PEIIeTKH Ha 3PTOAWYECKYIO TMPOMYCKHYIO CIOCO0-
HocTh cucteMbl CBY cBsi3u Ha OCHOBE KOMIIBIOTEPHOTO MOJEIUPOBAHUS C
MIPUMEHEHUEM JIBYX THUIIOB CTOXaCTHUYECKUX MOJIEJICH KaHalia CBSI3U U O0OOCHO-
BaHHE BO3MOXKHOCTH MpUMeHeHHs Monenu Kponekepa mis 3aiayu ONTHUMHU3a-
IIUY aHTE€HHOM CHUCTEMBL.

2. CroxacTHYeCKHe MOEe/IM KAHAJIOB CBSI3H

PaccmotpumMm cucremy, cocrosimryro u3 0a30Boi ctaHmuu u Nyg MOIB30-
BaTesel, CHaOXKEHHBIX OJIHOM mepenaromiell anteHHo. Ha mpuemHoOl cropoHe
pa3BepHyTa IUIOCKas aHTeHHas penietka ¢ Ny u N, aHTEHHBIMH DJIEMEHTaMU B
mnockocTax Oy u 0z cooTBeTcTBeHHO. B KauecTBe 11eeBoil (pyHKINHN BbIOpaHa
aproaudeckas MpoITycKHas CIIOCOOHOCTH B KaHAJE C a/ITUTUBHBIM OellbIM rayc-
COBCKHM IiyMoM [15], [16]:

C = maxe. re -y E[log{det(I + pH®H™)}], 1)

riae @ — KoBapualMOHHAash MaTpuia BXOAHbBIX cHrHaioB, N = NyN, — 4ucio
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AHTCHHBIX DJIECMEHTOB 0a30BOW CTaHIMH, p — OTHOIICHHE CUTHA/IIyM, H —
KaHanpHasg Marpuna pasmepa N X Nyg cooTBeTcTBeHHO. Mogens Kponekepa
OCHOBAHa Ha MPCAMNOJIOKCHHUU O HE3aBUCHUMOCTH KOPPCIIIIUOHHBIX (bYHKI_II/Ifl
JIBYX pa3JIMYHBIX [ap aHTEHHBIX 3JIEMEHTOB Ha NMIPUEMHON U NEPEAAIOUIEN CTO-
pore. Toraa BeipaxkeHue IS KaHAJIHHOW MaTPHUIIBI MOXET ObITh MPEJCTABICHO
CJIeIYFOIIUM 00pa3oM:
1/2 1/2
H = R;} HoRy, 2)

tx

riae Ry, u Ry — Marpuilpl B3aMMHBIX KOpPPEISUUM aHTEHHBIX 3JIEMEHTOB Ha
NIPUEMHON M NEpPENArLEll CTOPOHAX COOTBETCTBEHHO, @ AJIEMEHTHI MaTpPHIIbI
Hy — He3aBHUCHMbBIE HOPMAJIBHO pacIpeAeliCHHbIE CIy4YaiiHble BEIMYUHBI C HY-
JIEBBIM MAaTE€MAaTUYECKUM OXHUIAHUEeM U eAUHUYHON aucnepcuei. Ucxonsa us
IIPEANOIOKEHNS] O PABHOMEPHOM PACIPEEIIEHUN MOLTHOCTY CUTHAJIa Ha Iepe-
Jalomiel CTOpoHe, 3alHIleM BhIpaKeHHE MPOMYCKHOMN CIIOCOOHOCTH I pealin-
3alMU KaHaja ¢ YYETOM IPOCTPAHCTBEHHOW KOPPEIIALINH:

C = log{det(I + WS RHORIP R HY RI/H)}, 3)
rze P, — COBOKyIHas u3nydaeMas MOIIHOCTb, 0,2 — AMCHepcHs IryMa. Bemu-
YUHAMH, XapaKTEPU3YIOIMIMMHU AHTEHHYIO PELIETKY, SBISIIOTCS PacCTOSHUS
MEXIY AHTEHHBIMHU SJIEMEHTAMH WU NapaMeTpbl UX MapLUajIbHBIX AMArpaMm
HaIIPaBJICHHOCTU. B kadyecTBe MOJENU TuarpaMMbl HANpaBJICHHOCTH BhIOpaHa
caemytrormas [17], [18]:

Ap(q); 0, 0¢i1t) = Gpmax — min{_(AH (d) + Ay(8, etilt))' 20}, 4)

rie Gpmax — MaKCHMaJIbHOE YCHJICHME AHTEHHOro snemeHra B b, ¢,0 —
a3UMYT U yrojJ MeCTa COOTBETCTBEHHO. J/lMarpaMMbl HAMPaBICHHOCTH B TOPH-
30HTAJILHOM M BEPTUKAILHON MIIOCKOCTSAX OMUIIYTCS CISAYIONIMM 00pa3oM:

Ap($) = —min[12(dp/d345)? 20],
Ay (8,8¢1¢) = —min [12((6 = Bize) /034) " 20)- (5)

Martpuua R¢, cocTonT u3 (yHKUMH MPOCTPAHCTBEHHOM KOPPEISLUN MEXIY
3JIEMEHTaMU TJIOCKON MPSIMOYTOJIbHOM aHTeHHOW pemieTku. Koppemsuus mex-
Iy TIOJIb30BATENsIMU, CHAO)KEHHBIMH OJHOW aHTCHHOW, MpeHeOpeknMo Maia,
MOATOMY Jayee mpenmnonaraercs, uto R, = 1. Jlamee 3ammmem obree BhIpa-
YKeHHe ISl KOppemsauoHHon ¢pyHkw [19]:

Rtx (m' n) = IE{Um ((b: e)v;{ (q)' e)}’ (6)
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rae Uy (d,0) — OTKIMK M-ro dIeMeHTa aHTEHHOM pELIETKH Ha IMalalollyro
IUIOCKYO JIEKTPOMATHUTHYO BOJIHY:
Um(q); e) = exp{_](rm: k(q); e))}v (7)

rae I, — KOOpauHaThl M-ro sneMenta, K(¢d,0) — BoMHOBOH BekTOp, Ompeje-
JSFOLIMIA HarpaBJeHUE PacPOCTPAaHEHUsI BOJIHBI. MaTeMaTH4ecKoe OKUIaHue
B BBIDOKCHUHU (6) YCPEIHSET CilyvaliHble BEIUYMHBI Xy U Xg, BEPOITHOCTHOE

pacmpeneneHie KOTOPBIX MOXET ObITh (hakTopuzoBaHo Py »Xo (d,0) =
]P’X¢ ()P, (0), ucxons U3 MPENTNOTOKEHNS O HE3ABUCUMOCTH YTIIOB MPUXO/IA.
Torna Beipaxkenue 11st Ry, (M, n) mepenuinercs Cieayronmm o0pasom:

b1 6

R, (m,n) = |4,(,0,0.40|” exp{—j((r, — £), k(d, 0))} Py_($) Py, (6) T (¢, 0) debdo,
]

b B

rae J (b, 0) — skobuaH mepexoaa OT JEKapTOBO# CHCTEMbI KOOPIHHAT K Cde-
puueckoi. [Ins AuaroHajdbHBIX 3I€MEHTOB MaTpullbl Ry, BbIpakeHue ympo-
CTHUTCS:

$1 6

R, (i,i) = f f|Ap(¢,9,Gtilt)|ZIP’X¢(¢)IP’Xe(G)J((b,e)dq)de,Vii=1, N
¢U 90

Takum 00pa3oM, BBOIUTCS OTPaHUYCHHE, CHMBOJM3HUPYIOMIEE MOCTOSHCTBO
M3ITy9aeMOM SHEPTHH:

¢y 64

j f |4, (b, 6, etilt)|2J(¢, 0) dpdo = 4m.
bo 6o

BeposiTHOCTHOE pacmpelieieHue YIioB MPHUX0/a, KaK MPaBHIIO, OMUCHIBACTCS
3akoHoM Jlammaca [20]:

Py (x) « exp {M}, 8)

g

IZie X, — MaTeMaTH4eCcKOe OXKHJaHUEe, a 0 — CPEeTHEKBAAPaTHUECKOE OTKIIO-
HEHHUE YTJIOB MPHUX0/a; KOIPPHUIMEHT MPOMOPIUOHATEHOCTH ISl BBIPAXKCHUS
(8) MOXHO TIOJNIYIUTH W3 YCIOBHS HOPMHPOBKH C YUE€TOM HOCHTENS (DYHKITUH
IJIOTHOCTH BEPOSTHOCTEH. 3aKOH, 0TOOpaskeHHBIH B opmyie (8), ¢ BRICOKOH
TOYHOCTBIO OIMCHIBACT paclpeiesieHue yriioB Mecta. st onvcanus pacmpee-
JeHHUA a3UMYTaJbHBIX HANPABICHUH B JWTEparype LIMPOKO HCIONB3YeTCs
obepHyToe pacmpenenenue [aycca [20], [21]. Ognako, B cuily IPOCTOTHI aHa-
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JJUTHYCCKUX BBIKJIIAZOK W JOCTATOYHO TOYHOM alIpoKCUMaIu, 3a49aCTyr0 HC-
oJIb3yeTcs 3aKkoH (oH Muzeca [22—24]:

Px(x) = —————exp{k cos(x — xp)}, ©)

21()

rae lo (k) — momudunmposannas GyHkims beccens HyneBoro mopsiaka, K xa-
paKTepu3yeT IUCTIEPCHUI0, HOCUTENb GYHKINY [—TT, TT].

Takum 06pa3oM MONHOCTBIO omucaHa Mojellb KpoHekepa [uist ucciey e-
MO# CHCTEMbI CBSI3H, MOJYYCHBI SIBHBIC BBIPAXKEHHS JUIS MPOIMYCKHOM CII0CO0-
HOCTH KaHaja. B ornnume ot ommcannoi mozaenu, B Mmoaens 3GPP TR 38.901
3(peKThl MPOCTPAHCTBEHHOW KOPPEJSALMHU IMOJKAHATIOB HE BXOAAT siBHO. Ka-
HaJbHAsl MATPHIIA B CITy4ae OTCYTCTBHUS JTyda MPSMOM BUIMMOCTH OIHCHIBACTCS
CIIE/TyOIIUM 00pa3oMm:

- Z Z Z Hy 8(7 — ) + Z Hin6(z — 700),

u=1i=1 S€ER;

rae U — ollee 4uciio KIacTepoB, T, ; — BPEMEHHas 3aJiepikKa i-ro ayda U-ro
kinacrepa. Hy, ;, — KoMIuIekcHbIH K03(QUIMEHT nepenaun KaHama OoT N-if me-
penaromieil aHTeHHbI K M-My 3JIEMEHTY Ha IPUEMHOI CTOPOHE, COOTBETCTBYIO-
wmii U-My kiacrepy. B Boipaxenus wis HpyS, u HY , Bxoaut uadopmanus o
JqrarpaMMax HaIlpaBJICHHOCTH 3JIEMEHTOB aHTCHHOH PElIeTKH, WX KOOpIuHa-
TaX, MOLIHOCTSX KJIaCTEPOB, PACIIPENCNICHUN YIJIOB NMPUX0Aa, KodhpuuneHTax
Kpocc-nosigpu3anuu U T. A. Ha ocHose [25], [11] reHepupyrorcs KaHalIbHbBIE
MaTpPHUIBI U1l Pa3IUYHBIX CIIEHAPUEB PACIIONOKECHHUS TOJIb30BATENEH, YCIOBHM
OKpY>Kalollel cpebl, IMHAMHKHY TIepelaTuiKa U IPUEMHHUKA.

Croxactudeckas Moaenb kanana cesa3u 3GPP TR 38.901 chopmuposana
IIyTeM BOCIPOMU3BEICHHUS KPYHMHOMACIITAOHBIX W MEJIKOMACIITaOHBIX 3aMHupa-
Huii. [Ipy MopenMpoBaHMHM KpPyMHOMACIITAOHBIX 3aMHUpaHUM Uil Ka)IOro
TI0JIb30BaTEIIsl BIOMpACTCsS MHTEpeCyIomuii cueHapuii, Hanpumep UMa, UMi-
Street, RMa, InH-office, InF, a Takxe 3amaercs KOIMUECTBO IPUEMHBIX aHTEHH
1 BEKTOp cKopocTd. Jlanee KpaTKO OMMILIEM, YTO COOOHM IPEeACTABIAIOT Mapa-
METPBbI, OTHOCSIIIMECS K KPYITHOMACIITAOHBIM 3aMUPAHUSIM.

KiroueBpIM mapamMeTpoM KpymHOMACIITAOHBIX 3aMUPAHUN SBISIOTCS T1O-
TEpHU TMpPH PacIpPOCTPAHEHUH, KOTOPbIE B 3HAYUTEIBHOM CTENEHU 3aBUCAT OT
pPacCTOSIHHMSI MEXy TTPUEMHUKOM M rnepenaTurkoM. Moaens 3GPP TR 38.901
COJEPKUT COOTBETCTBYIOLINE BBIPAKEHUS IOTEPh Ul BCEBO3MOKHBIX CLIEHA-
pueB. Hampumep, nmpu MoAennpoBaHUM PaclpOCTPaHEHHUs] B TOPOACKOH cpene
(cuenapuit UMa) nmotepu BeIpazsATcs CIEAYIOMIMM 00pa3oM:
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PLy = 28.0 + 22log1o d3p + 201logyo f mpu 10 < dyp < dpp
PL, = 28.0 + 40log;o d3p + 2010g10 f; — 9log1o(dgp” + Ah?)
npu dgp < dyp < 5-103,

rne fo — Hecymas 4actora, dyp M d3p — PacCTOSHUS MEXTy 0a30BOH CTAaHIIH-
el ¥ MoJIB30BaTeeM Ha IUIOCKOCTU U B TIPOCTPAHCTBE COOTBETCTBEHHO, dpp —
paccrosiaue oTceuku, a Ah = hgg — hyg npu yenosusx 1.5 < hyg < 22.5 met-
poB u hgg = 25 mMeTpoB.

[Momumo moOTEph MpU PACIPOCTPAHEHHUH, 3aBUCSIIUX OT PACCTOSHHUS
MeXIy TepenaryukoM U npuemHukoM, B 3GPP TR 38.901 BBomsTcst morepu

MHOTJIOIICHUS
N

PLtw = PLppi — 101logyo z (pl- X 101_()1),

=1

rac Pani — HOTepI/I oT HeHepHeH,E[I/IKYJ'IHpHOFO najgcHus, pi — J10JIA i-FO BC-
IECTBA, L; — TIOTepH MpH TMOTJIOHICHHH i-M BeliecTBOM. [loTepu mpu morio-
ICHUU KI/ICJIOpO):[OM OITUCBIBAKOTCA CHeILYIOHII/IM O6p2130M3
a(fo)
OL, = ——(d3p + cAT)
™ 1000 ’

rae a(f.) — 4acTOTHO-3aBUCHMBINA KO3()PUIIHEHT, AT — OTHOCHTEIBHOE BPEMSI
3aJICPIKKH.

Hapsiny ¢ morepsiMu mpy paclpOCTPAHCHUU PaJMOBOJIH, K HapaMmerpam
KpyIHOMAcCIITaOHBIX 3aMHUpaHuil OTHOCHTCS M 3(eKT 3aTeHeHus. B norapu ¢-
MHYECKOM MaciuTabe OH XapaKTepH3yercsl CIy4YailHbIMU OTKJIOHEHHSMH OT
CPEJIHEerO 3HAYCHUS MOTEePh, paclpe/elICHHPIMA HOPMAJIBHO C MATEMATHIECKUM
okuganneM, paBHbiM Hym0. B 3GPP TR 38.901 koabduiieHar Koppensiun
3aTCHEHHS MPECTABISICT COOOM 3KCIOHCHIHATBHYO 3aBUCHMOCTb:

|Ax]
R(Ax) = e deor,

rae deor XapaKTepU3yercs CBoMCTBaAMH cpefpl. [l COOIIOACHHS YCIIOBHH TIPO-
CTPAaHCTBEHHOW COTJIACOBAHHOCTH CIy4aiiHble BEJIMYWHBI, CBI3aHHBIE C KIIACTe-
POM, TaKke KOPPEIUPYIOT 1O IKCIIOHEHIIMATBHOMY 3aKOHY OTHOCHUTENBHO dcqr
B TOPU30HTAIBHOMN MIOCKOCTH.

MenkoMacTaOHbIe 3aMUpaHUs XapaKTEPU3YIOTCS MMITYJIbCHOW Xapak-
TEPUCTUKON KaHajla M TCHEPUPYIOTCS 3a CUET apaMeTPOB KIIAcTepa, K KOTOPHIM
OTHOCSTCSI MOIITHOCTD, pacrpeesieHne YIIIOB MPUX0oJa M paclpeneieHne OTHO-
CUTENBHBIX BPEMEHHBIX 3aiepkek. [lapameTpsl MenkomMacTabHbIX 3aMIpPaHHH
moapo6Ho onucaHkl B[11].



AVERINA L. I. etal. Stochastic Channel Models for Antenna Array Parameters Optimization 287
ABEPUHA JI. U. u np. CToxacTuueckue MOJIENN KaHala CBA3HU B 331a4€ ONTUMH3ALMM ...

3. Pe3yabTaThl MOJIEJIMPOBAHUS

Jnst mpoBeneHHs CPaBHHUTEILHOTO aHaln3a ObLI PaccCMOTpPEH CLEeHapHUi
3GPP TR 38.901 UMa c xomuyectBoM monb3oBateneit Nyg = 100. Pacmpene-
JIeHHE T0JIb30BaTeJ el MPOIEMOHCTPHPOBAHO HA pUCYHKE 1.

- — ~
_— ~—
- —T T —
- — ) ) T .
25— 4 Basosas craHuus \v4 v T
Y Nonb3osarensckoe o6opyAoBaHne v \v4
v
20 + e v 4
v VvV
v V. vV VW
15 - v vv v v
s \v4 v W W
N o %7 % v %V v
V. v
v yv VI v v \v4 v
VYV o7, VT v v
5 - i /_/gv v W vv v vV | v Vv
_— v v ~
— v A% T
0-L— —
v =
500 T vy Wy v o 300
250 e 20
0 T 150
280 — gy O
¥, M -500 0 X, M

Puc. 1. Pacipenenenue nosip3oBaresieil B IpoCTPaHCTBE.
Fig. 1. Distribution of users in space

ArmiepTypa aHTEeHHOH perneTk 3adukcrupoBaHa u paBHa 6 X 3.64 st oceit Oy u
0z cooTBeTCTBEHHO. B criny ¢u3uuecKkux orpaHuYCHU, paccTosHIE AZ MEXITy
leMeHTaMu He MoxeT 6biTh Menbure 0.75A. Cnenoparensno, Ny € {8, ..., 20}
u N, € {4, ...,9}. CoOTBETCTBHE KOINYECTBA AHTEHHBIX 3JIEMEHTOB MX MEXKIIIE-
MEHTHBIM PacCTOSHUIM MTPHUBEIeHO B Tabmmie 1.

Tab6mn. 1. Mex»aeMeHTHBIEe pacCTOSHUS TS pa3Horo gucia N 371eMeHTOB
Table 1. Inter-element distances for different numbers N of elements

Ny |8 10 |12 |14 |16 |18 |20
Ay |0.51|0.40|0.33|0.28|0.24|0.21| 0.19
N, |4 5 6 7 8 9 —
Az |2 1.50|1.20|1 0.86|0.75| —
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[lanee mpuBemeHBI 3aBUCUMOCTH PACCUUTAHHOW IMPOITYCKHON CIIOCOOHOCTH OT
Yyycia aHTEHHBIX 31eMeHTOB Baoib oced Oy u Oz ana monenu Kponekepa u ans
peanu3aimii kKaHapHOH MaTpuibl B Mogenu 3GPP TR 38.901.

1 1"

—6— Kronecker —&— Kronecker
- 8- '3GPP TR 38.901 - 8- -3GPP TR 38.901

10 |

C, bur/ciMy
1
4
1
C, bur/c/lTy

Puc. 2. IIpomyckHast cCltoCOOHOCTH IS pa3IMYHBIX MOJIEIICH KaHalla CBS3H .
Fig. 2. Bandwidth for various communication channel models

W3 npuBeneHHBIX TpapUKOB CIEIYET, YTO 3aBUCHMOCTH MPOIYCKHOH CHoco0-
HOCTH OT YHCJIa aHTEHHBIX AJIEMEHTOB BI0JIb oceil Oy u Oz 11 MByX CTOXacTH-
YeCKUX MOJeNiell KaHajla UMEeT CXOXKYI0 CTPYKTypy. B mampHEHNmMX 3amadax
ONTHMH3AINHA TIApaMETPOB AHTEHHOW PEIIeTKH MOXKHO HCIOIB30BarTh Oolee
NPOCTYI0 C BBIYMCIMTEIBHON TOYKHM 3peHust moneiab KpoHekepa. 3HaueHU
MIPOITYCKHOM CIIOCOOHOCTH ISl ONTHMAIIBHBIX AHTEHHBIX AJIEMEHTOB, MOIYYeH-
HBIX TyTEM MaKCUMU3AINK BbIpaxeHwusl (3), OyAyT MPOMOPIHOHAIHEHBI TAKOBBIM
npu ucnonb3oBanuu Moaenu 3GPP TR 38.901.

Ha pucynke 3 npencraBieHbl 3aBUCHMOCTH TPOITYCKHOM CIIOCOOHOCTH OT
napameTpoB Gzqp U B34p M1 Mogenu Kponekepa u mogenu 3GPP TR 38.901
COOTBETCTBEHHO TpH (UKCHPOBAHHOM KOJIMYECTBE AHTEHHBIX D3JIEMEHTOB
Ny =8, N, = 4.

[IpuBeneHHBIC 3aBUCUMOCTH HILTFOCTPUPYIOT MPHHAICKHOCTH MAaKCUMY-
MOB IIPOITYCKHOM CIOCOOHOCTH JJIsi 00EMX CTOXaCTHYECKUX MOJICIICH K HHTEpBa-
nam ¢sqp € [80,90]° ans asumyra u 0345 € [15,20] mns yrioa mecra. Ha pu-
CYHK€ 4 IPOJIEMOHCTPUPOBAHbI 3aBUCHMOCTH TIPOIYCKHOM CIIOCOOHOCTH OT Ny 1
N, ipu BEIOOpE IMIMPHH UarpamMM HaIllpaBICHHOCTU G3qp = 90" u 0345 = 20°.

I/ICXOIDI H3 MPEACTABJICHHLIX PE3YJIbTATOB, MOXHO CJCJaTh Ka4YC€CTBCH-
HBIH BBIBOJ] O OJM30CTH ABYX CTOXaCTUUYECKUX Mojeneit: moaenu Kponekepa u
reomerpuieckoir mogenu 3GPP TR 38.901. IlpuBeneHHbI aHaIM3 MO3BOJSET
WCIIOJIb30BaTh MEHEE TOYHYIO NMPH BepU(HUKAINK C peallbHBIMHA JaHHBIMH, HO
Oonee ymoOHYIO C TOYKHM 3pEHHS BBIYMCIEHHH, Mojenb KpoHekepa ms manb-
HEWIIMX 337249 ONTUMH3AIMH aHTEHHON PEIIeTKH.
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Puc. 3. 3aBucuMOCTb MPOIYCKHOM CIIOCOOHOCTH OT mapaMeTpoB &34, 0345
JUIS pa3JINYHbIX MOZ[CJ'ICfI KaHalia CBs3U.
Fig. 3. Dependence of throughput on parameters &5z, 0345
for various communication channel models
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Puc. 4. IlpomyckHas cIOCOOHOCTD [T pa3IMYHBIX MOJIENICH KaHaa CBSI3U

pu Gzgp = 90" 10545 = 20°.
Fig. 4. Throughput for various communication channel models at ¢34 = 90° and 85,45 = 20

4. 3akIioueHue

IIpoBeneH cpaBHUTEIBHBIN aHAIN3 ABYX CTOXaCTUYECKUX MOJEIECH KaHa-
Ja CBS3M B MIJIITMMETPOBOM JMAna3oHe JUIMH BOJH: Mozenu KpoHekepa u reo-
MeTpudeckoit moznenu 3GPP TR 38.901. [omydeHnHble pe3yabTaThl AEMOHCTPH-
PYIOT CXOXECTh NpPEAJIOKECHHBIX BAPHAaHTOB Ha KaueCTBEHHOM YpOBHE. DTO
MOJTBEPKAACTCI MOHOTOHHOM 3aBUCHUMOCTBIO MPOMYCKHOW CIIOCOOHOCTH OT
Yrclia aHTEHHBIX AJIEMEHTOB U OJHM3KUM TIOJ0)KEHHEM MaKCHMyMOB 9TOH BellH-
YHUHBI B 3aBHCHMOCTH OT HIMPUHBI MAPIHATBHBIX AMarpaMM HarpasieHHocTH. K
JajbHEHIIeMy HalpaBICHHIO MCCIIEIOBAHUS OTHOCHTCS MOHMCK ONTHMAJIbHOTO
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pacIoNoXeHUsT aHTEHHBIX SJIEMEHTOB PEUISTKH C OTpaHWYEHHOH ameprypoi.
Bonee mpoctast ¢ TOYKM 3peHHs BBIYMCICHUHA Mopenb KpoHekepa sBisieTcs
KpaiiHe yn1oOHOH AJs1 pelieHNs BOZHUKAIOIUX 3a7a4 ONTHMHU3AINH C EIeBBIMU
($YHKOMSAMEU OOJBIIOTO YMCIIA TIEPEMEHHBIX.

baarogapuocTu

Jns BBIMIOTHEHUST YHCICHHBIX PACYeTOB B paboTe MCIOIB30BAIOCH 000pYA0BaHHE yueO-
HO-HAYYHOTO JAM3aiH-IIEHTPa IPOEKTUPOBAHHs PaanodaekTponbix cucrem CBY, TepareprioBoro
¥ ONTUYECKOTO JHANa30HOB Ha OTEYECTBEHHOH 3JEKTPOHHOH KoMmoHeHTHoH 6aze ®I'BOY BO
«BI'Y».
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Abstract: The article provides a comparative analysis of two main wireless communica-
tion channel stochastic models: the Kronecker model, which is based on subchannels cor-
relation coefficients and geometric model 3GPP TR 38.901. The main criterion of quality
was the best ratio of computational efficiency and descriptive accuracy of proposed chan-
nel models inantenna array parameters optimization. The maximum values of the ergodic
channel capacity with optimum array elements beam patterns width were presented.
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Annomauusn: Ilpeonodcen HO8blL 6apuUaAHmM MPEXCEKYUOHHOU MUKPONONOCKOBOU aH-
MeHHbl KpYenoll opmbvl ¢ yCmpoUucmeom 6030yicOeHUs Ha OCHO8e NOIOCKOGOU TUHUU.
Anmenna evinonnena uz 08yx cioes QorbeUpoSanHO20 OUINEKMPUKA U MOJicem Oblmb
U320MoGJieHa no ne4amHnoll mexnono2uu. Bepxunuii cioti na eepxmeti cmopone cooepocum
CUMMEMPUYHYIO UIYHAIOWYIO CIPYKIYPY U3 Mpex CeKyull, paz0esieHHbIX Y3KUMU 3d30-
pamu, 8 yeHmpe KOmopou 6blnoHeH Kpyanolil evipes ouamempom okono 0,05 om onunet
6oanbl. Ha nudicneli cmopone ciosi 6bIN0OIHEHO YCMPOUCmEo 8030)coenus, cocmosiyee
U3 OMpe3Ka NUMaIowe20 NOJOCKA U Mmpex OMpe3K08 NOLOCKA PA3HOU (OPMbL U WUPUHBL,
PACRONOJICEHHBIX 6 NPedelax Kpy2io2o 6bipe3d GepXHell Cmopousl. Bepxuss cmopona
HUICHE20 CI0SI OUINEKMPUKA C8OOOOHA OM (PONIbEU, A HUIICHSSL CIOPOHA NOKPBIMA (O1b-
201l HOIHOCMbIO U Upaem poib IKPAHA aHmMeHHbl U yempoticmea numanus. Pabomocno-
cobHoCMb aHmenHbl 00KA3aHA pe3yabmamamu duciennoz2o mooeruposanus 8 CAIIP
CST Studio Suite. Aumenna ¢ ommocumenvroili noioce pabouux uacmom oxono 2 %
obecneyusaem epawarOWyIocs ROIAPUIAYUIO UZTYHEeHUst NPU KOIP@uyuenme daaunmud-
nocmu He menee 0,5 6 yenogvix npedenax om 50° 0o 75° 6oxpye enasnozo HanpaeieHus
UBTYHeHUs ¢ MAKCUMATbHBIM KO duyuenmom nanpaegienno2o oeticmeust okoio 10 0b.

Knrwouesvie cnosa: mMpeXCEKYUOHHRASL MUKPONOJOCKO6AsA AHMERHKA, 8pauiarowasics nois-
puszayus Usnydenust, neiuamHuas mexHoaocusl, MOO@JZMPOGCZHM@.
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1. BBegenue

XopoIIo U3BeCTHBIE MUKPOMOJI0CKOBbIe aHTeHHBI (MITA) [1] momyummu
LIMPOKOE pacmlpocTpaHeHue Omarogaps KOHCTPYKTHBHOM MPOCTOTE: UX HM3IIY-
Yarolre CTPYKTYPHl (M3JIydaTesid) OOBIYHO BBIMIOJHSIOT Ha OCHOBE JIBYCTO-
poHHETO (HOJNBTUPOBAHHOTO JUAJIEKTPUKA, UMEIOIIET0 CPABHUTEIHLHO Malylo
TOJIIIMHY, MHOI'O MEHBIIYIO AJMHBI BOJHBI U3iyuyeHus. COOCTBEHHO, U3Iyda-
TEII0 Ha «BEepXHeM» (B HAIpaBIEHWW H3IITYYCHHs) clioe (OIBIH TPHIAIOT
OIIpelIeJICHHYI0 (OpMy, a «HIDKHHUID» clIoi (posbru, KOTOPBI MOXKET HMETh
Ipyryto Gopmy, HO Bcerja yBeIHYEHHBIE Pa3Mepbl, BBIIOIHAET POJIb SKpaHa.
YcerpoiictBo Bo30yxkaenus MIIA yaie Bcero BBIIOJHSIIOT HA OCHOBE KOAKCH-
aJBHOTO Ka0eJs, pacroyiaraeMoro JIM00 B IJIOCKOCTH W3Jydartelis, Ju0o mep-
neHauKysipHo eid. Ilo mpuniuiy aeiictBust MIIA oTHOCSATCA K IIEIEBBIM aH-
TEHHaM, TaK KaK pOJb M3ITydYaloMINX «MarHUTHBIX» TOKOB UTPaeT HaIpsHKEHHE
MEXy 9acThIO Kpasi U3JIydaTelis WIN BCEM €ro IEPUMETPOM U SKPAHOM.

[Ipennoxennsie B 2003 romy CEKUMOHUPOBAHHBIE MHUKPOIMOJIOCKOBBIC
anteHHbl (CMIIA) [2] oTnuyaloTcs TeM, YTO U3MYYaroLlylo CTPYKTYpy 00pa3y-
€T He OJWH y4YacTOK (oyibru, a 1Ba, TPH WM OoJyiee CEKUMH, pa3ieleHHBIX
CPaBHMUTEIBHO Y3KUM 3a30poM. IIpu IByX CeKIUsIX MOSBISIETCS BO3MOXHOCTh
pa3nenbHO paccMaTpuBaTh GopMy M pa3Mephl H3ITydalolle e, poib KOTO-
PO UTpaeT 3a30p MEXAY CEKIHSIMHU, U pa3Mephl aHTEHHBI, ONpeIesIonue pa-
004yt0 yacTOTy. AHTEHHBI U3 TPEX U YETHIPEX CEKIUH NPHOOPETAIOT JOIOIHH-
TEeJIbHbIE KauecTBa, B YACTHOCTH, BO3MOXHOCTb ITOJyYEHHS UIMITHYECKON U
KpPYTOBOW MOJISIPU3ALNN U3TYIECHUS.

Pa3zButne xonctpykumit CMIIA mnpuBeno x NOSABIEHHIO BapHaHTOB C
YCTPOMCTBOM NMUTAHUS Ha OCHOBE MOJOCKOBOM JIMHUM U C JOMOJHUTEIBHBIMU
LITBIPSIMH MEXIY CEeKIMSAMH W 3KpaHoM [3, 4], oJHAKO 0 CHX NOp HE pac-
CMaTPHUBAJIUCH MYTHU UCIONB30BaHUA MOAOOHBIX 3neMeHToB B CMIIA kpyro-
BOW mosspusanuu. JlaHHas paboTa MOCBAIIEHA MCCIEIOBAHUIO BO3MOXXHOCTH
peanmuzoBath CMIIA u3 Tpex cekIuii ¢ yKa3aHHBIMHU JIEMEHTaMHU.

2. Kondurypauus u npuHOMN AeHcTBUSA TpexcekunonHoiit CMITA

Bynem cuurars, yro kpyrias CMIIA (puc. 1) uMeer 3KkpaH JA0CTATOYHO
OOJBIINX Pa3MEPOB WM PACIIOIOKEHA Ha TUIOCKON METAITMYECKON MTOBEPXHO-
cTy (Ha pUCYHKE 0003HAYCHA CEPHIM IBETOM). M3iIydaromniyto CTpyKTypy oOpa-
3YIOT TPU OJMHAKOBbIC cekuuu 1, 2 u 3, pasieneHHbie HEOONBIIUMU 3a30pamMu. B
[EHTPE CTPYKTYPhI BBITOIHEH KPYTJIbIA BBIPE3 ISl pa3MEICHHS COCPEI0TOUYCH-
HBIX 37eMeHTOB. [1o cekiuu 1 mposoXeH BHEIIHUN MPOBOAHUK KOAKCHATBHOTO
kabens 4, KOTOPBIA ANEKTPUUYECKH COCIUHEH C HEl M ¢ DKPaHOM BOIW3H Kpas
CTPYKTYpbI. LleHTpalibHbIi MPOBOJHUK KaOess MOJKIYCH KO BXOAY COIJacy-
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forre-(ha3upyromero yeTpoicTBa 5, BEIXOIBI KOTOPOTO MOAKITIOYCHBI K CEKITHAIM
2ud. I[J'If[ obecneyeHus CUMMCTPHHU 110 OTUM CCKUUAM IIPOJIOKCHBI TAKUC KC
OTPEC3KU Kabeis 6 u 7, Y KOTOPBIX HCHTPAJIbHBIC IPOBOAHUKHU HC UCIIOJIB3YIOTCA,
a BHCITHUEC COCANHCHDBI C CCKIIUAMU U C SKPAHOM Y Kpasd CTPYKTYPBI.
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Puc. 1. Cxema kpyrioii TpexcexkunonHoin CMITA.
Fig. 1. Diagram of a round three-section sectional microstrip antenna (SMA)

Paccmorpum npuanmn neticteust manao CMITA.

B menTpe cTpyKTypHlI (pUC. 2) OCYIIECTBISICTCS BO30OYKIEHUE KpaeB 3a-
30pa HaIpsHKEHUSMHU MEXIy BHEIIHUM IMPOBOAHUKOM Kabens (Touka F1), BTo-
PBIM M TPETHUM BBIXOJaMH COTIIACYIOIIE-(Pa3upyOIIero ycTpoicTea (Touku F2,
F3). Pactnpenenenus HanpspkeHuid yoOHO NPEACTaBUTH B BHUJE pacIpeiese-
HUS BUPTYaJIbHBIX «MarHUTHBIX» TOKOB [ 1], TUIOTHOCTH KOTOPBIX H3MEHSIOTCS
BJOJIb 3a30pOB MEXAY CEKTOpaMH, a 3aTeM — BJOJb IIesel, 00pa30BaHHBIX
KpastMU CEKLMH U 3KpaHOM. B TOUKax KOPOTKOTr0 3aMBIKAHUSI KaXKIAOH CEKIUU C
skpaHoM S1, S2, S3 MIOTHOCTH MarHUTHBIX TOKOB PaBHBI HYJIIO, TO3TOMY 3a-
KOH M3MEHEHU MJIOTHOCTEH ATHX TOKOB COOTBETCTBYET CTOSYEH BONHE C HY-
JSIMH B TOYKaX KOPOTKOTO 3aMbIKaHMUSL.

Ecin ¢a3bl Bo30yk/IeHNS MarHUTHBIX TOKOB MEXIy mapamu Touek F1 u
F2, F2 u F3, F3 u F1 otnmyarorcs Ha 120°, TO npu OJMHAKOBBIX aMILTUTYIAX
BO30YIK/ICHHUS M3JIyUYCHHUsS STHX TOKOB Ha MPOTSHKCHHUU 3a30POB MEXKY CEKIIM-
SMUA B IJIABHOM HAIIPaBJICHUH OOPa3yIOT 3JIEKTPOMArHUTHYIO BOJIHY C KPyro-
BOM mosspuzanued. Bknam B auarpamMmy HampaBlI€HHOCTH TOKOB MEXIY
BHEITHUMH KpasMHU CEKIIMA W IKPAHOM JOJDKEH OBITh CPaBHHUTEIBHO HEOOIb-
IIMM, TaK KaK BOJIM3U 3a30POB MEXKIY CEKIUSMH TH TOKU HaIlpaBJICHBI TpaK-
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THYECKH IPOTHUBOIOJIOKHO, MMO3TOMY TPOUCXOJUT B3aUMHAS KOMIICHCAIHS
U3IYyYCHHUS, & YPOBHU HANPABICHHBIX MO-Pa3HOMY TOKOB BOJIU3U TOYEK KOPOT-
koro 3ambikanus S1, S2, S3 oTHOCcHTENBEHO MambI (CM. pucC. 2).

51

Puc. 2. Cxema pacnpefiesieHUsI MArHUTHBIX TOKOB MEXKly TOUKaMH KOPOTKOTO 3aMbIKaHUS
UL KQXKI0M mapbl CEKIUiA.

Fig. 2. Scheme of distribution of magnetic currents between short circuit points
for each pair of sections

Wrak, dasupyromasi GyHKIUS coriacyiorie-ha3upyronero ycTpoicraa
OTIpeIeNTNIIACh: TaK KaK €ro BXOJl MOJKIIOYEH K LEHTPaJbHOMY MPOBOJHHUKY
Koakcuaina, a Touka F1 Bo3OykgaeTcsi BHEIIHUM MTPOBOJHUKOM, Pa3HOCTh (a3
MEXJTy BXOJIOM UM BBIXOJIOM, MOJKIIOYCHHBIM K TOUKe F2, MOMmKHA COCTaBISATH
TOJIEKO £60°, a MEXIy BXOJOM M BBIXOJOM, IOJKIIOYCHHBIM K Touke F3 — F
60° (gepemoBaHWE 3HAKOB COOTBETCTBYET ABYM BO3MOXKHBIM HAIPaBICHUSIM
BpamieHus moist). C TOYKHM 3peHHs] TEXHHMYECKON pearu3aluyd dTO O3Hayaer,
4YTO HEO0OXOJMMBIC (a30BbIC COOTHOIICHUS MOXXHO pPEaln30BaTh JIBYMs OIU-
HOYHBIMU PEAKTUBHOCTAMU MHAYKTUBHOT'O U €MKOCTHOI'O THUIIOB.

Jna ycraHoBieHus cornacyromei (yHKIIMH yCTpPOWMCTBA PAacCMOTPHUM
XapaKkTep BXOJHOTO COMPOTUBIICHHS CEKIUH.

Kaxnpiii cexTop oOpasyeT 3HauuTenbHYH eMkocTh Cs ¢ skpaHom. Tak
KaK pa3Mepbl CEKIMA MHOTO OOJIBIIIE TOJIIIMHBI TUJICKTPHUKA, a IIUPUHA 3a30-
POB MEXKAY CEKUHUAMH HE3HAYUTCJIbHA, KPAaCBbBIMU 3(1)(1)CKTaMI/I U HaJIn4Yuem
3a30pOB MOXHO MpeHeOpeyUs U OIEHHUTH ATy BEIMYHUHY KaK €MKOCTh IIIOCKOTO
KOHJIeHCcaTopa



SLEZKIN V. G. etal. The Three-Section Microstrip Antenna... 299
CJIEBKHUH B. T u np. TpexcekunoHHas MUKPOIIOJIOCKOBAasl aHTEHHA...

_ggyma’ 1)

g
rAe a — paauyc CTPYKTYPHI;

€0 — JUAJIEKTpHUYECKAs MOCTOAHHAsSA, PaBHAs 8,85418-10*12 D/m;

€ — OTHOCUTEJIbHAS JUAJIEKTPpUUECKas MPOHUIIAEMOCTh OCHOBAHUS;

h — TommuHa ocHOBaHMS.

Panee MBI yCTaHOBWIIM, YTO KaXKJasd CEKLMSI OKPYXKEHa INEJEeBON JMHUHN
nepesavm, CoCcToAIeld U3 ABYX YYaCTKOB: INIAHAPHBIM 3a30POM MEKIY CEKI[H-
SIMH ¥ TIPOCTPAHCTBEHHOH ILIEIBIO0 MEXAY KpaeM CeKIUU U sKpaHoM. [lonoBuHa
Tako# mmeneBoil nuHun mauuHON ly (cM. puc. 2), Hampumep, oT Touku F3 mo
TOYKH S3, paboTaeT B peKUME KOPOTKOTO 3aMbIKaHHUs, CJICJOBATEIbHO, MPHU
ANEKTPUICCKOHN JTTMHE ATOr0 OTpe3Ka (C YIETOM IUAICKTPUICCKOHN MpOoHHUIIae-
MOCTH OCHOBAHWS), MCHbBIIIEH YETBEPTH ITWHBI BOJHBI A, BXOJTHOE€ COMPOTHUB-
JeHNe WMeeT WHIYKTHBHBIH Xxapaktep. EmMxocth cexnum Cs moakmroueHa ma-
paJUIeNIbHO K COOTBETCTBYIOIICH JIMHUU, TOITOMY B3aUMHAas KOMIICHCAIUS pe-
AKTHBHOCTEH BO3MOXXHA BOJIM3U YaCTOT MapauIeIbHOIO Pe30HAHCA, KOT/Ia MH-
JyKTUBHBIA BXOJIHOM MMIIEJAaHC KOPOTKO3aMKHYTOH IENE€BOW JIMHUU CTaHO-
BUTCSI JIOCTATOYHO OOJILIIMM JJIsi KOMIIEHCAIIMA €MKOCTHOTrOo mMmnenanca Cs.
DTO ycioBHE BBITIONHSAETCS Ha TeX YACTOTaxX, JJIS KOTOPBIX JIIEKTpUYECKas
JUTHHA KOPOTKO3aMKHYTOTO OTpe3Ka JIMHUK JUIHHOU ly Onu3ka K HeYeTHOMY
YHCITy Y€TBEPTEH JJIMHBI BOJIHBI A.

JInvHa KpUBOJIMHEIHOTO MyTH |y CBA3aHa ¢ paycoM CTPYKTYpHI & oue-
BUTHBIM COOTHOIIICHUEM

l, ~a(l+m/3), 2
[O03TOMY JUTsl TIPEIBAPUTEIBHON OICHKH pajiyca a MmoayduM GpopMmyiy
(2i+1

)i _ 3
a= 4ﬁ(l+n/3)’ i=0,1... 3)

B Heli QQeKTHBHYIO IUIIEKTPUUECKYIO MPOHHUIIAEMOCTh £g; MOXKHO
OIIEHMBATh, KaK IS TUTAHAPHOU IIEJIeBON JTMHIH MEXITy KpasiMu cexuwii [3].

[Ipn paccMOTpEeHHBIX YCIOBHUAX PANyC CTPYKTYPHI 8 COMZMEPUM C IITH-
HOH BOJIHBI A, a 3HAYHUT, B JCIIUMETPOBOM M CAHTUMETPOBOM JHAINa30HAaX JUTHH
BoJIH umrnenanc eMkocTu Cs (1) OyneT 3HAYMTETHLHO MEHBIIE BOJHOBOTO CO-
MPOTUBJICHHS MHTAKOIIETO Kabessi pr, 4aiie Bcero cocrapistomero 50 Om.
IIlynTHupyromee AeiiCTBUE EMKOCTH MPUBEIET K TOMY, YTO COIPOTUBIIEHUE U3-
JTy4deHHs] Ha BCEX YacTOTaX BAAJHM OT YacTOTHI pe30HAHCa OYAET TaKkkKe CyIIe-
CTBEHHO MEHBIIUM BEIUYHUHEI Pg. [ BXOJHOTO CONMPOTHBIEHUS CEKIHH Zg
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3TO COOTBETCTBYET MaJIOMy 3HAYECHHIO aKTHBHOU cocramisromeid Rs. Ha da-
CTOTE JKE MapayiebHOro pe3oHanca fo, korma uMIeraHc CyMMapHOi peakTHB-
HOCTH jXs CTAHOBUTCS PaBHBIM HYIIIO, 3HAYCHHNE aKTUBHOW COCTaBISIOMEH Rg
JIOJDKHO OBITh 3HAYUTEIILHO OOJIBIIE BEJIMYUHBI PF.
3aBUCHMOCTh BXOJHOTO COMPOTHUBICHUsI aHTeHHbI Zjn(f) oT wactorel f B
ceueHuH kades BOMM3u Touku F1 OymeT Takyke UMETh pe30HAHCHBIN XapakTep,
IpUYeM MaKCHMajJbHOE 3HAUYE€HWE aKTHBHOW COCTaBISIOmEN Ry, ocranercs
MIPEBBIMIAIOIIEM BEIMYNHY Pr. JTO O3HAYaeT, YTO BOJIM3W PEe30HAHCHOW YacTo-
ThI Ty OyayT pacmonoxensl aBe 4acToThl i u f,, Ha KOTOPBIX aKTHBHAS COCTAB-
nstomas R, cpaBHUBaeTCs ¢ BOJIHOBBIM CONPOTHBIIEHUEM Kabenst pg (puc. 3).

Puc. 3. Bux 9acTOTHOMH 3aBHCHMOCTH aKTHBHOH (CIIIOIIHAS JIMHHSA) H PEAaKTHBHOI (ITyHKTHP)
COCTaBJISIONINX BXOJHOTO CONPOTHBIICHHUS aHTEHHBL.

Fig. 3. Type of frequency dependence of the active (solid line) and reactive (dotted line)
components of the antenna input impedance

Jst 1OCTUKEHUS COIIACOBAHMSI PEAKTUBHOCTU MOYKHO CKOMIIEHCHUPO-
BaTh IIOCJIEAOBATENIBHO BKJIIOYEHHBIM COMNIACYIOIIUM 3JIEMEHTOM C PEAKTUB-
HBIM UMITEaHCOM jXy: eMKOCTHBIM Ha 4acToTe f; M MHAyKTHBHBIM Ha 4acTOTE
f,. Tak KaK 9TH 4acTOTHI OJM3KH IPYT K JIPYTy, BEIOOp THIIA DJIEMEHTA ONpee-
JSIeTCA TOJIBKO CTENEHbI0 yI00CTBa TEXHUUECKON pearn3aliy.

Urak, HaMH yCTaHOBIIEHO, YTO coracymoule-(asupyroliee ycTponcTBO
JOJKHO COAEPIKaTh TPU SJIEMEHTa C PEaKTUBHBIMHU UMIeaHCaMH (pHc. 4):

— corjacyomuil ¢ uMnenaicoM jXy, NOAKIIOUCHHBIH TEPBbIM BbIBO-
JIOM K IIeHTpaJbHOMY ITPOBOJHUKY MUTAIOIIETO Kabes;

— TEpBbI (GasuPYIOMHMA ¢ MMICIAHCOM jXpp, BKJIFOYCHHBIH MEXITY
BTOPBIM BBIBOJIOM COTJIACYIOIIETO JJIEMEHTa W KpPaeM BTOPOW CeKIMH (TOYKa
F2 na puc. 2);

— BTOpOIi (azupyronmii ¢ UIMIETaHCOM jXpc, BKIIOUYECHHBIH MEXKIy BTO-
PBIM BBIBOAOM COIJIACYIOLIETO 3JIEMEHTa M KpaeM TpeThed cexiuu (Touka F3
Ha puc. 2).
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Puc. 4. DxkBuBaneHTHas cXeMa TpeXCSKHI/IOHHOﬁ AHTCHHBI.
Fig. 4. Equivalent circuit of a three-section antenna

bnaronaps oceBoil CHMMETPUU CEKLIMI MOXKHO CUMTaTh, YTO, KOrAa aH-
TEHHa HaCTpoeHa Ha pabodyl0 4acTOTy M OOECIeueHO PAaBEHCTBO aMIUIUTY
BO30YXK/ICHUS CeKIUI MU pa3HOCTH (a3 MexAay HUMH, paBHOW 120°, BXOAHBIE
COTIPOTHBIICHUS CEKIMA Z, UMEIOIIHe KaK aKTUBHYIO R, Tak n peakTtuBHyIO X
COCTABJISIIOIINE PABHBI, IPYT APYTY.

Z=R+jX, 4)

Ha skBuBaneHTHO# cxeme (cM. puc. 4) Touka F sBisiercst oOuiei, ona co-
OTBETCTBYET KPaHy CTPYKTYPHI, a TOUKOH A 0003HAYCH Kpaii IEPBOH CEKIUU y
LIEHTpa CTPYKTYPHI, TJIe 3aKaHYUBACTCS BHEIIHWH MPOBOJHUK Kabens. Mexmy
ToukaMu F u A HaXOaUTCS BXOTHOE COTMPOTUBIICHUE IEPBOI CEKITNU, paBHOE Z.
Touka B oroOpaxaer xKoHEN IEHTPAJIHHOTO MPOBOJHUKA KaOels, K KOTOPOMY
MOJIKJIIOYEH COMIACYIOIIUI peakTuBHBIN 3meMeHT jXy. Toukoit C o0o3HaueH
BTOPOH BBIBOJ 3TOTO 3JI€MEHTa, K KOTOPOMY TMOAKIIOUeHBI (ha3upyrolme peax-
THBHBIE DJIEMEHTHI jXpp M jXpe. BTOpBIE BBIBOABI Ka)moro u3 (hasHpyrOMHX
a5IeMeHTOB B Toukax D n E moakimodeHs! kK KpasM COOTBETCTBYIOMINX CEKITUH C
BXOJHBIMHU COIIPOTUBIICHUSAMHU, PABHBIMH Z, BOJIM3H IIEHTPA CTPYKTYPHL

O003HaYNM TOKH, IPOTEKAIOIINE TT0 CEKIUAM Kak la, Ip u I (M. puc. 4), a
UX YCJIOBHO-TIOJIOKHUTEIIbHBIE HApaBIeHHUs BEIOEPEM, CUNUTAS TIOJOKUTEIEHBIM
3HaUYe€HHE MTHOBEHHOI'O HalpspKeHHA B Touke B M, coOTBETCTBEHHO, OTpHIa-
TenbHBIM — BTOUKe A. CortacHO Halei cxeme, Tok | paBeH cymme TokoB Ip m g

=1+,

nporekaromux yepes Touku C u D, cooTBeTCTBEHHO.

PaccMoTpuM yci0BUs, TIpH KOTOPBIX aMILTUTYIbI TOKOB |p u g onguHa-
KOBBI, a UX (a3sl oTauyaroTcst Ha 120°. Tak kak Ha BBIOJHEHHUE STHX yCIOBUH
COTJIACYIOIIMI DJIEMEHT HE BIMSAET, MPHUPABHIEM €Tr0 WMIIEHAHC jXy K HYIIO.
CormacHo 3akony Owma, mpou3BeaeHHS TOKOB |p U |g Ha moTHBIE cCompoTHBITE-
HUS TapaJIeNIbHBIX BETBEH AIIEKTPUYECKON Ienu paBHBI HampshkeHnio Uc B
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touke C, a 3HAYMT, CIPaBEIMBO PABEHCTBO, KOTOPOE ¢ y4eToM (4) MOKeM
3amucaTh B BUJIC

o (iXpp +R+JX) =g (JXpe +R+JX),
OTKYJda Ji OTHOLICHHUA TOKOB IMOJTy4YUM
Iy R+j(XPE+X).
l. R+j(Xpp+X)

Kax mBecTHO, paBeHCTBO MOYJIeH KOMIUIEKCHBIX YHCEN 00ecreunBaeT-
Csl, €CITU ATH YHUCJNA SBISAIOTCS KOMILIEKCHO-COMPSKEHHBIMH, T. €. €CIH UX ap-
TYMEHTHI UIMEIOT TIPOTHBOIIONIOKHBIE 3HAKU

)

Arg(1,)=—Arg(l.). (6)
B Hamewm cirydae, KpoMe TOro, OHH JIOJIKHBI OTJIMYaThest Ha 120°
Arg(1,)—Arg(l.)=120°. )
Ionctasus B (7) ycnosue (6), moIyqyum
Arg(1,)—[-Arg(l,)]=120°,
OTKyZa CIeIyeT
120° o
Arg(l,)= =60°; -

Arg(l.)=-Arg(l,)=-60°.

ApPryMeHT KOMIUJIEKCHOM BEIMYUHEI TOKa lp ompesensercs AByMs peax-
THUBHBIMHM UMIICIAHCAMU: CEKIIUU U (Pa3UPYIOIIETO IEMEHTa

X+ Xpp

Arg(1,)=arctg )

Tak kak TaHT€HC — MOHOTOHHAsI QYHKIHS B TpeaeNiaX CBOEH TIaBHOU
BeTBHU, BMeCTO (9) MOXKeM 3amrcaTh SKBUBAJICHTHOE COOTHOIIIEHUE

tg [Arg ] _ X+ Ko +RX PD

C yuerom (8), ucnosip3yst TaOJUYHOE 3HAYCHUC
tg(60°)=+/3,

MoxkeM u3 (10) moxyuwnth TpeOoBaHWE K BEIUYHHE HMMITeaHCa Xpp MEPBOTO
(a3upyromero meMeHTa

(10)
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X+ X 73
R =3, (11)

X5 = V3R - X.
AHaJIOTHYHEIM 00pa30oM HaiieM BEeTWUYNHY UMIleAaHca Xpg BTOpou (da-
3UpYIOIIEN PeaKTUBHOCTHU

o[ Arg(1)]= "2

tg(~60°) = —/3; (12)
K+ Xpe —_3:

R )
X e =—J3R - X.

Ionusie conporuieHus BetBeir C-D-F u C-E-F — Benuuunsr Zp u Zg,
COOTBETCTBEHHO, BLIPA3HM C YIETOM ITONYYEHHBIX COOTHOMIEHHIA

ZD:R+j(X+XPD):R+j<X +J§R-X)=R+N§R; -

Zg =R+ j(X +Xpe) =R+ j(X —VBR-X)=R- 3R

Tak Kak 3TH CONPOTHBICHHUS COSANHEHBI MEXIy co00W MmapajienbHo, a
¢ comportuBieHueM BeTBH A-F, KoTopoe paBHO Z, TOCIEIOBATEIbHO, IS
BXOZHOTO CONPOTHUBICHUS MEXY ToukaMu A u B Zjp npu HyneBoil BenuunHe
jXm TOTyYrM BEIpaKEHHE

R+ j\V3R)(R—-j\3R
Z,nO:ZJrZD”ZE:ZJr—ZDZE :R+jX+( : )( : )= 1
Z +2Z, R+j/3R+R-j3R  (14)
2 2
“Rejx + SR aplix
2R

Takum 00pa3oM, BXOAHOE COIPOTHBIICHHE AHTECHHBI B I[EJIOM IMONIYYH-
JIOCh KOMIUIEKCHBIM. Ero peakTUBHYIO COCTABIISIIOILYIO MOXHO CKOMIIEHCHPO-
BaTh, IPUMEHHB COIJIACYIOIIUNA 3JIEMEHT C UMIEAAHCOM TAaKOM K€ BEJIHMYUHBI,
HO IPOTHUBOIOJIOKHOTO 3HAKa

Xy =-iX. (15)

st cormacoBaHus OCTaBLICICS aKTUBHOM COCTaBJISIONICH BXOJAHOIO CO-
nporuBieHus (14) ¢ BOJHOBBIM COMPOTUBICHHEM Quiepa pr TpedyeTcst odec-
MEYNUTh UX PABEHCTBO
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pe =3R, (16)
OTKyZa mofyyaeM TpeOyeMyro BeIMYHHY aKTHBHOM COCTaBIISFOLICH
R=Pe. (17)
3

[IpuBenennsie coornomenus (11, 12, 15, 17) BepHBI 151 OKOHYATEIHHO-
ro pe3yiabTaTa HACTOWKM aHTEHHBI, HO HE YYUTHIBAIOT TOT (PAaKT, 4TO B peak-
TUBHBIA HUMIEIAHC KKIOW CEKIMU X BHOCST BKJIAJ PacIpeicsiCHHBIE COMpPO-
THUBIICHHSI IEJIEBBIX JTUHUN MEXKIY COCCTHUMHU KpasMH CEKIUH U MEXKIY HX
BHEIIHUMH KpasMHu W 3KpaHoM. [IpOCTBIX METOIMK ydeTa STOTO BIUSHUS HE
CYIIECTBYET, a JOMOJHUTEIHHYIO CIOKHOCTD IMPEJICTABISICT MPAKTHIECKas pe-
aJau3anusl PACCMOTPEHHBIX PEAKTUBHBIX 3JIEMEHTOB, TO3TOMY OKOHYATEJIbHBIN
BBIOOp KOH(UTYpaIluu U pa3MEpOB aHTCHHBI JAHHOTO THIA MOXET ObITh BBI-
IIOJIHEH 110 pe3yjibTaTaM (PU3MUECKOTO HIIM YUCIICHHOTO SKCIIEPHUMEHTA.

3. lloaxox K NpaKTHYECKOH peaju3alui U MOJeJIMPOBaHue
Tpexceknuonnoii CMITA

CyI11eCTBEHHBIM HEIO0CTATKOM PacCMOTPEHHOU KOH(UTYpaIMK TP EXCeK-
nuonHoit CMIITA sBisieTcsl HaTM4IME OTPE3KOB KOAKCHATBHOTO Kabes: OJHOTO
— TUTAIOMIETO, IByX OCTAIBHBIX — JOOABJICHHBIX JUII CHMMETPUHU, HO HE HC-
MOJIb3YEeMBIX Kak ¢uaepbl. Tak Kak 3TH OTPE3KH MPOJIOKEHBI MMOBEPX CEKITHH,
AHTCHHA B IIEJIOM MEePecTaeT ObITh TUIOCKOH, YTO JUIA psiia MPAKTUICCKUX MPHU-
JO)KEHWA HexenaTenapbHo. Kpome Toro, MOBBIMIAECTCS MAaTEpHUATIOEMKOCTh aH-
TEHHBI ¥ CHUKAETCS TEXHOJIOTHYHOCTh €€ MPOU3BOJICTBA.

[ns ycTpaHeHUsl 3TUX HEOCTaTKOB mpeanaraercs, kak u B CMIIA u3
JBYX CeKIMU [3], 3aMEHHUTHh OTPE30K MUTAIOIICTO Kaleiss OTPEe3KOM CHUMMET-
puuHoii monockoBoit muuuer (IUI): Gmarogaps 3HaYMTENHHON MIMPUHE U JIEK-
TPUYIECKOMY KOHTAKTy C 3KPaHOM aHTCHHBI («HWXHUM» dkpanoM IUI) omgma
CEKITHSI MOXKET CITy)KUTh «BepxXHUM» 3kpaHom I1JI. B pabote [3] mokazaHo, 9TO
ITOJIOCOK 3TOH JIMHWW HE HapyIIaeT KOH(QHUTYpAIUI0 CaMOW CEKITMH KaK H3ITy-
YaTels, TO3TOMY CUMMETPHUS CTPYKTYPBI COXpaHHUTCS 0e3 KakuxX-1ubo JOmoi-
HUTEJIbHBIX SJIEMEHTOB.

PeakTuBHBIC 3JIEMEHTHI CcOTJIacyrolie-(ha3upyroIIEro yCTPOMCTBA HAMU
paccMaTpUBaINCh KaK COCPENOTOYCHHBIC, OJHAKO MPHU TMOJOCKOBOM IMUTAHUU
1esaecoodpa3Ho M 3TH AJIEMEHTHl peajrn30BaTh HA MOJOCKOBOW MM MHKPOIIO-
nmockoBor nmHWH. [lpn pasmepax IMOIOCKOBBIX 31eMeHTOB He Oomee 0,03 ot
JUTMHBI BOJIHBI [S] MX MapaMeTpbl MPaKTUYECKU HE OTJIMYAIOTCS OT COCPEHOTO-
YEHHBIX. JJaHHOE OTrpaHUYEHHUE HE SIBISICTCS JKECTKUM, MOTOMY B MCCICIOBaH-
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HBIX MOJIEJIIX AJIsI [MaMeTpa KPYIJIOHW IUIOLIAJKH IOl 3TU JIEMEHTHI ObUI B3AT
pasmep, paBHbIid 0,05 OT ATMHBI BOJHBI A.

MonenmupoBanue BeimonHsuock cpeacrsamu CAITP CST Studio Suite [6] B
niosioce yactot ot 1000 mo 3000 MI'1; ipu pacuerHoi padoueii yacrore 2000 MI 11,

Tak kak ObIJIO 3apaHee M3BECTHO, YTO HAIM MPEABAPUTEIBLHBIC OLIEHKH
OCHOBHBIE Pa3MEpOB SBISIOTCS JOBOJIBHO MPUOIM3UTENBHBIMU, B TIEPBOM MO-
nenu TpexcekmuonHoit CMITA mpuMeHsIToch BO30YKICHUE TUCKPETHBIM IO P-
TOM C BHYTpeHHUM comnpoTuBieHueM 50 OM u cocperoTOYEHHBIE MOCIea0Ba-
tenbHble RLC-3meMeHTsL.

B pesynprare cepuu OLEHOYHBIX pacdyeToB OBIJIO YCTAHOBIIEHO, YTO pe-
aJbHAasl YaCTOTHAsI 3aBUCHUMOCTh PEaKTHUBHOW COCTABIIAIOUIEH BXOJHOTO COIPO-
THBIICHHSI, B OTJINYME OT WJICATM3UPOBAHHON (CM. pHC. 3) MMEEeT pa3HbIC Mak-
CHMaJIbHbl€ 3HaUCHMs BOJIM3M PE30HAHCA, BCJIEICTBUE YEr0 TEXHMUYECKas pea-
AU3alMsl BCEX TPEX AIEMEHTOB IPOIIe MPU MHIYKTUBHOM XapaKTepe X peak-
tuBHOCTH. CooTtHomreHus (11, 12) Takoit BO3MOXHOCTH He IpoTHBOpedar. Jeil-
CTBUTEIILHO, €CJIM Ha 4acToTte f,, KOraa akTUBHAsI COCTABISIOLIAs CONPOTHBIIC-
HUS paBHA Pg, PEAKTUBHBIM €MKOCTHOW MMIIEAAHC OAHOM CeKIIMU X MpeBbIIIaeT

BEJTHUUHY \/§R , TO (pasupyromre MeMEeHTHI TOJDKHBI OyIyT UMETh HHIYKTHB-
HbIE€ UMIIEJAHCHI, OTJINYAIOLINECS 110 BEJIUYUHE.

Jnist HarJsiAHOCTH BBITIOJTHUM KOJMYECTBEHHBIE OLICHKU. | paHn4HOE 3Ha-
YeHHE MMIIeIaHCa CEKIMHU Xg BBIPAa3HM 4Yepe3 BOJIHOBOE CONMPOTHBIICHUE (ume-
pa pr yuetoM cooTHOwmeHHs (17)

Xy =\BR=+3EE_Pc. (18)
3 3
Urak, rpannuHOoe 3HaueHUe Xg MEHBIIE BOJHOBOTO CONPOTHBICHHS (hu-
nepa pr. g nmpuMepa Bo3bMEM €MKOCTHOW HMIIEIAHC CEKLHH PaBHBIM YIBO-
€HHOMY 3Ha4eHHIO pr pu S0-oMHOM dunepe, Torna uz (11, 12, 15) momyunm

Xpe =—Xg - X =—PE (25 )=-Y 1 550~ 30+100=70On;

g 5

Xop = Xo ~X =PE (2p.)=2 2.50~30+100=130 Ow;

3 B
X,y ==X =—(~2p; )=2-50=100 Om.

HOJ’Iy‘IeHHLIe OILICHKH ITOACKAa3bIBAIOT TaKOM MMOPAIOK MOJACIMPOBAHUA:

— BHayaje OMNpEeJeNUTh MPUOIH3UTEIFHOE 3HAUYCHUE €MKOCTHOTO HM-
mejaHca Moaed X Ha YacTOTe BO3MOXHOTO cornacosanus f, (em. puc. 3) u
3a/1aTh paBHOE €My 3HaUCHUE HHyKTUBHOTO UMITeaHCca Xy;

(19)
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— 33/1aBaTh HAYaJbHBIC 3HAYEHUS MHAYKTUBHBIX UMITETaHCOB Xpg U Xpp,
OTIIMYAIOIUMHUCS OT UMIIeIaHca Xy «BBEPX» M «BHH3» MpHOIHM3UTENsHO Ha 30
Owm (19);

— B TPOIECCE «HACTPOWKUY» MOJICIA OTJCIBHO IMOAOUPATH BEIUYUHY
UMIIEJaHCa COTJIACYIOMIETo 3eMeHTa Xy, a JUIsl MMIEAaHCOB (ha3HpYIOIIUX
AJIEMEHTOB — OJMHAKOBBIC 110 MOJYIIIO 3HAYCHUS CMEMICHUS Xpg U Xpp OTHO-
CUTENBHO 3HAYEHUS Xp.

Briny BBITTOTHEHBI MCCIIEIOBAHUS IS paagnyca CTpyKTypH a (3), 61amu3ko-
ro K ¥ amuHbl BomHB! (I = 1), Kak MPeACTaBISIONEr0 HANOOIBIINI MPaKTHYC-
ckuit uatepec [3]. Pe3ynbraThl OATBEpAUIN MPABUIBHOCTh OMMCAHHOTO TOJ-
X0J/1a, YTO TPOSBHIIOCH B CPaBHUTEIBHO HEOOJBIIOM YHCIE IIAroB, MOHAI0-
OMBILIUXCS IS JOCTHIKCHHS IIPUEMJIEMBIX Pe3YJIbTaToB.

Ha cnenyromem stane momenanpoBaHusl ObLT BBITIONHEH Pl MOAM(HKa-
Ui Mozelm ¢ Bo3OyxaerueM depe3 I1J] u momaroBoil 3aMeHOW AHCKPETHBIX
RLC-anemenToB Ha orpe3ku [l ¢ pa3nuyHbIM HHAYKTHBHBIM HMITEIAHCOM, YTO
JIOCTUTAIOCH TIOJ00POM IMUPHHBI OTPE3KOB U UX (POPMBI: OT MPSAMBIX A0 H30-
THYTHIX 1O (hopMe «MeaHzapa» ¢ Pa3InYHBIM YUCIOM W3THOOB. OTH OTPE3KH
ObUIH BBIMOJIHEHBI Ha HIWKHEW CTOPOHE M3JIydYarolled CTPYKTYphI, & UX BHEIII-
HUE KOHIIBI COSTUHSIINCH C CEKITUSIMHU Yepe3 METaJUTMUECKHE MTHIPH (puC. 5).

Puc. 5. Cxema TOmonoruu HEeHTpaibHONW 4acTU CpeiHero cios TpexdieMeHTHoi CMITA.
Fig. 5. Topology diagram of the central part of the middle layer of a three-element SMA

B pesynbrate MomenupoBaHuUsl yAajnoch AOOUTHCS CIEIYIOMIMX 3JIEK-
TPUUYECKUX XapaKTEPUCTHUK.

OTtHocuTenbHas nojioca padounx 4actoT 1o ypoeuro KCB 2,0 cocra-
BuiIa okoio 2 % mpu HawrtydmeM 3HaueHuu KCB Ha cpeaneit wactore 2000
MI 1, 6mm3kum K 1,1,

HanpasneHHble ¥ MOJIIpU3aLlMOHHBIE CBOIICTBa MOJENN OLIEHUBAINCH
10 CEYCHHSIM HEHOPMHPOBAaHHBIX JUarpaMM HanpasieHHOCTH F(0) mis yrios ¢,
paBHBIX HymO U 180° (COOTBETCTBYET OCH X, BAOJIb KOTOPOW MPOJIOKEH IOJIO-
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cok IUI) m 90° — 270°, B KadecTBe KOTOPHIX BHIOMPATUCH YTIIOBAs 3aBHCH-
MocTh abcomorHoro 3Hadenuss KHJ u 3aBucumoctrn KHJI st mpaBoii u eBoit
KpYTOBBIX MoJsipusanuii (puc. 6).

a) 0)
F8). 16 ¢

KH/T no npaBoit KH/I 1o sieBoit
KPYTOBOH MOJSIPU3aLIUI KPYTOBOH IOJSIPH3ALHH

Puc. 6. CeueHnss HCHOPMUPOBAHHBIX AMArpaMM HAIIPAaBJIEHHOCTU IS YIJIa (), PAaBHOTO HYJIIO (a)
u paBHoro 90° (0).

Fig. 6. Sections of non-standardized radiation patterns for angle ¢ equal to zero (a)
and equal to 90° (6)

MakcumansHoe 3HadeHre KH/] okazanock 0mmskum k 9,5 nb. Kak u cieno-
BaJI0 OXKUJATh, JIJIS CEYCHHS, MMPOXOAIICTO Yepe3 3a30p MEXKIy CEKIUSMH (CM.
puc. 6 a), imarpaMMBbl MOJTYYHIIUCh MEHEE CUMMETPHYHBIME (00Jiee pe3Koe crajia-
HUE B CTOPOHY 3a30pa), YeM JJIs1 IEPIICHIUKYJIIPHOTO eMy cedeHus (M. puc. 6 0).

OnvcaHHbIe Pe3yNbTaThl JJIsl HATJISHOCTH OBLTU MEPECUYUTAHbI B yIIIO-
BbI€ 3aBUCUMOCTH K03 duiinenTa ammuntudHocTa Ke (puc. 7).

K.A(8)

Puc. 7. CeueHus yriaoBbIX 3aBHCHMOCTEH KOA(PGUIIMEHTA SITIMOTHYHOCTH IS yTia @,
paBHoro Hy0 (a) 1 paBHOro 90° (6).

Fig. 7. Sections of angular dependences of the ellipticity coefficient for an angle ¢
equal to zero (a) and equal to 90° (b)

BugHo, 4TO B 3HAUMTENBHBIX YTJIOBBIX Ipejaeiax MpeodiiagaeT mpasas
KpyroBas noJispu3aius. B Hauxynamiem ciaydae (cM. puc. 7 0) OHa IEPEXOTUT B
JTUHEWHYIO0 U JIeByI0 (OTpHUIIaTeIbHBIC 3HaUYeHUS KOA((UIIMEHTa SIIIUITHYHO-
CTH) 3a MpeJIeaMH «BOPOHKH» 110 YTty 6 okoso 60°.
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4. 3akJIrouenue

[Ipemoxxen BapuaHT peammsaiuu TpexcekunoHHoit CMIIA ¢ yctpoii-
CTBOM BO30YKJICHHUS HA OCHOBE IOJIOCKOBOM JIMHUH, COEPIKAIICH COTacyrole-
(hazupyromee yCTpOHCTBO U3 TPEX OTPE3KOB IMOJIOCKOB pa3HOM (HOPMBI M pa3HBIX
pasmepoB. OrmmicaHa peKOMeHIyeMas METOJUKa MPOEKTUPOBAHUS AHTEHHBI,
BKJTFOYatomas moaeauposanue B cpene CAIIP CST Studio Suite ¢ BeimosHeHHEM
HECKOJIbKMX MOJIETICH: Ha4aJIbHOM C TUCKPETHBIM IIOPTOM BO30YKIIEHUS U COCpe-
JIOTOYCHHBIMU PEAKTUBHBIMHU JIEMEHTAMH, pAa MPOMEXKYTOUHBIX U OKOHYa-
TEJIbHOM C MOIIaroBOM 3aMEHOM MOpTa U COCPEIOTOUEHHBIX DIIEMEHTOB.

B pesynbpTate MogenupoBaHus TOKa3aHo, 4TO JaHHbi Bapuant CMIIA, B
KOTOPOM OTCYTCTBYIOT HETNIOCKHE DJIEMEHTHI, MOXKET MPEACTABIATE MPaKTHIE-
CKHIf MHTEPEC B TEX CIydasX, KOT/a Y3KOMOJOCHAs aHTeHHA C AIUTHITHYECKOH
MOJIIpU3aluel U3IyYeHUss 1 MUHUMAJIBHBIMHA Ta0apUTaMHU 10 BBICOTE JIOJDKHA
pacmoaraTbCsi Ha METaJUTHYECKOM MMOBEPXHOCTH OOJIBIITNX Ta0apUTOB.
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Abstract: Proposed below is a new version of a three-sectioned circular shaped mi-
crostrip antenna with a microstrip line feed device. The antenna is based on two layers
of foil-clad dielectric material and can be manufactured using printing technology. The
upper layer at its upper side performs symmetric radiating structure having three sec-
tions separated by narrow gaps with a circular cutout at the center of the structure hav-
ing a diameter of about 0.05 times the wavelength. The bottom side of this layer holds
the microstrip excitation device that contains of feed line cut and three another mi-
crostrip feed line cuts of different shapes and widths located at the limits of the upper
circular cutout of structure. The lower layer upper side is free from a foil but the bottom
one is fully covered by foil to perform a screen for the antenna and feeding device. The
operability of this with rotating polarization of radiation circularly polarized antenna in
the relative bandwidth about 2% with a directivity of about 10 dB and elliptic factor of
not less 0.5 within 50° to 75° around the main direction of radiation is proved by the
results of numerical modeling preformed using CST Studio Suite CAD system.
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Annomayusn: Ilpedcmasnenvi pesyromamel pazpabomKu cmecumensi a8MOOUHHO2O
muna Ha 06veMHOU NOYNPOBOOHUKOBOU CIMPYKIMYPE 8 YCI0BUSIX 8030€UCMBUSL CUTbHBIX
NOCMOSIHHBIX INEKMPUYECKUX U MACHUMHBIX noael. B pabome Ha ocHose npoeedénnozo
ananuza nogedenusi Hocumeinel 3apsiod 8 YCI0GUsX GIUSHUSL CUTbHbIX OPMO2OHATLHO -
OPUEHMUPOBAHHBIX INEKMPUYECKUX U MASHUNHBIX ROl OOKA3AHA 803MOJICHOCHL CO-
30aHUsL ABMOOUHHO20 NPEodPA308AMENISL U NPEOTOACEHbL IKGUSWLEHMHAS, CIPYKIYPHAS
cxema mako2o cmecumens u e20 KOHCMpPYKMUGHAs pearu3ayusl.

Knrouesvie cnosa: maznummnoe none, cmecumens asmMoOUHHO20 MUNA, HANPSAICEHHOCHb
INEKMPUYECKO20 MO, UHOYKYUS MASHUMHO20 NOs, dhpekmuenas macca, nepemoc
Hocumenel 3apso0d, K8A3UUMNYIbC, KUHEMUYECKAsl dHEpeUus 20pauux 3J1eKmpoHo8, 2 ¢h-
exm Tanna, nonynposoonuru muna A"B.
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1. Beegenue

B ocHoBe mpeoOpa3oBaTeNbHBIX YCTPOUCTB (K YHCITY KOTOPBIX OTHOCSATCS
U CMECUTEII) MUKPOBOJIHOBOTO JHara3oHa JexaT o0bEMHBIE d((hEeKTH, UTrpa-
OLIYI0 OOJIBIIYIO POJIb B Pa3pabOTKEe COBPEMEHHBIX PUOOPOB U yCTPONUCTB.

Ilpn Takux wccienoBaHMAX HauOonbliee ym0OCTBO HPEACTABISIOT de-
HOMEHOJIOTHYECKHE METOJIbI pacueTa [1], B OCHOBE KOTOPBIX JIEKAT KHMHETHYE-
CKHE ypaBHEHUS, OTMCHIBAIONINE ITOBEJICHIE HOCUTENEH ¢ yueroM ux napeiido-
BbIX U U Py3nOHHBIX 0COOCHHOCTEH.

B nacrosmeit pabore Ha 0OCHOBE Takoro (peHOMEHOIOTHYECKOTO TIOX0/a,
a TaKxe 0coOCHHOCTe! moBeleHMs YPPEKTUBHON MacChl TOPSYUX HOCHUTEICH,
IIPUBEJICHO TEOPETHIECKOE JOKA3aTeNbCTBO, IPOBEICH aHAJIM3 OBEACHNUS IIJIOT-
HOCTH BBIXOJJHOTO TOKa MOJTYIPOBOAHUKOBOIO OOBEMHOTO 3JIEMEHTa, KOTOPHIH B
YCIJIOBUSIX OJJTHOBPEMEHHOI'O BO3/ICHCTBUS MOCTOSIHHBIX U MIEPEMEHHBIX AIEKTPH-
YeCKHUX W MArHUTHBIX MOJIEH MOJXKET SIBISITHCS HEMHEWHBIM 3JIEMEHTOM, TIpe]-
CTaBIISIOIIUM Pab0OYyI0 4acTh CMECHUTENS, Y KOTOPOro aBTOAWHHBII reHepaTop
OyZeT MHAYyIHPOBATHCS 32 CYET BO3JCHCTBHS BHEIIHET'O MAaTHUTHOTO MOJISL.

OTa MarHMToymnpasisiemas TOMyNnpoBOAHUKOBas cTpykTypa (MVYIIC),
KoTopast OyZeT ompelefieHa KaK AaKTUBHBIH 3JIEMEHT CMECHTEIBHOTO Y3Ia,
BKJIIOUEHA B BOJIHOBOAHYIO KOHCTPYKLHUIO, IPUBEJCHHYIO B HACTOAIIEH padoTe.

2. Y4éTt 3Hepro3zaBucuMocTH 3¢ peKTHBHOI Macchbl TOPSTYMX HOCHTE el
B 00béMe mosrynpoBoauKos Tuma A'''BY

st yaeTa HeIMHEWHBIX CBOWCTB 00beMa MOIyTPOBOAHUKOB MTPUMEHSIIOT
YpaBHEHHUS YCPEIHEHHOIO Jpeiida u pa3orpeBa HOCUTEIEH, OMMMCHIBAIOIINEG 3a-
BHCHMOCTH OT BHEITHEro Moiisi E, u Bpemenu t cpemsero apeiioBoro KBasunm-
nynbca P u snepeuu W snextpona [ 1, 2]:

d
% = eE, —p/r, )
&~ (22)E, — W - Wo) /15, @

I€ 7 U Ty — BPEMEHA pelakCalliy UMITyJIbCa W DHEPTHHU AIIEKTPOHA COOTBET-
CTBEHHO, e — 3apsij JICKTPOHA.

[locne mpencTaBieHUsT BHEIIHETO TOJIS B BHUIE CYMMBI MOCTOSHHBIX H
MEPEMEHHBIX KOMIIOHEHT MOXXHO MOJYYUTh MJIOTHOCTh TOKA B BUJE [ 3, 4]

j = enp(®)/mol1 = pm (521 ©)
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BakHylo poib mpu HCCNEJOBAHUN MEXaHU3MOB BO3HHKHOBEHHUS yKa3aH-
HOW HENMHEHHOCTH UIPaeT BOIPOC 00 OTKIOHEHHH TUCIIEPCHOHHON XapaKTepu-
CTHKH OT KBaJpPaTUYHOTO 3aKOHA, KOTOPYIO MOYKHO PacCMOTPETh ITyTeM BBOJA
3aBUCHMOCTH (P PeKTUBHON Macchl M HOCUTEINeH OT uX cpenHeii suepruu W [4].

VYunureiBasg paznuuabie dpdexTsl m3mMeHeHUs] dPPEKTHBHON Macchbl OT
SHEPruH, ObUIO MOJY4EHO cooTHoLIeHue [4, 5]:

3
W-Wo)3 ( W_Wﬁ) W—W0)3
1 (1+2 AW33) L1 Wgge) (1+2 i
- W—Wo) W-w W=Wy
my (1-2 2\ m — 6 my (1-2 )
0 ( AWy i (1 24W3n6) 0 ( AWy

4)

X [1 + th( W_Wﬁ)].

aw,
B mpaktryeckux pacuérax MOryT BO3HHKHYTh TPYJIHOCTH B IPUMEHCHUH
MOJyYEHHOTO BBIPAXKEHHMSI, T0OITOMY OblIa JOKa3aHO BO3MOXHOCTH HCIIOJIB30-
1
BaHUA [4, 5] cooTHOLIEHUS —= f (W), mosmy4eHHOro mocie pasjioKeHUs B Psij

Telnopa ¢ orpaHU4YEHNEM 10 BTOPOTO wieHa 3Toro psaa [1]:

1o L(1-pnth), 5)

m my Wy

e Pn — 0e3pasMepHbIi mapameTp, 3aBUCSIIMI OT THITA TOIYIIPOBOAHHKA U OITpe-
JieTIsIEMblii U3 ero apeiihoBoii xapakTepuctiku. (J{ist apcernna raswust P, = 0,1).

mm-qoouocg‘g

NoOow o

123456789W/W
0

Puc. 1. DHepreTnueckue 3aBUCHMOCTH HOPMUPOBaHHON 3 peKTHBHOIT Macchl,
paccuuTaHHble o ypaBHeHUsM (4) (rpaduk 1) u (5) (rpadux 2).

Fig. 1. Energy dependences of the normalized effective mass,
calculated using equations (4) (graph 1) and (5) (graph 2)
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Ilpu cpaBHennn coorHomenuit (4) u (5) u puc. 1, HaGromaeTCs MpaKTH-

w
YCCKH IMOJIHOC COBIIAACHUC KPUBLBIX, 0CO0EHHO IIpu BCJIIMUYMHAX W > 8,5
0
OHpCHCHI/IM IIpU IMOMOIIN 3TUX COOTHOIIICHUH YpaBHCHHUE IJId IIJIOTHOCTHU

BBIXOIHOTO TOKa, UCHOIB3Ys AU depeHIIMaNbHbIe YpaBHEHHUS COXpaHeHus [6]:

aw _ ekp _ W=y
at ~ m T, ©)
@ _op -2 (7)
dt T’
[oncrasus (6) B (5), mosyunM ypaBHEHHUE B HOPMUPOBAHHOM BH/IE:
E m w
5 m—opm(wo—l), )]

moW, o
rne By = |5 2——— HanpsHkEHHOCTH MOPOrOBOTO HIEKTPHYECKOTO MOJIst 3-
e’pmTT,

(exra ['anHa [7].
[ITOTHOCTP BBIXOJHOTO TOKA MOXHO HAUTH U3 ypaBHEHHS (5).

e’nt

j=enuE = E. 9)

et v
Onpenenfm IIOABHUXXHOCTB KakK [y = m— u I[06aBJ'IH${ HOPpMHUDPYIOLIWU I1a-
0

pamertp j, = enpoE, = e*ntE,/2mg, oiy4uM pellieHre CTallHOHAPHOTO CIy-
yas ypaBHeHuH (6) u (7) B HOpMHPOBAHHOM BHJIE:

j __E/m _ JE EZ
L= E—n/m—o_zE—n/(1 +E—HZ). (10)

[NomydeHHast 3aBHCHMOCTh IpEJCTaBIeHa B BUJIC rpauka Ha puc. 2.
VYpasuenue (10) y1o0HO NIPUMEHSTH ISl aHATUTHYSCKUAX M YUCICHHBIX PacyETOB.

J
1
1
0.8
0.6

0.4

0.2
Puc. 2. I'paduk, mOCTpOCHHBIH

no cootHomenuto (10).
0 1 2 3 E/E, Fig. 2. Graph calculated by ratio (10)
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W3 rpaduka, mpeacTaBISHHOTO Ha PUC. 2 BUIHO, YTO OH ONPEIEIAET 3KC-
TPEMyM B TOUKE — = 1, 94TO COOTBETCTBYET BUAY Apei(OBOil XapaKTEPUCTHKU
n
st GaAs.

3. 3aBucumoct Ko3ppummenta qudpyzun
OT BO3/1eHiCTBUS CHJIBHBIX JIEKTPHYECKUX U MATHUTHBIX I0JIei

B ycnoBusix BO3€UCTBUA CUIIBHBIX IJIEKTPUUECKUX U MArHUTHBIX MOJIEH
Ba)KHBIM JIEKTPOPHU3MYECKUM MTapaMeTpoM sBisieTcst kodpuuueHT nuddys3um,
KOTOPBIA ompenenseT Bkiaa mud(y3noHHON KOMITOHEHTHI B TUIOTHOCTH ITOJTY-
YEHHOTO BBIXOJHOTO TOKa. IIpm 3TOM OONBITYIO0 POJh MTpaeT cuia JlopeHa,
HaIlpaBIIEHHAs BJIOJIb OJTHOM M3 JIEKapTOBBIX Ocel KoopAauHAT (puc. 3).

.1)
Puc. 3. Opuenrarnus BextopoB E u B B nexapToBoii cucreme KoopauHar.
Fig. 3. Orientation of vectors E and B in the Cartesian coordinate system

YpaBHeHHS I pa3orpeBa W Apeiida MpeAcTaBUM B BEKTOPHOM BHIIE,
T. K. B pe3yjbTare B3aWMOJCHCTBHS MAarHWTHOTO TOJS W TOTOKAa HOCHUTEINEH
BO3HHKAET IMOMEpeYHasl XOJUIOBCKas KOMIIOHEHTa CKOPOCTH, KOTopas, Kak u
KUHETHYeCcKas SHEPTrHsl B JNAHHBIX YCIOBUAX OyIeT MMETh KOMIIOHEHTHBIE CO-
crasisitonue [2, 4]:

av, eE, v,

@ =m o )
P (12)
% = evyEy — W";W", (13)
%2 = evyEp — E/%WO, (14)

riae eEg = evy B, cosa — cuina Jlopena.
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Juia cBsi3u MOABMXKHOCTH 4 U Kodddumuenra mudpdy3un D npumensem
COOTHOIIIEHHEe DUHINTEeHHA:

UKT _ 2uW  21W

e 3e 3m’

D=

(15)

[pu 3TOM MOXKHO ONPECIIUTh KOMIIOHEHTHBIE COCTABJISIFOIIIUE 3TOTO KO-
spdunmeHTa oMb oceir X U Y. B aToM ciydae koaddunuent muddysun mo
ocu x Dy3aBucur ot snexrpudeckoro nous Eq= Egy, a mo ocu y Dy— ot anek-
TPHUYIECKOTO U MarHuTHOTO B = B, moseit 6marogapst neiicteuto cuisl Jlopenria.

2TW, 2TW,
Hns onpenenenust kodpouunenta auddysun D, = 3m"; D, = #
x y

MIPOBEZEM TOACTAHOBKY B 3TH COOTHOLIEHHS YpaBHEHHH Ui KOMIIOHEHT 3 (-
q)eKTPIBHOfI MaccChbI, ITOCKOJIBKY OHa TOXKE 6}/}16’1‘ UMETh KOMIIOHECHTHBIEC COCTaB-
JISIFOLITME BJIONb ocel X U Y. TakuMm 00pa3zom, BCE BBIMIECH3IOKEHHOE MOXKHO 3a-
MHCaTh B BUIE COOTHOIICHMH [ 8]:

11 We=Wo\, 1 _ 1 (4 _ Wy, =W

mx_mo(1 Pm W, )' m, m0(1 Pm W, ) (16)
Dy _ z4pm(z+D) Dy _ zp+pm(zp+1) (17)
Do Pm(z+D?’ Do Pm(zp+1)?

4. UaayKuMOHHbIE XapaKkTepucTHKU K03 duunenta nuddys3nu
U Apei(oBoii CKOpOCTH
Baonbe ocu x xoapduuuent quddysun u apeiidosas CKOpOCTh HE 3aBU-

CAT OT MONEPEYHOTO0 MAarHUTHOTO TOJIS, a 3aBUCAT TOJIBKO OT 3JIEKTPHYECKOTO,
MPUIIOKEHHOTO BJIOJIb 3TON OCH.

D
B ciyuae, nzobpaxkenHoM Ha puc. 4, mokasaHbl AU(Py3HOHHAS D—" =
0

E o v E,
f (f) u apeiiposas * = f (%) XapakTepucTuku. [Ipy 5TOM HOPMHpPOBKa
n 0 ol

. ,zw NI
CKOpOCTH Jipeiidha mpoBeicHa 10 Vg = m—" — JIMHEHHOM CKOPOCTH XaoTHYe-
0

CKOTO JIBIDKEHHSI B OTCYTCTBHE Pa3orpesa.
o v E,
Ha puc. 5 mokazana apeiidoBast xapaKTepuCTHKA U—" =f (%) B CPAaBHEHUU
0 mn

v E o
c ;f =f (EOX, B,), pellieHHBIMU TIPU PA3JIMYHBIX 3HAYCHUSX MArHUTHOW MHIYK-
i

LM, TIPH 3TOM YTOJI 0. MEX/Ty HAIIPaBICHUEM BEKTOPA MAarHUTHOW WHIYKIHU U
OCBIO Z IPHUHST PaBHBIM HYIIIO, YTO, COOCTBEHHO, COOTBETCTBYyeT B, = B.

[lo moydeHHBIM pe3ynbTaraM (pHc. 5) MOCTPOSHO TpeXMEpHOEe M300pa-
KeHHe Ipei(doBOil WHIYKIIMOHHONW XapakTepUCTHKU (pUC. 6), TOSCHSIOICH
HOBEJeHNE CKOPOCTH V,/Vj 0T mapameTpoB B, u Eq,/E..
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W

Dy/Dy

=
0 L = 3 EwlE

Puc. 4. 3aBHCHMOCTH HOPMUPOBAHHBIX KOMITOHEHT K03 puunenta quddysuu D,/Dy (crumonrnas
TMHUS) U IpeidOBOit CKOPOCTH Vy/Vo (LITPUXOBAs JIMHUS) OT BHELIHETO 3JIEKTPUUECKOTO MOJIS.

Fig. 4. Dependences of the normalized components of the diffusion coefficient D,/Dq (solid line)
and drift velocity v,/v, (dashed line) on the external electric field

vy/vy B=4.0Tn
04

03

0.1

0 1 2 3 4 5 1 % Eo/Ey
Eox/En
Puc. 5. UnaykimoHHbBIE XapaKTEPHCTUKI Puc. 6. TpexmepHoe nzo0paxenue aperidoBoit
npeiioBoit ckopocTr WHIYKIMOHHOH XapaKTepUCTHKH.
v Eqo . . o . -
;X = f(EX’ B, = B) Fig. 6. 3D image of drift induction characteristic
E
B CPaBHEHHH 1;_ = f(=x 0’“)

Fig. 5. Drift speed |nduct|on characteristics
v E,
=1 (—°x, B, = B)

compared Z=f (Eo")
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AHaJOTrMYHO MOJyYeHBI TP PY3HOHHBIE HHAYKIIHOHHBIC XapaKTCPUCTUKH
[PH pa3INyYHbIX 3HAYCHHSIX B, (prc. 7) n ux TpexMepHoe n3obpakenue (puc. 8).

B[Tn].

0 1 2 3 5
EOxv/En
Puc. 7. UnayK1MoHHbBIE XapaKTEPHUCTUKI Puc. 8. TpexmepHoe n300paxeHne
kod(dunuenta mdoysm Dy/Dy = f(Eo/E,, B,). ko3 unnenta mddysun.
Fig. 7. Induction characteristics Fig. 8. 3D image of diffusion coefficient

of diffusion coefficient D,/D, = f(Eo/E,, B,)

BaxHo orMeTuTh, 4TO M3MeHeHHs yria o (or —90° no +90°) mo3Bousier
JIOTIOJIHMTENBHO YIPABJIATH STUMH XapakTepucTukamu (puc. 9).

Vy/ Vo a=0°
o =40°
0.3
/vy o =60°
0.2
o =80°
0.1

0 1 2 3 4  Eo/Eq

Puc. 9. YrioBbie 3aBUCUMOCTH NOIMEPCUHBIX XapaAKTECPUCTUK B CPABHCHUU C ITPOJAOJIbHBIMU .

Fig. 9. Angular dependences of transverse characteristics in comparison with longitudinal ones

Ha manHOM pucyHke mpuBeneHBI Apei(oBble MHIYKIMOHHBIE XapaKTe-
puctuku VylVo = f (Eo/E,, o) npu B =4 T
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T'oBOpst 0 TOJIEBBIX HETMHEHHOCTSAX MPOJOJIBHON M MONEpPEeyHON KOMITO-
HeHT D,/Dg u Dy/Dy, cnemyer ydects, 4TO B KOJIUYECTBCHHOM BBIPAKCHUH UX
OTJENBHOE BBIJCICHUE HE MPEACTABISIETCS BO3MOKHBIM, ITOCKOJIBKY TP dy31-
OHHAsi KOMIIOHEHTa TOKa, B COBOKYIHOCTH C Apeii(oBOi, BXOOUT B COCTaB BbI-
xonHoro Toka. OIHAKO MX COBMECTHas BEJIMYMHA MOXKET OBITh OOHapyKeHa
P TMPOBEJICHUH YKCIICPUMEHTAJIBHBIX HCCienoBanmii [8, 9].

IIpoaHanu3upoBaB NOBEACHUE HOCUTENICH 3apsaa B YCIOBUSX ACUCTBUS
CIJIBHBIX MarHUTHBIX I1OJIEH, MOKHO CJIEJIaTh CIEYIOLINE BBIBOBL:

1) npu yBenMueHHH MarHUTHOM MHAYKUUK B pacTér 3HaueHue cKopocTH
Vy/Vo, a mocie Ha npeiidoBoil MHAYKIMOHHON xapakTepuctuke Vy/Vo = f (Eol/E,,
B = B,) noABisi1oTCS Najalomue y4acTKU, YTO CBUIACTEIBECTBYET O BO3MOKHOCTH
HCIOBb30BaHus 3pdeKTa A1 cO3AaHMsI HETMHEHHBIX MHIYKIHMOHHBIX aKTHB-
HBIX 2JIeMEeHTOB [ 1, 2];

2) nuddysnonHas HHIyKIMOHHAsA xapakrepucrtuka Dy/Dg = f(Eo/E,, B =
B,) ananoruuna Dy/Dg = f(Eox/E,;), HO mipu Gosbimx 3HadeHusx B, > 2 T npo-
HUCXOIUT «paclielyIeHne» MakcuMyMa Ha nBa. JlaHHas aHu3oTpomnus Kodddu-
nueHTa TudQy3nun nepcrneKTHBHA ¢ TOYKH 3PEHHsI CO3IaHUsI HOBBIX IIpeodpaso-
BaTENIbHBIX YCTPOUCTB [3];

3) B pe3yibTare BIUsSHUS CHIbI JIopeHIa »IeKTpopH3nYecKie mapameT-
PBI IPHOOPETAIOT BEKTOPHO-KOMITOHEHTHYIO (JOPMY TI0 OCSIM X U Y AEKapTOBOH
CHUCTEMBI KOOpAMHAT;

4) obHapyxeH >pPEeKT YMEHBIIEHHS HANPSKEHHOCTH MOPOTOBOTO ITOJIS
Ha JpeidoBoi XapaKTEPUCTHKE TIOYTH B 2 pa3a. ITO MO3BOJIICT BO CTOJIBKO JKE
pa3 ysennuuth KIIJI reneparopa, paboTaromero B yka3aHHbIX yciaoBusx. Kpo-
Me TOro, 0OHapyXeHo, 4yTo AU Y3MOHHBIE HHAYKIIMOHHBIE XapaKTEPUCTUKH C
YBEJIMYEHUEM UHAYKLIUU B BHEIIHEr0 MarHUTHOTO TOJI MPHUOOPETAIOT Maaalio-
[IMe YYacTKH U Jake 00OHApYKHUBAIOT 2 MAaKCUMyMa BpH BennunHax B > 4 T,

5) yMeHbIlIeHHE 3HAYCHHUS HANPsDKEHHOCTH MOPOroBoro mojs 3ddexra
l'anna ¢ 4 mo 2 KB/cM mo3BosuT yBenmu4uTh KOA(PQUIIMEHT TOJIE3HOTO Ieii-
cTBus 00BEMHOTO Aroaa Ha 50 % (B mpenmnonoXeHnn HEM3MEHHOCTH TUIOTHO-
CTH BBIXOZHOTO TOKa). Perenne 3To# 3a7aun TeopeTHIecKy ObLI0 00HAPYKEHO
IIPU PACCMOTPEHUH MIPOLIECCOB Apeiida U pa3orpesa 3JIEKTPOHOB B 00BEME IMO-
nynposoaunkos Tuna A''BY mpu monepedHoM BO3IEHCTBUH CHJIBHOIO HOCTO-
STHHOTO MAarHUTHOTO TOJIS, UMEIOIIETO BeTMYUHbI HHAYKIMH B B ntnana3oHe 1—
7 Tn. Pacuérsl ocHOBaHBl Ha BiIMAHMM ddekra Xoia Ha pa3IM4YHBIE IPO-
CTpaHCTBEHHBIE KOMIIOHEHTHI APEH(POBON CKOPOCTH U KHHETHUECKOH YHEPTUH B
MPEIONI0KEHUN M3BECTHON YHUBEPCAILHON 3aBUCHMOCTH 3()(EKTHBHON Mac-
CBI DIIeKTpoHa ot sHeprun [10].

6) BO3SMOXHOCTb CO3/[aHHsI ABYXMEPHBIX YCTPOHCTB A1 IPeoOpa3oBaHusI
4acToThl (cMecuteneld aproauHHoro tuma) [3]. Tak ke B ciyyae peanuzaiiuu
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BO3MOXXHOCTH MOJIYJISIIMM MarHUTHOTO IIOJISL MOSIBASIETCSI BOSMOXKHOCTH IIOJTY-
4aTh UMITYJIbcHO-MoayupoBanHble CBY i KBY konebanus.

5. JxkBUBaJIeHTHAasI CTPYKTYPHAas cXeMa CMeCUTe sl aBTOIMHHOTO
THIIA M €r0 KOHCTPYKTUBHAS peau3anus

Ha puc. 10 npexacrasieHa CTpyKTypHasl cXeMa CMECHUTENsl aBTOAUHHOTO
THUIA, MOSICHSIOWIAs ero padoTy.
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Puc. 10. CprKTypHaH CXeMa CMECHUTCIII aBTOAUHHOI'O THUIIA.
Fig. 10. Block diagram of an autodyne type mixer

Bxonnoii CBY curuan mocrymnaeT Ha pe3oHaHCHBIA KOHTYp L, 1 C.. 3arem
yepe3 pa3IenuTeabHy0 eMKoCTh Cp; TomamaeT Bo BXOAHYIO IIeTh aBTOAWHHOTO
cmecutens. [logcTpoiika mapamMeTpoB MarHUTOYTIPABISIEMOH MOTYTIPOBOJHUKO-
Boit cTpykTypsl (MYIIC) nmpoucxoauT myTeM WU3MEHEHUS BIUSHHS BEIHYUHBI
MarHUTHOTO TIOJISl Ha KPUCTAJUT, TIPEJICTABIISIONINI COOOH aKTUBHBIN YHUIT O
I'auna (JII'). ABrorereparop odpasosan I u kouTypom L, C,q, ¥ HTpaer poib
reHeparopa TeTepoarHa, KOTOPEIA B3aHUMOJCHCTBYET C HAIPSHKCHHEM CBOCH
pabodell 4acTOTHI ¢ HAIPSHKEHNUEM YacTOTHI MPUHUMaeMoro curHana. [lomyden-
Has B pe3yJbTaTe paOOTHl CMECHUTEINS UTOTOBas MPOMEXYTOYHas (Pa3HOCTHAS)
4acToTa 4epe3 pa3JeuTeNbHbI KoHaeHcaTtop Cp, MOCTynaeT Ha HACTPOCHHBIH
He He€ KoHTYp L. u C.. DTOT curHan pa3HOCTHOMN MPOMEKYTOYHOM YaCTOTHI UICT
Ha JanbHeiiee ycuneHue (00paboTky) B cienyronue kackaapl Y14,

Ha puc. 11 moka3aH 3CKu3 aKTUBHOM CTPYKTYpbl OOBEMHOTO MarHHTO-
yHpapisieMoro cMecutens. Ha nuanekTprudeckoi MmoIIoKKe ¢ MATHUTHBIM dJle-
MEHTOM pacriojaraeTcsi MarHUTOYIpaBIsieMasl MOMyITPOBOIHUKOBAs CTPYKTypa
(MVYTIC), xoTopas moMelIeHa B TU3JIEKTPUUECKUI MaTepuall Kopiyca.
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Puc. 11. Dckn3 MarHUTOYTIPABIIEMOI! TTOYIPOBOJHIKOBOIH CTPYKTYPBI Ha IIOIOXKKE
C MarHUTHBIM 3JIEMEHTOM (pa3Mepbl HUMEIOT NPUOIM3UTEIbHbIC BETMYMHBI).

Fig. 11. Sketch of a magnetically controlled semiconductor structure on a substrate with a mag-
netic element (dimensions are approximate)

B nanHoit pabote paspaboTka cMecHuTens ObUIa MPOBEACHA B 3CKH3HOM
BHUJI€ B BOJHOBOJHOM HWCIOJHEHHUH C BO3MOXKHOCTBIO MEXaHUYECKOU Iepe-
CTPOMKH YaCTOTBHL

JIJis IepecTpoiiku reHepaTopa UCIOIb3YIOT OCCKOHTAKTHBIN MOPIICHD U3
MOTJIOMIAIOIIETO MaTepralia, T. €. MOJCTPOHMKa Ha YacTOTY CHUTHAjla SBISETCS
Mexanndeckoi. HY ¢mibTp B menu MUTaHUS COCTOWT M3 KOAKCHAIBHBIX OTPE3-
KOB JUIMHOM A/4 ¢ pasHBIMH BOJIHOBBIMH COIPOTHBIICHUSMHU W YepEIOBAHUS
OTPE3KOB KOAKCUAILHBIX U PaJMabHBIX JIMHUHA. JlOMOIHUTENBHBIN (hiaHel] uc-
MOJIB3YETCS IS IIOJCTPOMKM YacTOTHI CUI'HAJIa, y KOTOPOro JJIMHA BOJIHEI paB-
Ha A/2. MOXHO NMPUMEHHUTh METOJ M30JIMPOBaHHs (DIaHIla OT BOTHOBOJA MPH
ITIOMOIIIM OKCHIHOHM TUIEHKH. [Ipu 3TOM BaskHO 00ecreunTh MUHHMAIBHOE pac-
CTOSTHHE MEXTy corjacyromuM smeMenToM 1 MYTIC (anamorom auona ["'anHa)
Juis obecriedenus cradbummsaruu [10, 11].
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W3 BBIMIEH3IIOKEHHBIX cooOpaxkeHU Ha puc. 12 mpencraBieH cOopod-

HBIH YEPTEK BOJHOBOJAHOI'O BapuaHTa 3CKH3a pa3pa60TaHHOr0 CMCCHUTCIIA aB-
TOAWHHOI'O THUIIA C BOBMOXHOCTBIO MEXaHUIEeCKOH HQpﬁCTpOﬁI(I/I HaCTOTBI.

o st o 5
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005
20:005
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Puc. 12. BosHOBOHBIT 3cKH3 COOPOYHOTO uepTexka paspaboTannoro cmecureist Ha MYTIC, roe
1 — MVIIC; 4 — pa3zpém SMA mst moaxiniodeHust kKoutypa IT4 (pa3mepsl, IpuBeieHHEIE Ha
9CKHU3C, ObLIH HpI/I6HH3I/ITCJ'H>HO pacCHuTaHbl U NPUBEACHBI NJIs 5-MMm Juaria3oHa AJInH BOI]H).
Fig. 12. Waveguide sketch of the assembly drawing of the developed mixer on a magnetically

controlled semiconductor structure, where 1 —magnetically controlled semiconductor structure;

4 — SMA connector for connecting the IF circuit (the dimensions shown in the sketch were
approximately calculated and given for the 5 mm wavelength range)

6. 3akir0oueHue

Takum 00pa3om, pe3yabTaT COBMECTHOTO BO3JCHCTBHS CHIIBHBIX MOCTO-
SIHHBIX OPTOTOHAJIBbHO-OPHEHTHPOBAHHBIX JIEKTPUYECKOrO M MArHUTHOTO I10-
Jell TIO3BOJISIET PaCIIUPUTh Kiacc MPeoOpa3oBaTebHBIX YCTPOHCTB MUKPOBOJI-
HOBOTO [Mana3oHa B OONAacTH MX pa3BUTHS B aBTOIUHHOM HCIIOJIHEHUH, YTO
MO3BOJMT CO34aTh HOBBIM KJIacC NMPHEMO-TIEPEAAIOUINX Y3JIOB COBPEMEHHOU
PaZnO3NEKTPOHUKH.
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Abstract: The results of the development of an autodyne mixer based on a bulk semi-
conductor structure under the influence of strong permanent electric and magnetic
fields are presented. Based on the analysis of the behavior of charge carriers under the
influence of strong orthogonally oriented electric and magnetic fields, the possibility of
creating an autodyne converter is proved and an equivalent block diagram of such a
mixer and its constructive implementation are proposed.
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Annomayua: B cmamve npednacaemcs u anpobupyemcs memoo yu@pogou 20102pa-
Quueckoil MuKkpockonuu 0nisi OOHAPYI’CeHUs 836eUleHHbIX 8 8o0e yacmuy. Llenv pabomol
— npeonodicerue u IKCNEPUMEeHMANbHASL NPOBEPKA B03MONCHOCTNU NPUMEHEHUS Memo-
0a yugposoii zonozpaghuueckoii MUKpockonuu 0isi 0emeKmupo8aHus 3a2psa3HeHUull 60-
Obl 836CUICHHBIMU YACTUYAMU C OYEHKOU MUHUMATLHOZO pasmepa OOHApYHCUsaemoll
yacmuyvl. [Ipednodcen mamemamuyeckuti annapam YucieHHO20 Memoodd 80CCMAHO 8-
nenus eonoepamm. Paspaboman npoepammuslii areopumm. Ilposedeno meopemuieckoe
onucanue memoouxu sxcnepumenma. CKOHCMPYUposana 1abopamopHas YCMAaHO8KdA.
[Ipeonoswcen aneopumm 80ccmano8ieHus U300pax3cenus no Pazoevim XapaKmepucmu-
kam. [Ipoananusuposanvi 603mMoNcHOCIU Memood. YCmano8aeHo, ymo 0OHapyHCcusa-
romces wacmuywl pazmepom oonee 20 mxm. Coenan 861600 0 MOM, UMO NPeOdL0NHCEHHbIL
Memoo, NOMUMO KaA4eCmeeHHO20 HAOII00eHUs 00beMHbIX SKIIOUEHUN, NO36015Aem pe-
KOHCIMpyupogams mpexmephuvle ceomempuieckue Qopmsl 06beKmog no maccusy oa-
HbIX, HAKONAEHHBIX 8 KOMNbIOMEPHOU cucmeme, 015 OanbHelueco aHaiusa.

Knrwuesvie cnosa: muxponiacmux, yugpoeas 201ozpapuueckas MuKpockonus, idasep,
unmepghepenyus, oovexkm, gaza, 20n02pamma.
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1. BBegenue

Pexn 1 BogoeMBbl pa3HBIX PETMOHOB 3arpsA3HEHBI INIACTUKOM H €T0 (pak-
UUSIMHU: KPYIHBIMUA 1 MelkuMu udactunamiu [1]. CymecTByrome MeToabl KOH-
TPOJIS 3arPA3HEHNS KUAKOCTH HCIAPSHUEM M B3BEIIMBAHHUEM CYXOT'O OCajKa He
OTBEYAIOT TPEOOBAHUSM JKCIPECCHOCTH — OHH CIHMIIKOM TUTeNbHBL. MoOHU-
TOPUHT 3arps3HEHUN 10 CMEKTPATBHBIM XapaKTEPUCTUKAM HE OTJIMYAETCS BHI-
COKOHM TOYHOCTHIO [2, 3]. TpaauumoHHas MUKPOCKOMUS, IIUPOKO MPUMEHIEMAsI
B J1a0OpaTOPHBIX HMCCICAOBAHMAX CPEJ, BBIMOJHSETCS MEPCOHAJIOM BpPYUYHYIO,
YTO TaKXe OYeHb JIUTENbHO [2]. 3amaua MonydeHHs M300pakeHHi MUKpOoYa-
CTHI, paclpeiefIeHHbIX B 00beMe, B HACTOSIIEe BpEeMs peIIaeTcsi METOJ0M
KJIACCUYECKOM IUPOKOIIOIBHOM ONTHYECKOW Mukpockomnuu [4]. OmHako K Cy-
[IECTBEHHBIM HEJOCTATKAM ATOTO METOAa MOXKHO OTHECTH HEBO3MOXXKHOCTH
KOHTPOJISI BCEH MPOOBI JKUAKOCTH M3-32 (POKYCHPOBKH HA KOHKPETHOM OOBEKTE.
Kpome Toro, Takue CTpyKTyphI, KaK YacTHIBI MUKPOILIACTHKA, YacTO ObIBAIOT
PO3PaYHBIMK, YTO JOMOJIHUTENBHO YCIOKHSIET IPOLecC OOHAPYKCHHSL.

Ha ceropnsamumii 1eHs METOABI HCCIEAOBAHUA CpPEA C CYOMHKPOHHBIM
pasperieHneM OCHOBaHBI Ha WCIOJIB30BAHMM 30HJOBON MHKPOCKONHH, B TOM
qucie ONMKHEOIBFHON. DTH METOMbI MPE/IIToJIaraloT HEeIMOCPEICTBEHHBIN KOH-
TaKT C MCCJICAYEMOH MOBEPXHOCTHIO MM 00BEKTOM HCCIIENOBaHMs. JTO Tpedy-
eT crneur(UIecKol MOArOTOBKH aHAIU3UPYEMON CTPYKTYPBI, YTO YCIIOXKHSET U
OrpaHUYMBaEeT 00JacTh MPUMEHEHHs. Tak, TPyIHOCTH BO3HUKAIOT MpPU HCCIIe-
JOBaHMH OHMOJOTUYECKUX OOBEKTOB, MPOIECCOB, MPOTEKAIONIMX B PEaTbHOM
BpEMEHH.

Caepxpa3pemaronasi MUKPOCKONIHSI — 3TO He MPOCTO MHKPOCKOIMHS C
MTOBBIIIEHHBIM Ka4eCTBOM M300pa)KeHHsI, a TIOCTAHOBKA 3aJla4 ONTHYECKOH 3a-
nucy uH(pOpMaIyy, TPOBEJACHNE METPOJIOTUYECKUX UCCIEIOBaHMM, HOpMUpO-
BaHUS JTUTOrpadruecKnX 0OBEKTOB M OCYIIECTBICHHUS ONTHUYSCKMX MaHUITYJIS-
uuii. KomOnHaupoBanue nHTEpPEepeHIOHHBIX METOAOB U UPPOBOH 00pabOTKH
roJIOrpaMM OTKPBIBAET HOBBIE BOSMOXHOCTH MPH TPEXMEPHON PEKOHCTPYKIIUU
n300pakeHUH MTOBEPXHOCTH, a TaK)Ke aHam3a e MOp(OIOorHIecKux 0COOCHHO-
CTell Ha MHUKpPO- M HAaHOYPOBHSX. Pemenne momoOHBIX 3amad TpeOyeT HCIOoIb-
30BaHMsI MUKPOCKOIIOB ¢ (DYHKIMEH N3MEpeHUs MPOGHIIs, IPUMEHSIOIUX reTe-
poauHHYI0 HHTEpdhepomerpuro [5]. DTOT MeTo, NOAPOOHO ONMUCAHHBIH B pabo-
Te [6], HpeacTaBlILET CUCTEMY, cojepxailyi wuHTepdepomerp Maxa —
Lennepa, usmepstonuii aegopmanuu juHuN uHTEpdeporpamMmmel. To ecTh
30HIMPYIOIIAA KOTEPEHTHBIM ITy4YOK, OTPa3UBIINCH OT IOBEPXHOCTH HCCIIENY €-
MoTo 00Opasma u HHTepPeprupys C OTIOPHBIM ITYIKOM, IPOEIUPYETCS Ha Kamepy,
KoTopas (pUKCHpYeT BO3HHUKAIOIINE MEPUONNYECKHE OWEHHs HMHTEHCHBHOCTH
CUTHana, 00yCIIOBJICHHBIC HE3HAYUTENIFHO PAa3INYaIONIMMUCS YacTOTaMH Tpe[-
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pOHMKa, (HOTOHHKA, TPUOOPOCTPOCHHUE U CBS3b (2.2)
METHOTO M OIOPHOTO ITyYKOB AJIS KaKIOTO MUKcens u3odpaxeHus. Dazosast
COCTABJISAIOIIAS BBIYMCIIACTCS VISl OTACIBHBIX TOUEK M300Pa’keHHsI C TIOMOLIBIO
anropuTMoB npeodpazoBanusi Pypoe. V3BecTHBIE METOABI TETEPOIMHHOTO aHa-
au3a npoQuiis TOBEPXHOCTU OTJIMYAIOTCS BETUYUHON Pa3sHOCTH YaCTOT MEXIY
KOTEPEHTHBIMH MyYKaMHU W HEKOTOPBIMH CIIEHM(PHUYECKUMH MapaMeTpamMu OTl-
TUYECKUX CUCTEM.

IlpuHuMnel ucciaenoBaHUS MUKPOOOBEKTOB COCTOST B IIOJIyYEHHH TOY-
HBIX 3HAa4YeHUH (pa30BOro 3ama3AbIBaHus BOJHBI, IIPOIIEMIEH depe3 00bEeKT WIN
OTPaXCHHOH OT €ro MOBEPXHOCTH, YTO BO3MOXKHO Onarofapsi OmpenenecHHIo
IUTMHBl ONITHYECKOTO MYTH, KOTOpAas SBIASETCS MHTETPajJoM OT (PyHKIMHU IpO-
CTPAHCTBEHHOTO pAacIpelesieHUs] ToKa3aTelNs MPeJIOMIICHHUsS BIOJIb Halpasie-
HUS paclpoCTpaHEeHHs CBETOBOM BOJHEBL [Ipy pa3mu4HBIX yriax 30HIUPOBaHUS
CTPYKTYpPbI CTAHOBUTCSI BO3MOKHBIM IOJIyYUTh MAacCUB 3HAYEHUH JJTMHBI ONTH-
YEeCKOTO MyTH U BOCCTAHOBUTH MPOCTPAHCTBEHHOE TPEXMEPHOE pacIpeieieHue
[IOKa3aTessl MpesIOMJIeHus, Onarofapsi 4eMy MOXHO DPacCUUTaTh Pa3IMUHbIE
MIPOU3BOJHBIE XapaKTEPUCTUKH, TaKWE KaK: IUIOTHOCTh, KOHIEHTpAIWs, MOp-
(omMeTprUecKre U Jpyrue MoKa3aTelu.

B Hacrosmee Bpems 3amada BU3yalu3alud 0ObEMHBIX (Pa3oBBIX 0OBEK-
TOB peIIaeTCsl CIEAYIOIUME MeToIaMu: (pa3oBbIii KOHTPACT WIIM METOJ 3epHH-
Ke; METOJ TEMHOTO MOJIsl; NOJSPU3aUOHHBIN KOHTpACT; HHTep(EePEHIINOHHBIH
KOHTpACT; TpamueHTHas (azoBas MUKpockonus [7—12]. O0nmM HepocTaTKOM
9THX METOJOB B Psifie 3a/1ay SIBIIICTCS JMIIb KAYECTBECHHBIN aHAIIN3 UCCIEHY €-
MOH cTpyKTyphl. Ha coBpeMeHHOM ypoBHE HccClieloBaHUIl TpebyeTcsl moiyde-
HUE KOJMYECTBEHHON MH(OpMAIMU NpU CBEPXMAJIBIX U3MEHEHHAX OTAEIBHBIX
[apaMeTpOB, YTO JOCTUTAETCs MPUMEHEHUEM METOA0B BEICOKOUYBCTBUTEIBHBIX
(ha30BBIX U3MEpPEHNH, KaXXIbIli U3 KOTOPBIX HMEET CBOIO 001acTh MPUMEHEHHUSI.
Tak, KOTUYECTBEHHBIE HCCIEOBAHUS XapaKTEPUCTUK MHUKPOOOBEKTOB MOTYT
OBbITh TIPOBE/ICHBI C MOMOIIBI0 HHTEPPEPEHIIMOHHBIX MUKpOCcKomoB [13—15].
JU1d mpoBeeHUs TAKUX M3MEPEHU B OCHOBHOM HCIOJIB3YIOTCS MHUKPOCKOIIBI,
[IOCTPOEHHBIE 110 Pa3IMYHBIM CXeMaM ABYXJIy4YeBbIX HHTephepomeTpoB: Maii-
KesJbcoHa, Maxa — Ilenaepa u Mupo [15—17].

ANBTEpHATUBHBIM METOA HMHTEPPEPOMETPHUECKOrO aHaNIM3a ObUT Ipe .-
JoxeH B pabore [18], rae npuMeHsiach KOMOWHALUS HHTEP(EPESHIIMN TTYYKOB
C pPa3HBIMH [UIMHAMHU BOJH M T'eTEPOAWHHAsI HHTEPPEPOMETPHUS C HCIIONb30Ba-
HUeM MoauduiupoBanHoro uHrepdepomerpa Traiimana — ['puna. MHTEHCHB-
HOCTBH CBETOBOI'O TOJSI perucTprpoBaiack ¢ momomipio [13C-marpuiiel, mocie
YeTO BBIYMCISUTCH (pa30BbIe KOMIIOHEHTHI MOMyYeHHOTO M300paxeHus. Unen-
TUYHbIE U3MEPEHUS MOBTOPSIIMCH JUIS APYTUX JUIMH BOJIH. DTa METOIUKa ObuIa
YCOBEPIICHCTBOBAHA ITyTEM MHOTOIYy4eBOH MHTEp(HEPOMETPHH ITyYKOB C pas-
HbeIMU JuiHamu BoJiH [19, 20]. OgHako TOYHOCTH T€TEPOJUHHOTO NETEKTOpa
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vMeJia CBOM OTpaHMYEHUs, CBSI3aHHBIE C TPYIHOCTHIO CTAOMIBFHOTO OMpe/eIne-
HUS pa3HOCTH (a3 mjsl MydYKOB C OJM3KAMHU YaCTOTHBIMU XapaKTEPUCTUKAMHU.
Takum 0oOpa3om, 3a/1a4 IMOMCKA METOJIOB JIIS SPPEKTUBHBIX U OBICTPBIX aJrO-
PUTMOB B MUKPOCKOIIH /10 CHUX ITOpP OCTaIOTCS HEPEIICHHBIMH.

HeuHBa3uBHass MUKPOCKOIUS C BU3yalu3alUeil BHYTPEHHEU CTPYKTYpbI
00BEKTOB U JIe)EKTOB aKTyaJlbHA JUIsl TAKWX 3a/1a4, KaK 30HAUPOBaHUE TIOBEPX-
HOCTH B YCJIOBHSIX TPOW3BOACTBEHHBIX JMHUM BBHICOKOTOYHOW DIICKTPOHUKH,
ONTHYECKUX JTUHUHN CBS3W, CIOKHBIX IMOBEPXHOCTHBIX peibe(OB ONTHYECKUX
AJIEMEHTOB, HAHOWHIYCTPUU W OMOTeXHONOTWH. B HacTosiee BpeMs HHTEH-
CUBHO Pa3BUBAIOTCS UCCIICIOBaHUS (ha30BBIX BOSMYIICHHI BOJHOBBIX ()POHTOB
CBETOBBIX MOJIEH, OOYCIOBICHHBIX B3aMMOJCHCTBHEM CBETOBBIX BOJIH C pa3-
nuaHbIME o0bekTaMu [20]. Lludporas 3anuck Gpa3zoBbIXx 0COOCHHOCTEH BOJHO-
BOTO ITOJIA C TOCTeyomel 00paboTKON 1 BH3yann3aluei MUKPOYACTHIl Ha3bl-
BaeTcs MU(PPOBOH TOIOTPAPHUECKON MHUKPOCKOTHENH. DTOT METO o0ecTieunBa-
€T TMOIyYeHHE C BRICOKHM pa3pellieHneM MPOCTPaHCTBEHHBIX (ha30BBIX pacipe-
JICJICHUW BOJHOBOTO MOJI HcclieayeMoro oobsekra [18]. Takoii merox mpeno-
CTaBJIsIeT KaUECTBEHHbIE U KOJIMYECTBEHHBIE TTapaMeTphl 3a OIHO U3MEpPEHHE.

Hens paboTel — 00OCHOBATH MPUMEHEHHE MeToaa IU(POBON TooTpa-
(hmaecKoif MUKPOCKONIMHM [T W3MEPEHHs 3arps3HEHHs B3BEIICHHBIMH YacCTH-
[IaMH{ B BOJIE ¥ OLICHUTh MUHUMAIIBHBINA pa3Mep 00HapyKNBaeMOH YaCTHIIBL

2. TeopeTnueckasi 4acTh

J1J1s1 YMCIIEHHOTO BOCCTAHOBJICHHUS FOJIOTPaMMBI Ha IIOCKOCTH HE00XO0-
MO PACCUUTATh PacIpe/ieICHHE HHTCHCHBHOCTH, BO3HHUKAIOIIEE B PE3yIb-
TaTe MHTepPEPEHIMH BOIH. IHTEHCUBHOCTD, IOJyYeHHAs B pe3yIbTare HH-
TepdEepEHIMH JIBYX BOJH, MPEACTABIACTCS CICAyIOMUM o0pazoM [9]:

I =0, +0, < 0 i +]0, § +0,0,+0,0, = I, +1, +2141, cos(g, — ), (1)
rie 0, m 0, — KOMIUIGKCHBIC aMIUIUTYABl WHTEP(EPUPYIONINX BOIH
o(x,y) = o(x,y)|exp[—ig(x,y)]. 0° — KommuekcHo compskenHas O Bemu-

YMHBI () U ¢, IPEACTABIAIOT CO00K HavanbHy (azy BonH. Takum 06pasom,

HalOJII01aeMoe Paclpe/IeICHME HHTEHCUBHOCTH CBETOBOTO T10JIS 3aBUCHUT TOJIBKO
OT pa3HocTU (a3 uaTEpPEepUPYIONMX BOIH. J[Isl MOACHEHUS MATEeMaTHIECKOTO
TIPUHIIAIIA, JIEXKAIIETO B OCHOBE rojiorpaguueckoil peKOHCTPYKLMK M300 pake-
HUSI, YMHOXKHM 3aIHCaHHYIO [U(PPOBYIO TOJIOTPaMMy, T. €. HHTEHCUBHOCTH HH-
tepdepenmmonnoii kaprunbl | (X,Y) Ha 3HadeHme mONs OMOPHOM BOJHBI

0,(X,Y)
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0,0, Y)1 (%, ¥) =0, (%, V)0, (%, V)" + 0,0, Y)[o,(x, Y[ +]o,(x, V[ 0,(x, V) + (2)
+022 (Xv y)ol*(xv y)

IlepBoe cnaraemoe B MpaBOW YacTH ypaBHEHHs (2) MPOMOPIUOHATBEHO
3HA4YEHUIO 0, (X, Y) ONMOPHOH BOJHBI, BTOPOE CIIaraéMoe OIHMCHIBAET IPOCTPaH-

CTBEHHOE M3MEHEHNE MHTEHCHBHOCTH «CBEUEHHUS» (Tajlo) BOKPYT MEPBOIrO IO-
psanka audpakuud. BMmecTe OHM COCTaBISIOT HYJNEBOW MOPANOK AU(paKiyH,
WM ()OHOBYIO COCTaBISIONIYI0. TpeThe ciaraeMoe ¢ TOYHOCTBIO JI0 H3BECTHOTO

2 -~
MHOKHTEJIS |02(X, y)| MPECTaBIsET CO00M TOYHYIO KOMHUIO MCXOAHOTO OIS

0,(X,Y) =|01(X, y)|exp(i(p(x, y)) U SIBJIAETCA MHUMBIM M300pakeHHEM OOBEKTA.

YeTBepToe caaraeéMoe OTHOCHUTCS K €IIe OJTHOMY H300paKeHHI0 00BEKTa, «r300-
PaKEHUIO-IBOIHHKY», KOTOPOE HAa3bIBACTCS AEHCTBUTEILHBIM H300paKCHUEM.

B npouecce 3anucu mugpoBoii TOIOTpaMMBbl HCCIIEAYEMBIH TPEeXMEpHBIN
00BEKT C paccenBarolIC CBET MOBEPXHOCTHIO pacroiaraercss Ha paccrosiHuu d
ot II3C-kamepsl. 3anmcaHHas TOJIOTPaMMa MOXKET pacCMaTPUBATECS KakK IIpPO-
IIyCKAIOLINI TpaHCTIapaHT, Ha KOTOPOM Iudparupyer onopHas BoiaHa. Jis mo-
Jy4eHUusl pe3yJabTupytomeil 00beKTHONH BOJHBI B HM(poBoi rojorpaduu mpu-
MEHSIeTCS YHCJIEHHBI pacuer paclpocTPaHCHHs] ONTHYECKOTO MOJs BHIA
0,(X, Y)I(X,y) OT mIockocTu roiorpaMmsl 10 INIOCKOCTH 0OBEKTA.

UncneHHOEe BOCCTAHOBJICHHE 3alMCAHHON B IIM(POBOM BHJE TOIOTPaM-
MBI OCYIIECTBIISIETCSI B COOTBETCTBHU CO CKAIAPHOH Teopued nudpaxmmu B
npubmmkennn  @penenst g AMQPaKIMOHHOTO — WHTerpama  Pames —
3ommepdenpaa. B Hamem ucciiejoBaHuM IPUMEHEH METOJ YIVIOBOTO CIIEKTpa
IVl BOCCTAHOBJIGHUSI TOJIOTPAMMBbl B KayecTBE METOJA, KOTOPHIA HE HMMeEeT
OTpaHUYEHUN 110 PACCTOSHUAM Z OT 00BEKTa 10 TIOCKOCTH n3o0paxeHus. lpu
3TOM pa3Mep KaKIOTO MHUKCEIs] BOCCTAHOBICHHOTO H300pakeHUSI COOTBETCTBY-
€T pa3Mepy IMUKCENs UCXOTHON rojorpaMmsl [9].

VrnoBoli cnekrp m3mydaemoro nons E(£,7) B MIIOCKOCTH roOI0rpaMMEbl

(z=0) ompenensercs kak npeodpazoanue Dypoe:

Ak, k,) = FIE(£m)]= % [ [ dndeEE mexpl-itkn+k, ] (3)

rae BOJIHOBOH BCKTOp

Zﬁk:k

k:(kx,ky,kz),kzj, .

N | X

,ky:k%,k:4/k5+kj+kf.
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Ilocne pacmpocTpaHeHUsI Ha PAacCTOSHUE Z A0 IIOCKOCTH M300pa’KeHUS
audparupyromas BojJHa MPUOOpeTaeT nomonHuTenbHyro (asy exp(ik,z) , Ta-
KUM 00pa3oM, MBI [TOJTy4aeM aMILTUTY Ly B IUIOCKOCTH Ha PACCTOSHHUH Z:

1 o .
E(XY), =5 j J‘iwdkxdkyA(kX,ky)exp[l(kxx+kyy+ k2—kZ-k2)] @

MoskHO mepenucarh ypaBHeHue (4) kak JABoitHOe mpeodpasoBanue Oypbe
obbexTHOTO Nouist E(&,7)

E(x,y), = F’l{F[E(n,g)]xexp(i,/kz K —ka)}, (5)
rae k, =4/k2—kf—kj.

B ypaBuenuu (4) u (5) Mbl IpeAnonaoxuin, 4ro K, siBusercs AeHCTBU-

2 2 2

TEJIBHBIM, ITIOATOMY JOJIKHO BBITIOJHATHCS YCIIOBUE k®> kX + ky .
NHTeHCUBHOCTD I(x, y; z) u dasa (p(x, y;d) MOTYT OBITH IOJIyYeHBI U3
KOMITJIEKCHOTO mmoJist E(X, y)Z Ha PacCTOSIHUHU Z C UCIIOJIb30BAHUEM CIIEIYIOINX

COOTHOIIICHUN:

1(x,y;2) =|[E(x,Y),[ 6)

Im[E(X,Yy),

M :arg[E(X,y)z]' (7)

Re[E(x,Y).]
3nauenns pa3 @(X,Y;Z) KoTopble GbLIM TIOMyYeHE! B ypaBHeHHH (7) CO-

OTBETCTBYIOT MOJYIIO 277

(X, y;d)arctg

3. MaTepuajibl 1 MeTObI

B mpornecce 3anucu 1udpoBoii roorpaMMbl HCCIIETyeMbId TPEXMEPHBII
O0OBEKT CO CBETOpAacCEHBAIOLICH MOBEPXHOCTHIO MOMEINANICS Ha paccTtostauu d
OT KaMepbl. 3alMcaHHasi rojiorpaMMa pacCMaTpHBalach Kak IPOMYCKAFOLIMN
TpaHCHapaHT, Ha KOTOPOM JMdparupyer onopHas BosHa. s momydeHus pe-
3yNbTUpPYIOIIEH 00BEKTHOW BOJNHBI B HU(PPOBOI ronorpaduu MpuMeHsIICS YHC-
JICHHBIH pacyeT omnrtudeckoro nois Buma 0,(X,Y)I(X,y). YucnenHas pexoH-
CTPYKLUS TOJOTPAaMMBI, 3aIMCAHHOH B IIM(POBOM BHUJIE, MPOBOIMIACH B COOT-
BETCTBUH CO CKaJSAPHOW Teopueil mudpakuuu B npubmmkennn Dpenens s
mudpaxnuonHoro uHTerpana Pames — 3ommepdensna. B pabore ucmons3o-
BAJICSI METOJ] YIJIOBOTO CHEKTPA ISl PEKOHCTPYKIMU TOJIOTPAMMbBI KaK METO]I,
HE UMEIOIINN OrpaHIYEHUH M0 PACCTOSIHHUIO Z OT 00pasia A0 MIOCKOCTH U300-
paxenus. [Ipu 3TOM pa3Mep KaKI0ro MUKCeNsl PEeKOHCTPYHPOBAHHOTO H300pa-
JKEHUSI COOTBETCTBYET pazMepy MUKCEIST HCXOAHON rojtorpaMMEl [ 19].
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DKclepuMeHTaIbHAS yCTaHOBKa (puc. 1) BKIfouajga B ceOsl: MONYIIPO-
BOJHUKOBBIN Jlazep ¢ onTudeckod MomHocThio 120 MBT Ha anmuHe BOJHBI
535 M, nuadparmy ¢ pazmMepom anepTypbl 25 MKM M KIOBETY C TECTOBOM cpe-
Jou. JIyis mpoBepKH METO/ia W OIEHKM MHHMMAJIBHOTO pa3Mmepa oOHapyKuBae-
MBIX 4acTHI] ObLIO MPUTOTOBIEHO HECKOJIBKO TECTOBBIX cpel. OHM COCTOSIM U3
JTUCTHUTHPOBAHHONW BOJIBI M B3BEIICHHBIX YacTHIl, pazmepaM oT 0 10 100 Mxm.

UncneHHBI pacyeT pacpoCTpaHeHHUS ONTHYECKOTO IO U3 IIIOCKOCTH
roJIOTPaMMbI B TUIOCKOCTh H300pa’keHHsi OBLT HWCIIONB30BaH IS TIOMYYEHUS
JAHHBIX 0 GOpME CTPYKTYP OT OOBEKTHOW BOJIHEI B U(POBO#L rojorpaduu [2].

C uenbto u3BIeUeHUs HHPOPMaUK O (a30BOH 3aaepiKKe MOCIe MIPOXO0 K-
ICHUS BOJHOHM HccienyeMoro obpasia paspaboTaHa mporpamMma Ui pacdera
TrdpaKuy mosl.

Kroperac

TeCTOBROH
Hal arnia o
H@ 2‘%}31\'1]5'!1 cPe’HOH
nazep 1At
" +* 48w
! 1

Cod '
.

Puc. 1. Cxema skcriepuMeHTaIbHOH yCTaHOBKH.
Fig. 1. Experimental setup diagram

[Iporpammuast cpena obecrieuuBaeT CBA3b C KaMepol UId 3axBaTa H300-
pakeHUs MOJs MydKa AJs Hocleayromeil 00paboTKu. Y paBisiOmUi MOIYTb
MPOTPaMMBbl MO3BOJIAET U3MEHATh YHCIECHHYIO (POKYCHPOBKY 1O OJHOMY TOJO-
rpadMuecKOMy CHHUMKY, 4TO 00eCIeYnBaEeT IMOJIHOE MOKPBITHE 00pasiia pa3iny-
HBIX TPOCTPAHCTBEHHBIX Pa3MePOB, HAXOASAIETOCS Ha MPOU3BOIHLHOM PacCTO -
HHUH OT KaMephl (MaTPHIIBI KAMEPHI).

[Iporpamma pazneneHa Ha HECKOJIBKO 3ar0JIOBOYHBIX (DaiilioB B COOTBET-
CTBHH cO cnenu(ukoil QyHKIMOHUPOBaHMS MPUIIOKEHUH B cpeae pa3paboTku
C++ u dpeiimBopkom Qt. B omHOM u3 daiiioB Ha mepBoM 3Tame o0pabOTKH
BBITIOJTHSIETCA TTpeoOpazoBanne Oypbe s momydeHHbIX ¢ [13C-matpuist n306-
pakeHuil B ykasaHHOM Karanore. Ilo ymonuanuio oOpabatbiBaroTcsi bmp-
¢aimer. Kaxxnoe m3obpakeHme mepen mpeoOpa3oBaHWEM KOHBEPTHPYETCS B
MoHoxpoMHoe. [locne @ypbe-npeodpazoBaHus HyJeBas 4acTOTa CIBUTAeTCs B
LEHTP CHEKTpa, TEM CAMbIM HCKJIIOYAEeTCA HYJEBOH MOPAOOK AUGPaKIUU H3
Pe3yIBTUPYIOLIETO N300paskeHus. J{JIsi HarJsAHOCTH Pe3ysibTaT O0ToOpaKaeTcs
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Kak JjorapudM Momynisa crekTpa. Ha BTOpoMm srtame o0pabOTKM peanmu3yercs
(dopmupoBanue, (GuUIbTpamnus MYMOB W BbUMTaHUE (DOHOBBIX apTedakToB
n300pakeHusl, U JajbHEWIee BOCCTAHOBICHHE TOJIOTPaMMbI OOBEKTa. Y BEJIH-
YeHHE Pa3pelleHHs] U yNy4IIeHHWE MOKa3aTeslell OTHOLICHHWS CHUTHAI/IIYM J10-
CTHUTaeTcs 3a CYeT MPOrpaMMHON 0OpabOTKM alTropUTMaMH JTIMHEHHOTO KOHTpa-
CTUPOBAaHMA, UCIIOJIB30BAHHUE I‘aMMa'q)I/IHLTpaIII/H/I U INPpUMCHCHUA MCAUAHHOI'O
¢unsTpa ¢ OnHapu3anmel m3o0pakeHuss McxomHsiM daitioM sBIsIeTCS H300-
paxenue object.omp. ITo Hemy dopmupyercst ronorpamma hologram.bmp, xo-
TOpas 3aTeM BOCCTaHABIMBACTCS B UCXOAHOE M300paxkeHue reconstruction.bmp.

CBsi3p IIPOrpaMMHOM M almaparHOl 4acTeli B aBTOMaTH4eCKOM PEKUME
CKaHUPOBAHUS TIO3BOJISIET ONPEACTUTE O (a30BbIM OCOOCHHOCTSM 00JIaCTH He-
OJTHOPOJHOTO paclpelieNieHus TOKa3aTeNs MPEIOMIICHUsT 00BEKTOB CIIOKHOU
(dhopmpl, a pactpenesieHne HHTEHCUBHOCTH ITOJIS MPECTABISICTCS B IByMEPHON
(dopme B nHTEp(DHEHCHOM OKHE TIPOTPAMMBI, TJe JOCTYIHBI PACCUYMTAHHBIE Kap-
THHBI PACTIPEICIICHHS aMIUTHTY b U (ha3bl OIS, @ TAKIKE pacTpe/IeICHHUS HHTEH-
CHUBHOCTH, PETUCTPUPYEMbIE KaMepoil, 1 00paboTaHHOE KOHEYHOE H300pakeHHE.

4. IlosryyeHHbIe pe3yJbTaThl

Ha puc. 2 — puc. 5 npeacTaBieHb! BOCCTaHOBIICHHBIE YNCIIEHHO TOJIOTPaM-
MBI, TIOJYYCHHBIE Ha KIOBETE C TECTOBOM CPENOi M YacTHLAMU Pa3HOTO pa3Mepa.
Llena nesneHust NI3MEPUTEIBHOM LIKAJIbBI (ClIeBa HA PUC. 2 — PUC. 5) COOTBETCTBYET
pasmepy 10 mxm. M300pakenns yactun Ha puc. 2 (¢ pazmepamu ot 0 10 5 Mkm)
MIPAKTUIECKA HEPA3IMIUMBI Ha YPOBHE IITyMOB. DTOT (DaKT CBS3aH C OCOOCHHOCTSI-
MU METOJa ¥ MaJIbIM pa3pellicHreM UCIOoNb3yeMol kamepbl. Ha puc. 3 mpejcTtas-
JICHBI BOCCTAHOBJICHHBIC N300paKeHHS YaCTHII C pazMepamu oT 15 mo 20 Mxwm.

Puc. 2. PexoHCTpynpoBaHHBIE H300paKEHUS YacTHI] ¢ pazMepamu oT 0 10 5 MKM.

Fig. 2. Reconstructed images of particles ranging in size from 0 to 5 um
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Ha pucynke 2 mo4ru HeT 0OHAPYKEHHBIX OOBEKTOB.

Puc. 3. PexoHcTpynpoBaHHBIC H300paskeHHSI YacTHIl € pasMepamMu OT 15 10 20 MKM.
Fig. 3. Reconstructed images of particles ranging in size from 15 to 20 pm

W3 puc. 2 u puc. 3 BUAHO, YTO YACTHIBI C pazMepamMu MeHee 20 MKM
MIPaKTHYECKH HE IETEKTUPOBAIMCH B XOA€ JAHHOTO 3KCIEepUMeHTa. Takum 00-
pa3oM, MpeUIoKEHHBIN METO MO3BOJISIET OOHAPYKHUBATh YACTHLBI C JIMHEHHbI-
MU pa3mepamu He MeHee 20 MKM. BO3MOXHOCTH OOHApYXEHHUS YacTUI] MEHb-
IIEro pa3Mepa IJIaHUPYeTCs pACCMOTPETh B CIEAYIOIIUX PaboTax.

Ha puc. 4 npencraBieHbl BOCCTaHOBICHHBIC H300payKeHHs YacTHIL C pas3-
mepamu ot 40 1o 50 MKM.

Puc. 4. PexoHcTpynpoBaHHBIE H300paKeHUS YacTHI] ¢ pasMepamu oT 40 10 50 MKM.
Fig. 4. Reconstructed images of particles ranging in size from 40 to 50 pm

U3 puc. 4 BUAHO, UTO YACTHIIBI XOPOIIO PA3IHYUMbI U MOTYT OBITH OIle-
HEHbI 1o pasmepaMm u (opme. Ha puc. 5 mpencraBneHbl BOCCTaHOBICHHBIS
n300paxeHus actuil ¢ pasmepamu ot 90 1o 100 Mxm.
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Puc. 5. PexoHcTpynpoBaHHBIC H300paXKeHUs YacTHIl ¢ pazmepamu oT 90 1o 100 MxM.

Fig. 5. Reconstructed images of particles ranging in size from 90 to 100 um

W3 puc. 5 BUAHO, UTO YaCTHUIIBI OOHAPYKUBAEMBI 1 MOTYT OBITH OIICHEHBI
o pasmepy u ¢opme. BpeMs ananm3za TECTOBOW Cpejibl, BKIIIOYAs MOJyUYEHUE
HU300paKEeHHS] M KOMITBIOTEPHYIO 00pabOoTKy, HE3aBUCHMO OT pa3Mepa JacTHIl,
Ha KOMITBIOTEPHOH CHUCTeME C THIMHYHON O(QHUCHON KOH(HUTypanueil (MHUKpO-
mporieccop ¢ yactoToit okono 2 I'T'm, pasmep omneparuBHo# namstu 4 ['0) co-
crasinsuio He 6onee 100 Mkc.

5. 3akiaouenue

B pabore mpencraBieH MeTol IMQPPOBOH roIorpa@uuecKoil MUKPOCKO-
IINH, HO3BOJI$IIOHII/II71 BOCCTAHOBUTH KOMIIJICKCHYIO aMIIJIMTYy BOJIHbI, 4, CJICAO-
BaTEJILHO, aMILTUTYTy W (pa3y BOIHOBOrO (h)poHTa OT OOBEKTA, UYTO pelIaer 3a-
Jady TIOWCKa B3BEIICHHBIX B KHJIKOCTH 4YacTHIl. [ omorpaduveckuii mpUHITUT
perucTpanyy Mo3BOJIIET PEaTU30BaTh BO3MOXKHOCTh CUMTHIBAHHS HECKOJBKHUX
roJIOTPaMM B Pa3HBIX y4aCTKaX KIOBETHI C HCCIEAYEMOM Cpeloil.

B pabote mokazaHo, UTO ¢ MMOMOIIBIO ONMMMCAHHON YCTAaHOBKHA MOXHO J-
TEKTUPOBaTh 4acTUIbI pazMepoM He MeHee 20 MkM. [IpennokeHHBI METOJ,
MOMHMO KaueCTBEHHOT0 HaOMofeHUs] 00BbEMHBIX BKJIIOYEHHH, [TO3BOJIIET BOC-
CTaHABIMBATh TPEeXMEpHbIE TreoMeTpuyeckue (OpMBI OOBEKTOB TI0 MAacCHUBY
JaHHBIX, HAKOIIJICHHBIX B KOMHL}OTepHOﬁ cucTeME. ITO OTKPBIBACT HIMPOKHUE
MIEPCIEKTUBHI ISl JAHHOTO TUATHOCTHYECKOTO METOa, KOTOPHIH OJHOBPEMEH-
HO OIpeleNisieT HEe TOJBKO pa3Mep 4acTHl, uX ¢opmy (II0 KOTOPOH MOKHO
KJaccuUIMpPOBaThH TN 3arps3HEHMS ), HO U CBOMCTBA MaTepHaa.

Ha mporpaMMHBIN MPOAYKT IO aHAIN3Y royiorpaguaeckux n300pakeHuH
MTOJIy9E€HO TOCYJAPCTBEHHOE aBTOPCKOE CBHUIETEIBCTBO.
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Abstract: In this paper a method of digital holographic microscopy for detection of sus-
pended particles in water is proposed and tested. The aim of the work is to propose and
experimentally verify the possibility of using the method of digital holographic microscopy
for detection of water pollution by suspended particles with estimation of the minimumsize
of the detectable particle. The mathematical apparatus of the numerical method of holo-
gram restoration is proposed. The program algorithm is developed. The theoretical de-
scription of the experimental method is carried out. The laboratory setup is designed. The
algorithm of image restoration by phase characteristics is proposed. The possibilities of
the method are analyzed. Itis established that particles larger than 20 microns are detect-
ed. It is concluded that the proposed method, in addition to qualitative observation of vol-
umetric inclusions, allows to reconstruct three-dimensional geometric shapes of objects
using the array of data accumulated in a computer system for further analysis.

Keywords: microplastics, digital holographic microscopy, laser, interference, object,
phase, hologram.
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Annomayun: Paccmompenbvi Hekomopble paHHue MexHOI02UU, KOmopwle HO380NUTU
VAVYUWUMb KOHCMPYKYUIO U dlleKmpuyeckue xapakmepucmuku ayouona Jlu oe Dope-
cma. I[1o0pobno uccredosana ponv epudiuKa 6 NOSbIUEHUU 4YECMEUMETbHOCIIU 8AKY-
YyMHO20 mpuooa. Ilpueoosmes pacuemuuvle (GOpMYabl NEMEHMO8 U XaAPaAKMepUCmuK
8aKyyMHo20 mpuoda. Ommeuenvl NapazumHusle eMKocmu 6 mpuooe u 3¢gpexm Munne-
pa. Tloxkazano npumenernue nepevix 08YXMAKMHBLX CXeM 8 INEKMPOHHBIX YCUTUMETbHbLX
YCMpOUCMeax Ha IAMNOBbIX MPUOOAX.

Kntouesvie cnosa: ayouomn, Jlu oe Dopecm, Opux Tueepcmeom, xapaxmepucmuxu
mpuooa, KackaoHslll ycunumens, 2pUOIUK, 08YXmaxkmmole cxemvl, 3¢pgpexm Munnepa.
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1. BBegenue

Hayunoe n3o0pereHne NMOAYMHSETCS 3aKOHY JBOJIOIHMH YEJIOBEYECTBA.

YcTpoiicTBa HE POKAAIOTCS B 3aKOHYEHHOM BHJIE, U Cpa3y, KaK B KJIIACCHYECKOM
1

mude, korna MuHepBa~, Kak TOBOPST, BbIpociia u3 rojoBel KOmutepa. OHu

! FOnuTep Tak CHIBHO MyYmIICS OT MPUCTYIIOB OONM, YTO OOGPATHICS K CBOEMY ChIHY BynkaHy ¢
npoce00ii pa3pyOouTh eMy rojioBy. M TOT cornacuics. ByjnkaH pacKoioJ ToJIOBY CBOErO OTI[@a TOHMOPOM, U
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IIPOXOJST HEOOJIBIINE 3TAIlbl, U TINATEIbHBIA aHAJIN3 IIOKA3bIBAET, YTO OCHOB-
HbIE MJIeU, U300peTeHns ObLIM CHENIaHbl B ONPEAEICHHOE BPeMsI KOHKPETHBIMU
JFOJIbMH, Y KOTOPBIX OBLIIO IOHUMAHHE TOTO, YTOOBI CAEIATh UX B MOIXOIAIINN
MOMEHT. Tak, mociie sKcnepuMeHTalIbHbIX ucciegoBannii Opuna JlepeHmreitna
CTaJIO SICHO, YTO BBIOOp pexumMa paldOThl aylHOHA ONpelessieT ero (yHKLHO-
HaJlbHY!0 HampaBieHHOCTh [1]. Jlu ge ®Popect npuMeHUIT ayJUOH B KAYECTBE
neTexktopa [2], momoOpaB ero pexuM B BepXHEH 4YacTH mepernda aHOIHO-
CETOYHOM XapaKTEPUCTHKH, B TO BpeMs kak Ppurl JIeBeHITENH 11 yCUIICHUS
CUTHAJIOB 3BYKOBOHM 4aCTOTHI HCIIOJIb30Bal JIMHEHHBIN Yy4acTOK XapaKTepUCTH-
ku. [locnennee nzobpereHne MpHUBEIO K PACIIMPEHUIO (GYHKINOHAIBHBIX BO3-
MO>KHOCTEH ay/IMOHA U MOSABICHUIO YCIIINTENEH 3ByKOBOM YacTOTBHI.

2. IToBbimienne 3¢ppeKTHBHOCTH ayIHOHA

Pa3paborunkyu paguoanmaparypsl B IMOMBITKAX MOBBICUTH YyBCTBHTEINb-
HOCTh U KOB(HUIIMEHT YCHIIEHUS ayAHOHa MPU UCIIOE30BAHIH €T0 B KaUeCTBE
JETEKTOpa U YCHJIUTENS CTalH COBEPIICHCTBOBATH €r0 BHYTPEHHUE HIIEMEHTBI:
CETKY, aHOJ M HUTh Hakana. B HEKOTOPBIX KOHCTPYKIUSIX ObIII H3MEHEHBI pac-
CTOSIHHSI MEX]Ty DIIEKTPOJIaMH, a TakXkKe uxX (hopMa, KOTopas paJuKaibHO OTIH-
yajach OT T€X, KOTOpbIE Ucmoib3oBai Jiu ge dopecr.

O¢ddextuBHocTs paboThl ayanona gae Popecta Obl1a 3HAYUTEIHHO
yJIydIlieHa, KOTr/la B KOHCTPYKIIMM TPUOJA CTAU HMCIOJIb30BaTh IHJIUHAPUYC-
ckue aHojpl U cetkn. Kommanus Marconi 9 nexabpst 1913 roga 3amateHToBana
pajuoNamIry ¢ TpeMsi KOaKCHAJIbHO PACIOJI0KEHHBIMU DIIEKTPOIaMH, KaTOIOM,
CEeTKON M aHOAOM, OTJIMYAIOIIYIOCS BEPTHUKAIBHBIM PACIOJIOXKEHHEM aHoJa B
BUJIE€ 3aMKHYTOT'O MIOJIOT0 LUJIMHAPA, BHYTPU KOTOPOTO BIOJb €ro OOKOBOH MO-
BEPXHOCTH PACIOJIOKEHA CeTKa, OKpY)Kalollasi HUTh Hakana, puc.la [3]. 3ama-
TEHTOBaHHAs KOHCTPYKIMS TpHOJa OBITa MCIOJb30BaHa Kommanweidi Marconi
npu BeImycke jamn tuna Marconi/Round CO-118, puc. 16.

B 20-e roapt XX Beka HIMPOKOE paclpOCTpaHEHHE MOJIyUYuIa KOHCTPY K-
Y BaKyyMHOT'O TPHOJa C KOAaKCHAaJIbHBIM PACIOIOKEHHEM B BEPTHUKAIBHON
IJIOCKOCTH KaToJa, CeTKH U aHoja. Hemenkast kommanus Schott Jena Beimycka-
na mogoOHbIe Tpuoasl T2 M u N ¢ HermocpeACTBEHHBIM HAIPEBOM HUTH HaKa-
na, puc. 2 [4]. Tox Hakana Tpuoma tura M coctaBisun 1,2 A, a Hanpspkenue 12
B. B tpuone tuna M muiavMHApP aHOAAa U3TOTOBIISJICS U3 JIMCTOBOM MEIU M UMEII
3aKJIeTIKH JIs eT0o (hUKCallK B CTEKIITHHOM OaimoHe. ["abapuThl Tproaa Tumna
M: BeicoTa 160 MM, quamerp 38 MM.

OTTy[a BBINPBITHYITa MuHepBa — OoruHs. JI[peBHHE PUMIISHE Has3piBald MUHEpBY OOTMHEW MYyIpPOCTH.
Kpome Toro, >kutenu Puma cuuTamd, 9TO OHa SBJISETCS] CIPABEMATUBON OCBOOOIAMUTENBHHILICH OT BOITHBL.
MuHepBa 011aroJIeTeIbCTBOBANIA PA3BUTHIO HaYK.
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Puc. 1. Korcrpykmms tpuona (a) cornacHo narenty IIeetimapuu CH91053A ¢ mpuoputerom ot 9
nekabpst 1913 r., BeiianHblil Kommanun Marconi. TIpomeliuieHHbIH 00pasel Tpuoaa KOMIaHH!
Mapxonu tuna CO-118 (6). Panuuii kinanan koMnanrnd MapkoHu (B), AaTHPYEMbIi TIPHMEPHO

1914 romom. On npencraBisit co0oit MpenBapUTeIbHYIO pa3paboTKy kiamnaHa OneMuHra.
Fig. 1. Triode design (a) according to Swiss patent CH91053A with priority dated December 9,
1913, issued to the Marconi company. Industrial sample of the Marconi company triode type
CO-118 (6). An early Marconi valve (B), dating from around 1914.

It constituted the pre-broadcasting development of the Fleming valve

Puc.2. Tpuon tuma M Schott Jena.1920 r.
Fig.2. Triode type M Schott Jena.1920

B nammnoBbIx Tprogax Schott Jena aHo/pI IPUMEHSUIUCH HE TOJIBKO U3 JINCTOBOM
Mead, HO M U3 xene3a. [l M3roToBIeHHs LOKOJIEH JaMI MCIIOIB30BaJICs CBU-
Hell. TO 00BICHSIOCh TeM, YTO K KOHIy IlepBoii MupoBo#i BoiHbI ['epMaHus
Obula OTpe3aHa OT TAKMX MATEPUAJIOB, KaK CIIOJA, TAaHTaJI, MOJIMOJICH U BOJIb-
($pam, KOTOpEIE MOYKHO OBLIO HAWTH TOJBKO 3a TPaHULEH. AHOJAM U3 Meau U
xene3a TpeOOoBaIMCh 3HAYMTENBHO OoJiee BBICOKUE TEMIIEPaTyphl, YTOOBI BbI-
TECHHUTH CBS3aHHBIC BpelHbIe ra3bl. [loaToMy ObLIO pa3zpaboTaHO crienranbHOe
CTEKJIO JUIsl OAJUTOHOB JIaMII, BEIEPKUBarolIee 0ojiee BHICOKHAE TEMIIEPaTyphl.

B 1914 rony cymiecTBeHHBIC H3MEHEHUS BHEC B KOHCTPYKIWIO BaKyyM-
Horo tpuona ¢uHckui umxenep Dpuk Turepcrenr (Eric Magnus Campbell
Tigerstedt, 04.08.1887—20.04.1925). On B 310 Bpemsi Haxoauics B bepiune u
3aHMMAJICs pa3pabOTKON TEXHOJIOTH 3ByKOBoro kuHemarorpada. Maes Turep-



IEII]EE%TT%II/?I?(;/BV].B%S}OIW Early Technologies to Improve the Design and Performance... 343
. IV, I€KOTOPBIC paHHUEC TEXHOJIOTMU COBEPIICHCTBOBAHUA KOHCTPYKIUH ...
CTENITa COCTOSUIa B TOM, 9TOOBI choTOorpadupoBaTh 3BYKOBOH CHTHAT Ha KHHO-
IIJICHKE, KOTOPBIM 3aTeM MOXHO OBLJIO BOCTIPOM3BECTH IPU MTPOCMOTPE PHIIbMA.
Hpyras mpobiemMa co 3BYKOBBIM COINPOBOXKIEHHEM 3aKiiodanach B TOM, Kak
YCHJIUTH 3ByKOBOM CHTHAJ, YTOOBI €T0 YCIBIIIAIN 3pUTENH B KHHO3AJIE.
Turepcrent cHauana MOMBITAJCS HCHOJB30BAaTh AIIEKTPOHHO-TYyYEBbIC
nmamiiel Tama JInbena s ycmiieHus CurHaa, puc. 3. B To Bpems namma Jlnbena
ObUTa OMHOW W3 HEMHOTHX JJIEKTPOHHO-TYYEBBIX JIAMII, KOTOpas MMeNlach B
CBOOOIHOM TpoAake. DTa jlaMma Oblja TOpOToi IO IeHe, nMella OONbIINe Ta-
0apuTHI U MayI0 JOJTOBEYHOCTh. DPUK BCKOpE MOHI, YTO Jamma Jlnbena He
COOTBETCTBYET MOCTABJICHHBIM 3aJladaM. B 3TOT meproJ BpeMEHU OH COTPYI-
HUYaJd C WM3BECTHBIM HeMelkuM (usukom Bpyno Tmatrenem (James Moritz
Bruno Glatzel, 1878—1914). B xo/ic OAHOTO M3 CBOWX HCCIICOBAHHM JaMIT
JIuGena (Lieben) onr oOHapy MM, 4TO 3Ta JIaMIia TIPEACTABISIET Co00i mpe e
pa3paboTOK B MX OOJACTH MHTEPECOB. | JaTiens cYuTai, YTO JIydIIero MpHuIy-
MaTh HEBO3MOXHO. THTepCcTeqT, HeB3Upas Ha 3TO, HACTONYHMBO MPOJIOIHKUI 3a-
HUMATbCS WCCIIEIOBaHUEM PabOThl CYIIECTBOBABIIMX TOT/A Pa3IMYHBIX KOH-
CTPYKIIMI TPUOJOB U UCKATh PELICHUS MPOOJIEM paHHUX BaKYyMHBIX JIAMII, KO-
Topble ObLTM HEdPPEKTUBHBI, TOPOTH U HEHAJEKHBL. Pe3ynpTaToM mpojenaH-
HOH paboThl cTayNio pemeHrne DpruKa CKOHCTPYHPOBATh BaKyyMHBIM TPHOA IO
texnosioruu Jlu ge @opecra: «I1ocKOIBKY UCIOIB3YEMbIE MHOW YCUIIUTEIbHbBIE
mammbl (Lieben-tubes) He ymoBieTBOpsuin TpeOOBaHHUSIM yCHUIICHHS CHUTHANA, s
CKOHCTPYHPOBAJl HOBYIO, BBICOKOBAKYYMHYIO JIAMITY C I[MUIHHIPUYECKUMHU
aneKkTpoaamMu, u B 1914 rogy nogan 3asBKy Ha naTeHT B ['epmanumny» [5].
' B

—

Puc. 3. Opuk Turepcrenr nzydaer paboTy yCUIUTENS 3ByKOBOH yacTOTH Ha Tamrie JInbena. 1914 r.
OOwwmit Buz namnel JInOena.

Fig. 3. Eric Tigerstedt studies the operation of an audio frequency amplifier on a Lieben tube. 1914.
General view of the Liben tube

Opuk Turepcrent nonai B ['epmanuu naTeHTHYIO 3asBKy 26 uions 1914
roja Ha KOHCTPYKIIMIO TPEXAIEKTPOTHON AMEKTPOHHON JIaMIIbl ¢ TOPU3OHTAIb-
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HBIM KOAKCHAJILHBIM PACIIOIOKEHUEM aHO/Ia, CETKU M HUTH Hakaina, puc. 4 [6].
Jlamma coneprkana repMEeTHYHBIA BaKyyMUPOBAHHBIN METAIUTHYECKUH OAJIOH C
YCTaHOBJICHHBIM B HEM CIIUPAIBHBIM aHOJOM, BHYTPU KOTOPOTO pacroiarajiach
ceTKa B BHJIE MepGOPUPOBAHHOTO IWIMH/pPA, @ BHYTPU €€ M0 OCU IWJIMHJIpA
ObLTa 3aKperuicHa HUTh Hakaya. Takas KOHCTPYKIMsI BAKYYMHOTO TPUOJA, CO-
TJIACHO OIMCAHWI0 B TEKCTE 3asiBKH, MO3BOJISUIA 3HAYUTEIHHO YBEIWYHTH €TO
k03 puUIEEeHT yCHICHNS B CpaBHEHUH ¢ ayauoHoM Jlu ge dopecTa. DIeKTpOH-
Hasl JIaMIla COIJIACHO CXEM€, MPUBEICHHON B NATEHTHOM 3asiBKE, NpeHa3Haya-
Jack Ui paboTHl B Telle(OHHOM YCHJIMTEINE 3BYKOBBIX CUTHANIOB. DPUK KU B
I'epMaHum, ¥ ero mareHTHas 3asBKa OblIa OTKIIOHEHA.

Io3ke OH TONYyYWNT Ha W300pETEHHYIO Jiammy maTeHThl B Januu [7],
CHIA [8] u llIse#iniapuu [9]. 3anareHTOBaHHAS B 3THX CTPAHAX TPEXIIEKTPO -
Has tamma Jpuka Turepcrenra He OblIa UM peadn30BaHa B TOM BHJIE, KOTOPOM
oHa ObLIa TIpeICTaBIicHA B MOJYYCHHBIX MaTEHTaX. | TaBHBEIM B €r0 MaTEHTax
SIBIISITICS] TIPHOPHUTET HA TOPU3OHTAIHHOE W KOAKCHAIHHOE PACIIONIOKEHHUE DIICK-
TPOJOB B BaKYyMHOM TPHOJE. DTO OTMEYEHO B (hopMyJie M300pETEHHS BO BCEX
Tpex 3apyOekHBIX maTeHTax: «B pene mo m. 1 ycTpoicTBO, B KOTOPOM 3IEKTPO-
IIbI, T. €. aHOJ, KaToJ W BCIIOMOTaTeIbHBIN ANeKTpox (cetka — B. [1) uMmerot
IUAJTUHAPUYECKYIO (OPMY U PACIIONIOKEHBI KOAKCUATIBHO 110 OTHOIIEHHUIO JPYT K

Ipyry» [7].

Anoa B Buae compam  Cera - nepopuposankblii wwmHAD

n?ixi!:ﬁ’. |

Puc. 4. Opuk Turepcrear. Cxema teneGoHHOro ycnnutess Ha Tpuoae Turepcrenra.
Pucynok n3 mBeiiapckoro narenta CH82154A Dpuka Turepcrenta.
TIpuopurer: I'epmanus, 26 utons 1914 . [9].

Fig. 4. Eric Tigerstedt. Diagram of a telephone amplifier based on a Tigerstedt triode.
Drawing from Swiss patent CH82154A by Erik Tigerstedt. Priority: Germany, 26 June 1914 [9]

[puopurer Turepcreara ocnapuBaid HECKOJNBKO HPETEHICHTOB, HO Y
BCEX JaThl MI0JIa4M 3as8BOK Ha MOJy4eHHe aTeHTa OblM Oojiee mo3aHue. 3asBKa
Ha nateHT FR492657 M. Ilepu u XK. bure Ha n3BecTHy0 (hpaHITy3CKYIO JIAMITY
RS ¢ Topu30HTaNBHBIM U KOAKCHAIBHBIM PACIIOIOKEHHUEM 3JIEKTPOIOB B BaKy-
yMHOM Tpuone Obia momana 25 oxrsiOps 1915 r. [10]. 3asBka mo maTeHTy
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US1738269, erie 0AHOrO MPETEHACHTAa Ha IMOJO00HYH KOHCTPYKIHIO TPHUOA,
oxxHoadpukanna Ban nep beiina, umena npuoputer ot 4 gexadps 1918 r. [11].
Ban nep beitn yrBepxkaan, uro M. Ilepu u XK. bure 3aumcTBOBanu y Hero KoH-
CTPYKIIUIO 3TOTO Tpuoaa [12].

Bomtonienue uaeit narenra Turepcreara B peajibHYI0 KOHCTPYKILHUIO Ba-
KYYMHOI'O TPHOJa IIO3BOJIMJIO CYILECTBEHHO YCOBEPILIEHCTBOBATh KOHCTPYKIIUIO
JIu ne dopecra. YcoBepilleHCTBOBAaHNE 3aKJIIOYAIOCHh B MOBBIIIEHUH YCUIIEHUS
3a CYET YCTaHOBKHM LMJIMHIPUYECKUX NIEKTPOJOB B JaMI€ B COOTBETCTBHUH C
TIOJTy9eHHBIMH TIATEHTAMH, H3TOTOBIEHHH 0CO00H (DOPMBI CTEKITHHOTO 0auio-
Ha 7 IPeIOTBPALEHHS TOTEPU BaKyyMa U MCIIOJNb30BAHUSA CTAJBHBIX 3€pKajl
BHYTPH JIaMII JJIs1 CHIDKEHHS 3JIEKTPOCTaTUYECKUX TToMeX, puc. 5. CeTku u aHo-
Jbl IEKTPOJOB TPUOJA U3TOTABIMBAIUCH U3 AJNIOMHUHMS MU Meau. B mamrie
HUTH Hakayia OblIa cjienaHa U3 KapOOHU3UPOBaHHOTO 0aMOYKOBOTO BOJIOKHA. B
namiie Turepcreara BIEpBbIE YPOBEHb BaKyyMa JOCTUIAJICSI MCIOJb30BaHUEM
COpOCHTHBIX MaTEPHAIOB JISl TIOTJIONIAsi OCTATOYHBIX Ta30B, TaK HA3bIBAEMBIX
reTTepoB”’.

Puc. 5. O6umii Bua NpoMBIIIJIEHHBIX 00pa3I0B BAaKyyMHBIX TPHOAOB C TOPH30HTATBHBIM U
KOaKCHAJIBHBIM PacIIOIOKEHHEM JIEKTPOIOB BHYTPH OaJuIoHa KOHCTPYKIMH Jprka Turepcrenra.
1914 r. Cnpasa tpuogn, kotopsii kommanust Telefunken mpoussomuna Bo Bpemst
IMepBoii MUPOBOII BOWHBI O3 MUIeH3HH Kak paanoiaamma RS16.

Fig. 5. General view of industrial samples of vacuum triodes with horizontal and coaxial
arrangement of electrodes inside a cylinder designed by Eric Tigerstedt. 1914. On the right is a
triode that Telefunken produced during World War I without a license as an RS16 tube

B pesynbrare Oblia pa3paboTaH BaKyyMHBIH TPHOJ C YCUIIEHHEM BO MHO-
ro pa3 NPEBHILIAIONINM TaKoBoe y amibl JInbena. CTOUT OTMETUTD, YTO HOTY-
YEHHBIH UM pe3yJbTaT SBISETCA YUCTO SKCHEPUMEHTAIBHBIM, MOCKOJIBKY HE
OBUIO HUKAKUX MPEANICCTBYIONIMX SKCIIEPUMEHTOB HIIM MaTeMaTHYECKHX MO-
Jiesieid, KOTOPBIM OH MOT ObI CJIe/I0BaTh.

2 ['erTep — ra30MOINOTUTENb, BEIIECTBO, TMOIOLRAIOIIEE H MIPOYHO VACPKUBAIOMEE Ta3hl (KPOMe
WHEPTHBIX), CBA3BIBAS UX 3a CYET XeMOcopOLuu. Mcrmoap3yioTes B yCTpOHCTBAX JUlsl Ta30I10MNIOIIEH S U 00ec-
MeYeHMsI HeOOXOAMMOIl CTEeIIeHN BaKyyMHUPOBAHUS 3JIEKTPOBAKYYMHBIX TPUOOPOB 1 B BAKyyMHBIX HACOCAX.
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Ilourn yepes mecsin mocie Mojady 3asBKU Ha IAaTEHT Hadanach Ilepsas
MHupoBas BoWHa. Turepcreary, kak noagaHHoMmy Poccuiickoil ummepnu, nainu
TpH AHA Ha TO, YTOOBI MOKHMHYTH TeppuToputo I'epmanuu. Hemernkoe npasu-
TEJIbCTBO OOBSBHIIO BCE paHee BBbIAAHHBIC MATEHTHI TpakaaH Poccun Hepew-
CTBUTCJIBHBIMU 1 KOH(I)I/ICKOBEUIO IIaTCHTHhI anepcre)lTa.

Kommanus Telefunken Bo Bpems IlepBoii MUPOBOI BOMHEI 63 TUIIEH3UH
MPOU3BOJIMIIA BaKyyMHBI TpHOa TurepcreAra kak paauonammny Tuma RS16.
Iocne Boitnbl ['epmanus Beimiatuia TUrepcTeATy KOMICHCALMIO 32 HCIIONIB30-
BaHHUE ero HeodopMmieHHOTO aTeHTa. HemMelkuii maTeHT Ha BaKyyMHBIH TPUOJ
ObLT Bce ke nepeodopmiicH ¢ AaToil myonaukaiuu 15 oktsaops 1919 roga, HO B
1922 r. onATh MO HEW3BECTHOW NPUYMHE OH CHOBA MIOYEMY-TO OBLI aHHYJIHPO-
BaH. 3a OCTaJbHbIE KOH(HCKOBAIO MAaTEHTHl THUrepCTeAT TaKKe MOIy4rI KOM-
MIEHCALMIO MocTie BOWHBI, HO TUIEPUH(IAIMS, HapyuBLIas B To BpeMs B ['epma-
HUH, CBEJIa CYMMY KOMITEHCALlUH K HYJIIO.

KOHCTpYKIIMIO TOPH30HTAIBHOTO KOAKCHAJIbHOTO PACIIOJIONKEHHS dJIeK-
TPOAOB B TPHUOAE B JAJbHEHIIEM MHCIONb30BAIM MHOTHE PaJlUOTEXHUYECKHE
KOMIIAHUH [IPOU3BOIHUTENN PAAHOIaMII, B TOM umciie  kommanus Marconi. Ha
puc. 6 npuBeaeHa KOHCTPYKIHs Tproaa tirma M1 Marconi ¢ mpsiMeiM HarpeBoM
HUTH HaKana.

Y
Y

Puc. 6. Tpuox Tunia M1 Marconi. 1920 r.
Fig. 6. M1 Marconi type triode. 1920

HuTepecno, uro Tpuon tuma M1 Marconi u emy momoOHbIE JaMIibl B
2012 r. npou3BOAUINCH HEOOIBIINM paaronaMioBbiM 3asonoM VAIC VALVE B
Yemickoit Pecnyonuke. [Ipoaykiuus sToro 3aBoja mpenHazHavajgach B OCHOB-
HOM JJIsI My3€eB M JIIOOMTENeW peTpo paguoycTpoicTB. [l 4acTHBIX JHII,
HampuMep, [ieHa BaKyyMHOTO Tpuojia mpsiMoro Hakana tuna VV30B mo mpeiic-
KypaHTy 3aBoja B 1995 rony cocrarisiia 125DM (60 eBpo).

JlanpHeifmee pa3BUTHE SEKTPOHHBIX JIAMIT [IVIO B HAMPABICHUH YCO-
BEPILICHCTBOBAHMS KaTOAa KaK MCTOYHUKA 3JICKTPOHOB, JOCTHKCHUHU MPEleiib-
HO BO3MOKHOT'O BaKyyMa M yBEJIMUYEHHUS AOTOJIHUTEIBHBIX 3JIEKTPOIOB B BUAEC
CETOK.
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3. BBeleHne XapaKTepHCTHK THOAA H TPHOIA

JByXaneKTpoAHas BAKYyMHasl JIaMIla, Kak H3BECTHO, B KaYECTBE IETEKTOpa
paauocurHanos Obuta npemioxkena A. @iemunrom. B 1919 rony u3BectHsblil aH-
rauiickuil  paguontkenep Ywuibam [enpu Mkkn3  (William Henry Eccles,
23.08.1875—29.04.1966) npuaymain 1 kinanada @reMUHTra TEPMHUH «IHOD» (0T
IPeUeCKUX KOPHEH; I 03HAYaeT «IBay, U o1y (0T 0d0S), 4TO 03HAYACT KITYTHY),
puc. 7. EMy >xe npuHa1yIe)XuT BBEJCHUE XapaKTEPUCTHKH JETEKTHPOBAHUSL.
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Puc. 7. Yunbam I'eapu Vkkn3. AHOTHBIE XapaKTEPUCTUKH POCCUNHCKUX BaKYyMHBIX JIaMII
(mBoitno# nquox) tuna 6 X211 u 6X6C, npeaHa3HAYCHHBIC IS ICTEKTHPOBAHMUSL.

Fig. 7. William Henry Eccles. Anode characteristics of Russian vacuum tubes (double diode)
types 6X2I1 and 6X6C, intended for detection

Hampspkerune Hakana auojia OCTaeTCs BO BpeMsi pabOTHI MOCTOSIHHBIM, a
M3MEHSEeTCS TOJBKO HaIpsDKEHHWE Ha aHoje. B CBA3M C ATMM OYEHb BaXXHO
3HATh, KaK 3aBUCUT aHOIHBINA TOK JMO/A OT aHOAHOTO HanpspkeHus. C 3Toi 1e-
110 Y. VKKI3 BBEN XapakTEpUCTUKY AETEKTHPOBAHUSA, T. €. 3aBUCUMOCTD BBI-
OPSIMJICHHOTO TOKa OT HPUIIOKEHHOro Hampspkenus, I, = f(Ug), puc. 7. DTa
3aBHCUMOCTb OOBIYHO M300pakaercs B BUJAE IpaduKa M Ha3bIBACTCS XapakKTe-
PUCTUKON IHUOJA.

XapakTEepUCTUKH AMOAA CIY)KaT AN KOHKPETHBIX TEXHHYECKHX pacue-
TOB, KOTOPBIE€ 3aBUCAT OT HAKJIAaJbIBAEMBIX HA HHMX YCJIOBHH MO NMPUMEHEHUIO
namnsl. Ecnn guon mcmosib3yercs Ui JETeKTHPOBAHUS BBICOKOYACTOTHOTO
CUTHAJIA, TO IIPY €r0 KOHCTPYHUPOBAHUU COOCTBEHHASI EMKOCTh MEX]Yy aHOJIOM U
KaTolOM JOJDKHA ObITh KaK MOXKHO MeHbIEe. Pa3mepsl 21eKTpoJoB U paccTosi-
HUE MEXAYy HUMHU TaKXe JOJDKHBI ObITh MUHHMMAalbHbIMH, puc. 8. Toku, BbI-
HNpsIMIIAEMBIE NETEKTOPHBIMU BaKyyMHBIMH AHOAAMHM, KaK MPaBUIO, OYEHb Ma-
JIBI ¥ U3MEPSIIOTCS JOIAMU WITH €IMHULIAMH MIULITHaMIIepa.

BakyyMHBIH 0[] MEHBIIMX KOHCTPYKLIMOHHBIX pa3MepoB (MajJbuUKO-

. . N Al
BeIfi T 6X2I1), KaK BUAHO U3 pHC.8, oOmamaeT OONbIICH KPyTH3HOH S = —AU“,
a

TO eCTh OH DOoJiee YYBCTBUTECJICH K MaJIbIM U3MCHCHUAM aHOJHOI'O HAIIPSAKCHU .
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Puc. 8. Buemnuii Bz, rabapuTHbBIE pa3MEphl U CXEMbI COSTMHEHHUS 3JEKTPOIOB C BHEIIHUMH
BRIBOAAMHU THOmHEIX gamir 6 X211 u 6X6C.

Fig. 8. Appearance, overall dimensions and connection diagrams of electrodes with external
terminals of diode tube 6X2I1 and 6X6C

OCHOBHBIM JJOCTOMHCTBOM IHMOJHOTO JETEKTOpa SBISETCS, TO, YTO OH
BHOCHT BEChbMa HE3HAYHMTEIIbHBIC UCKAXEHUS IPU paguonpremMe. B To xe Bpems
9TOMY BUAY JETEKTHPOBAHUS MPHUCYI U 3HAYUTEIBHBI HEJOCTaTOK — OTCYT-
CTBHE YCHJICHHUS U HEXKENATeIbHOE IYHTHPYIOIIEE BIUSHUE Ha KOeOaTeIbHbIN
KOHTYD, K KOTOPOMY JIOJI TPHCOEIMHEH NapaiensHo. [lociaennee o0cTosATENh-
CTBO NPHUBOJWUT K YXYAIICHHIO KadeCcTBa KOIeOaTeIbHOr0 KOHTYpa. Psn Hemo-
CTaTKOB JHOJHOTO JETEKTOpa OTCYTCTBYIOT HPH HCIIOJIB30BAaHUH TPEXdIIeK-
TPOJIHOM JTaMIIBI B PeXKUME aHOJAHOTO AETEKTHPOBAHUS

AynuoH, KaKk U3BECTHO, OTHOCHUTCS K MSTKOMY THITY 3JIEKTPOHHBIX JIaMIl,
U HCIONB30BAJICS B Hayaje MCKIIOYMTENBHO Kak jaerekTop. Mcmonmb3zoBaHue
ayJqvoHa JUTS YCHJICHHS 3BYKOBOTO CHTHAJIa BIEPBBIE OBUIO MPOJEMOHCTPUPO-
BaHO B 1912 roxy.

JlobaBiieHne TpeThero AIEKTPOa M3MEHHIIIO CBOMCTBA IBYX3JIEKTPOIHOM
SNIEKTPOHHOM JIaMIBI: KPOME BBIIPSMIICHHS IEPEMEHHOTO TOKa TPEXAIEKTPOI-
Has Jlamma crnocoOHa Oblla TakKe YCHJIMBATh JJIEKTPHUECKHe KojeOaHus,
puc. 9. B 1910 roxy Bce TOT Xe aHMNIMHCKUN paguouH)XeHep YuibsaM Mkkn3
MPEUIOKIIT U TPEXdISTPOJHOM JTaMIlbl Ha3BaHUE «TpHoa». Mcmonp3oBaHue
TPEXAIEKTPOJHBIX JIAMIT JUISl YCHIICHUS SIIEKTPUUYCCKUX KOJICOAHNH 3HAUHUTEI b-
HO YBEIIMYMJIO TAILHOCTh PaIMOCBS3H.

KoncTpynpoBaHue 1 oleHka KadecTBa padOTHI MEPBBIX BAKYYMHBIX TPH-
0JI0B IIPOU3BOJIMIIMCH SMIIUPUYECKH, 0€3 TOJDKHBIX TEOPETHYECKUX PAcUETOB.
Co BpeMeHeM ObUIH MOJYYEeHBI BRIPAKEHUSI OCHOBHBIX XapaKTEPUCTHK TPUOJA:
KpyTH3HA XapaKTEePUCTHKH, BHYTPEHHEE COMPOTHBICHUE MEPEMEHHOMY TOKY,
KO3((UIMECHT YCUIICHHUS U IPOHUIIAEMOCTb.

B 1914 r. Xeunpuk Ban nep beiin (Hendrik Johannes van der Bijl,
23.11.1887—02.12.1948), corpyauuk xommanmu Western Electric orkpsun
B3aUMOCBSI3b BHYTPEHHHX TPEX «KOHCTAHT» BaKYyMHOT'O TPHOJA: KPYTHU3HHI S,
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Anoo

Cemka

Puc. 9. Konerpykims nepssix TpuoaoB (1915 1.), yeTpoiicTBO Tproza npsiMOro Hakaa
C BEPTUKAJIBHBIM PACHOJIOKEHHEM 3JIEKTPOJOB U YCIOBHOE rpaduueckoe 0003HaYeHHE TPHOA
Ha CXeMax.

Fig. 9. The design of the first triodes (1915), the design of a direct filament triode with a vertical
arrangement of electrodes and the conventional graphic designation of the triode in the diagrams

K0d((UIMEeHTa YCUIICHHS (& U BHYTPEHHETO CONPOTHBJICHUS R; M 3amuch uX B
Buge GopMmyssl S = Ri [12, c. 235]. Tlony4eHHbIil pe3yibTar ObUT OTPaKEH B
i

psane ero crateir 1918—1919 rr. [13, 14]. Her3upas Ha 3T0 GopMyIiIy, MOIY-
YeHHYI0 beloM, B TEXHUYECKOU JINTepaType €€ OMUOOYHO MPUITHCHIBAIOT H3-
BECTHOMY HEMEIKOMY yYeHOMY pammoTexHuky ['eopry Bapkraysemy® (hewm.
Georg Heinrich Barkhausen, 02.12.1881—20.02.1956). Dto cBsi3aHO cO ciie-
aytouM. B 1919 rony penakiiny HeMenkux uznanuii «Exxeromnuka 0ecrpoBo-
nouHo#t tenerpadum» (mem. Jahrbuch der drahtlosen Telegraphie und
Telephonie) u «ApxuBa anekrporexHukm» (HeM. Archivs fiir Elektrotechnik)
obOparmnuck k ['erpuxy bapkrayseHy c¢ mpock0oii HamwcaTh JUIsl HUX CTaThiO O
€AMHBIX 0003HAYCHUSAX XapaKTEPUCTHK dIEKTPOHHBIX Jiamn. [loTpeOHOCTH B
TaKo# cTaThe OblIa CBSI3aHA C HEOOXOIMMOCTBIO YCTAHOBHUTDH €IMHBIC HAa3BaHUS
IUist HarboJiee BaKHBIX TEPMHUHOB, TaK KaK B TEXHUYECKOH JINTEparype MpucyT-
CTBOBAJIO OOJBIIOE KOJNWYECTBO OJHUX M TEX K€ TEPMHUHOB TMOJ[ Pa3HBIMH
Ha3BaHUAMHY, BCTPEUAIOMINXCS B OMUCAHUSIX AIIEKTPOHHBIX JIaMIaX M Pa3ind-
HBIX MIPIJIOKEHHUAX, YTO BBI3BIBAIIO ONpEeNIeHHbIE TPYIHOCTH TPU UX UCTION b-
3oBaHuH. ['eopr bapkraysen B crarbe [15] mpuBen B JOCTYHHOM ai1st Oosee LIiu-
poko#t aymutopun audepeHIranbHbIe ONMpeAeIeHNs MapaMeTpoB TpUoJa B
BUJe, 6J1arogaps KOTOPOMY OHH TMOJIYYHIIH paclipocTpaHeHue: KpyTH3Ha Xapak-
dl, [

dUcy, (U, = const’

TEPUCTHKH IO CETKE JaMIbl — S = BHYTPEHHEE COIPOTHB-

® C 1911 r. npodeccop Beicmeit Texumueckoil mkomsl B JlpesneHe u AUpeKTop Jpe3aeHCKOTO
3JIEKTPOTEXHUYECKOTO MHCTUTYTA c1abbiX TOkoB. B 1928 r. emy npucyxnena menanb ['enpuxa I'epua, a B
1949 r. — HauuonasnbHas npemus ['[P.
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— dUa

du
nenne — R; = —2 , 4
Y'"al, |Ugqy = const

dUcq

K03 pUIMEHT yCHIeHUS — U = (po-
1
HHULIAKEMOCTH Jamnbl D = ;), TOI/Ia ypaBHEHHE bapkray3eHa MOKHO BBIBECTH

13 BBIpaKEHUs HoHoro auddepeHimaina Toka

dl —(aI“> du +(ala) dUgy = 1dU + SdU
a — aUa UC1 a aUd Ua Cc1 _Ri a C1-

Ortcrona nipu I, = const, nmeeM:

3aMeTHM, 4TO BCE TPH MapaMeTpa TPHOAAa MMEIOT CMBICI TOJBKO MPHU padoTre
JJaMIIbl HUKEC TOKa HACbhIIICHUS Ha HpﬂMOJ’IHHCﬁHOM YYaCTKE XapaKTCPHUCTUKU.
Ha npakTuke, kak W3BECTHO, MapaMeTPbl TPHOIA OMPEICISIFOTCS MO aHOIHBIM
WM aHOJHO-CETOYHBIM XapaKTCPUCTHUKAM.

®opmyny (1) MOXKHO 3amucarh B BUJIE

S-D-R; =1. @)

B stoMm ciyuae BeIpaxenue (2) Ha3wpIBaOT hopMynoi bapkray3eHa uiam uHOTIA
BHYTPEHHUM ypaBHEHHEM JaMIibl. Popmyia (2) mo3BOJISET IPH KOHCTPYHUPOBa-
HUW TPUOJA TO JBYM €T0 XapaKTEPHCTHUKAM HAaXOIUTh HEU3BECTHYIO TPETHIO.
OO0BIYHO, TSt OBICTPOTO OIPENIEIEHUS MapaMeTpa, 3TO JIENA0T IO HOMOTpaMMe,
W3BECTHOM TOJ1 HA3BAHUEM JIAMIIOBBIM TPEYTOJIbHUK.

B xonre crareu [ 15] bapkraysen namnucai:

«Pazymeercs, KaXIbplii aBTOp BOJIEH BBOJWUTH CBOW JIOMOJHHUTEIIBHBIE
TePMHUHBI U 0003HAYEHHUS. 3/1€Ch MEPEUUCIICHBI TOJIBKO T€, KOTOPBIE TIO CBOEH
MIPUpO/Ie Beceria OyayT MOBTOPATHCS U JUIS KOTOPBIX MTO3TOMY €MHOE Ha3BaHUE
SIBIISIETCSL MPAKTHYECKOW HEOOXOMUMOCTHI0. be3 BecKoi MPUYWHBI HUKTO HE
JOJKEH MPUIICPKUBATHCS Pa3HbIX UMEH. S TOKe OTKa3aycs OT MPeIblAyIIHuX.
HeMmHoroumncieHHsIM aBTOpaM ropaszzio Jierde IpUBLIKHYTh K HOBBIM T€PMHIHAM,
4eM MIUPOKOMY KPYTy UUTaTeseH, He CTOMb 3HAKOMBIX C MMPEaMETOM. B KaxxaoM
Trrle 0003HAYEHUI ecTh YTO-TO HempaBWibHOE. Ho Bcerma ciemyeT WMeTh B
BUJY, 9TO HE MMeET OOJIBIIOTO 3HAUEHHS, BRIOEpETE JIN B Ty WM HHYIO OYKBY,
¥ 4YTO JaXke TUIOXO€ €JMHOEe 0003HAUYCHHE BCE XKe JIydlle, YeM COMBArOmas ¢
TOJIKY Pa3HOBUIHOCTHY.

[MapameTps! TproAa M APYTUX MPUEMHO-YCUIUTEIHHBIX JIAMI B MOJHON
Mepe OINpPeae/soT Kak 001acTh €ro MPUMEHEHHS, TaK U PeXUM padoThl. [lo u3-
BECTHBIM COOTHOIICHHSIM 3TH ITapaMeTPhI HECIIOKHO BEIUUCIISIFOTCSI, €CITH 3a/1aHBI
XapaKTEePUCTHUKH, HITH JIETKO H3MEPSIOTCS TPH MTOMOIIIH TEX WM HHBIX CITOCOOOB.
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Y Tproaa mMeeTcsl JBa OCHOBHBIX HEIOCTATKa: HEOOMBIION KOA(PHHUITH-
CHT YCHUJICHHA U OTHOCHUTCIIBHO OoubIIas EMKOCTD MECXAYy aHOAOM U CeTKOfI, TakK
Ha3bIBac€Mas IpoxoaHass EMKOCTb.

B mnepBoM cnydae NOpUYMHON SIBISIETCS HEKOTOPOE SKpPaHUPOBAHUE
ynpaBnﬂ}omeﬁ CEeTKOH KaToaa, KOTopasd 3alluIIacT €ro OT BIUSAHUA aHOAA. I[e—
JIaTh XK€ TpHUOAbI C OYCHb FyCTOﬁ CEeTKOI HCJIB3s, TaK KaK OHa 6y,£[6T npensr-
CTBOBATh JABUIKCHHIO JJICKTPOHOB K aHOAY, BCJICACTBUC YCTO aHOHHBIfI TOK 6y—
€T Mai, a CETOYHLIA TOK BEIUK. BoJbIasg eMKOCTHAsA CBI3b MCXKAY aHOOOM U
CGTKOI7I, OKa3bIBACT BPECAHOC BIMAHHUC HaA pa60Ty JIaMIbl B OOJIBIIIEH CTEIEHU B
Juarna3oHe BBICOKHUX 4aCTOT.

KOHCTI)YKHI/ISI B COCTaBC aHOJa U praBﬂHIOHIefI CCTKU JIaMIIbl ITPEACTAB-
JSeT COOOW HUIMHAPUYCCKUN KOHJICHCATOP, TO3TOMY MEXIY dTHMH 3JICKTPO-
JaMU BCE€raa €CThb OIPCACJICHHAA JJICKTPOCTATUYCCKAA €MKOCTD. DTa eMKOCTh
HMeeTCs B JII000H JIJaMII€, HO B TETPOJAC U MCHTOAC OHA 3HAUUTCIIbHO MCHBIIIC,
4eM B Tpuoje, oiarogaps 3GpQpeKTy 3IeKTPOCTaATHYSCKOr0 SKPaHUPOBAHHS.

4. Oco0eHHOCTH UCIIO0JIHL30BAHUS Ay THOHA
B YCIWJINTeJIe 3BYKOBOH 4YaCTOThI

[TockonbKy KOHCTPYKIMS ayAHMOHA COACPIKHUT TPH DIEMEHTa, TO OUEBU -
HO, YTO MOXET OBITh IOCTPOCHO HECKOJIBKO Pa3JIMYHBIX CEMEHCTB XapaKTepHu-
CTUYECKUX KPUBBIX. B TPEXdIEKTPOIHOM JIaMITe UMEET MECTO JBa 3JICKTPOHHBIX
TOKa — aHOMHbIM [, u cerounblid [;. Ilpu 3amaHHOl Temmeparype Karozna
(ompenensiemoit Uf U If), 3aBUCHUMOCTh 3THX TOKOB OT HampsbkeHuu anona U, u
cetku Uy BhIpakaeTcs QyHKUUAMH, NPEACTABIAIOMUMHE COO0H XapaKTEpHCTH-
YeCKHE MOBEPXHOCTH BaKyyMHOTO TPHOAA:

Io = fi(Ug, Ug) uly = f1(Uq, Uy).

[lepeceuenne 3TUX MOBEPXHOCTEH TIOCKOCTSIMH JTa€T OOBIYHBIE (ILTOC-
Kue) xapaktepucTuku Tpuoma. B 1915 rogy Wpsunr Jlearmiop (anrim. Irving
Langmuir) ombITHBEIM ITyTEM YCTaHOBHII BHJI IIEPBOM M3 3THX (YHKINH (OCHOB-
Hast popmyiia Toka B Tpuoe) [16]:

Io = Ay (Up + uUy)*"?,

I/ie MocTosAHHAas A, 3aBUCHUT OT KOHCTPYKIUH IEKTPOJOB TPHOJA.

3nauenne A; MOXeT OBITh BBIYUCIICHO IS CIEAYIOIMX KOHCTPYKITUHA
3NIEKTPOIOB TPHO/A:

a) Jlnst ciydas MIOCKMX SIEKTPOJIOB, KOrJa TOK BhIpaxkeH B Alcm? mo-
BEPXHOCTHU aHOJA, IPUJIOKEHHBIC HAIPSDKEHUS B BOJIBTAX, & PACCTOSHUE MEXKIY
3IEKTpoaMu 0 B CM:
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1

— . -6___ -
Ay =233 107 s,

0) [lpu nMIMHAPUYECKUX AIIEKTPOJIaX, KOIJIa TOK BhIpaXeH B A/CM yn-
HbI aHOJIa, PaILYyC KOTOPOTO 7y

1

— . -6___ -
Ay = 14,65 1070 e

rae g — kodduuuent 2 onpeensercs Mo COOTBETCTRYIoMeH Tadnuue [17].

AHOJIHO-CETOYHAS XapaKTePUCTHKA TPEXINEKTPOJHOM JIaMIIbl MPeICTaB-
nsieT coboit rpaduk 3aBUCMMOCTH aHOHOTO TOKA OT MOTEHI[MAaNa (HAMPSHKSHNU )
Ha CETKE MPU HEM3MEHHOM HaNpPSKCHUW Ha aHOJIC JTAMIThL. DTa XapaKTEPUCTHKA
MO3BOJISIET OOBSCHUTH PabOTy BaKyyMHOT'O TPHOJA B 3aBUCHMOCTH OT €ro pe-
XKHUMOB, puc. 10.

o D
B'p
<
&
g 0,5 B
: a Puc. 10. AHogHO-CceTOUYHAS Xa-
&  EFREF 33 PaKTEpPUCTHKA ay IMOHA
ol A/‘ (TpeX3IEeKTPOIHOI JIaMIIbI).
. =17 } Fig.10. Anode-grid characteristic
-10 -5 0 +5 +10  of an audion (three-electrode
Hampsoxenne Ha ceTke, B tube)

Cerka ayauoHa, Kak BUIHO U3 pHC. 10, MOXET NUMETh MOTEHIIMAN KaK I10-
JIOXKUTENBHBIN, TAK U OTpULATENbHBIA. KpUBYIO XapakTEpUCTUKH MOXKHO pas3-
OWUTh Ha TPU YACTU: BEPXHUH M HIXKHUH MEPETUOBI, U MPSIMOIMHEHHYIO YacTh.
Wntepran kpuoit ot C 10 D cooTBeTCTBYeT MakCUMaJIbHOMY aHOJHOMY TOKY
IIPH MOJIOKUTETIBHOM IMOTEHIMaje Ha CeTKe. AHOJHBIN TOK IMOYTH PaBEH HYJIIO
B HIDKHEM 4acTH KpUBOW NpPHU OTPULATENBHOM NOTeHuuane cerke. [Ipsmonu-
HEHHBIN y4acToK KpuBoit A'B’ mpsAMO MpOIOpIHOHaIeH MOTEHIHATY CETKH U
TOJIbKO Ha HEM MOKET OBITh OJYYEHO HauOoJIbIIee H3MEHEHHE aH OTHOTO TOKa
MIPH OJJTHOM M TOM K€ U3MEHEHUN CETOYHOIO HaNPSKEHNUS.

@pury JIeBeHIITEHH MepeBeN ayAHoOH B PEXKUM YCHICHUS (MIPAMOJIMHEH-
HBIM y4acTOK XapaKTEpUCTHKH ), CO3/IaB OTPHUIATEIbHBIN MOTEHIINAT Ha CETKE, C
ITOMOIIBIO TAIbBAHWYECKOTO 3JeMeHTa. B jJammax mpsMoro Hakajga BeJIWYHHA
OTPUIATEILHOTO NMOTEHIIAANA CETKA OTCUNUTBIBAETCS OT KOHIIA HUTH, COCTUHEH-
HOH ¢ oO0muM muHycoM. Cxema JleBeHmITeliHa Oblla JONTOE BpEMS THUIIOBOU
IIPH UCIIOJIB30BaHUH BaKyyMHOTO TPHOJA B KAUeCTBE yCHIUTEN, puc. 11.
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B cxeme ycunutens 3ByKOBOM 4acTOTHI,
MIpUBeICHHON Ha puc. 11, B 1lenb CETKH JIaMITbl
SNEKTPUUYECKUN CUTHAN MOAAETCA 4Yepe3 TpaHC-
(dopmaTop. @purr JleBeHIITEHH NEPBBINA MOHS,

YTO BBIOOP TMOCTOSIHHOTO HAIPSDKEHUS MEXIY

CEeTKOW M HUTBHIO HaKaJla OMpEeNesieT KaueCTBO

paboTs! ayanoHa. [IpunoxkeHHOE K CETKE OTpH- }

LaTeJbHOe HalpsDKeHWE B JANbHEHIIeM oy du-

JI0 Ha3BaHUE «HANPSKEHUE CMEIICHUS HITH TTPO-

CTO «cMerieHuey. Hazpanue cBA3aHO C T€M, UTO

[P 3TOM POUCXOUT CMEIICHUE paO0UeH TOUKH -

XapaKTEePUCTHKH BJIEBO, TO €CTh B 00JaCTh OTpU-  Puc. 11. Cxema ®. Jlepenmreiina

[IaTEJIbHBIX TOTEHITNAIOB CETKH. DTO MMPHBOIUT K BIJIFOYCHHA ay/IHOHA B PEHKUME
YCHUIJIEHU A CUTHAJIOB 3BYKOBOU

YMEHBIIIEHNIO TOKa CETKH H, KaK CJIeICTBUE, 00- yactotsL 19121

Jiee BBITOJHOMY peXuMy paboTsl. B amepukan-

CKOM TEXHHYECKOH IuTepaType HaIpsiKeHHe

cMeteHus ceTku HaswBaoT «C voltage batterys amplification mode for audio

(nampsprenue 6atapen cmemmenus C). Hampumep, frequency signals. 1912

3-volt battery C. 3amernM, 9TO aHOAHYIO OaTapero I OTIWYMSA 0003HAYAIOT

OykBOi1 B. 3T0 0003HaUYCHHE, KaK H3BeCTHO, BBEI JIn me Dopecr.

TunoBasi cxema JJis1 UCIOJIB30BaHUS BAKYYMHOUW TPEX3IEKTPOAHON JaM-
bl B KadecTBe ycumurens B 20-e roapl XX Beka Ipe/icTaBleHa Ha puc. 12.

Eg Lens EGL1 o6pa3yer BXoaHy1O

Fig. 11. F. Levenshtein’s circuit
for switching on an audion in

+| G nens, a EL2P — BeIxomHylO 1eIIb.

% 2 B Karymka L1 BxoaHoil menu oOpasyer
- BTOPUYHYIO  OOMOTKY  BXOJHOTO

P TparchopMaropa U MpeANOYTHTETEHO

MMeeT OYEeHb BBICOKOE IOJIHOE COIPO-
TuBieHne. COMPOTUBICHHE HAMOTKU
TpaHchopMaropa B BBIXOJHOW IEMH
PaBHO CONPOTHUBIICHUIO JIAMITHI.

E
(][

Puc. 12. TunoBasi cxema JJjist HCII0JIb30BaHUs
BaKyyMHOU TPEXIIEKTPOAHOM JIaMITHI
B KaueCTBE YCHUIIUTEI.

Fig. 12. A typical hook-up for using a vacuum
tube as an amplifier

Toxu, mocTynaromme u3 JTHHAA
A, ycunuparorcs nammnoi. Ilog stum
MOApPa3yMEBaeTCsI, YTO €CIU HMIIe-
JIAaHC JIMHUHU A paBeH UMIIEHAHCY JIH-
HUU B, TO Mbl OOHAPYKUM, YTO TOK B

B 6onbiie, yem B 4. Takum 00pa3zoM, j1aMiia paboTaeT B peXUME yCUJICHUS Te-
J'IC(I)OHHBIX TOKOB Ha JJIMHHBIX PACCTOAHHAX.

[ToHsTHE HANPSDKEHHST CMEIIICHHUS TO3BOJISIET BBIJICIUTH /1B BapuaHTa pabo-
TBI CXEMbI YCUJICHUSI HA TPEXDICKTPOJHON JIaMIie: TIPH OTCYTCTBUH TOKA B LEH
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CETKH (JIaMTIa C «JIeBOID XapaKTePHCTHUKOM, Ha CETKY MPIJIOKEHO OTPHUIIATEbHOE
CMEIIAoIIee HAPSKEHE ) ¥ TIPH HAaJIMYHHY TOKA B IIETIA CETKH (HOpMallbHas XapaK-
TEPUCTHKA TPOXOIUT YePEe3 OCh HYJICBBIX HANIPSHKEHHI, CMEIIICHUS HA CETKE HET).

B mepBoM ciydae (TOK CETKHM OTCYTCTBYET) TpaHcopmarop padoraet
HEHATrPY>KEHHBIM, B IIETIA €r0 BTOPUYHONU OOMOTKHM TOK OTCYTCTBYET, U K IICMH
CETKAa — HHTh JIAMIIbI MOABOAUTCS TOJHOE HANPSDKCHUE, Pa3BUBACMOE BTOPH U-
HOW 0OMOTKOH. Ha ceTky mecTByeT CTpPOro CHHYCOWIAIbHOE HaIpsKEHHE.
CoBepITIeHHO OYEBHIHO, YTO Ha Harpyske (HAyIIHWUKH), BKIIOYCHHOW B aHO -
HYIO LIETlb, MTOIy9UM HANpsHKSHHE, MEHSIOIIEECs 110 TOH JKe KpUBOH (110 CHHY-
COHMJIE), UYTO U U3MEHEHHE HAIPSHKeHUS Ha CETKe.

CoBceM Jipyrasi KapTHHA UMEET MECTO MPY HATMYKH B IEMH CETKH HEKOTO-
poro Toka. B paccmaTpuBaeMoM ciydae TOK B LIeNU OyAeT MPOTEKaTh TOJIBKO TO-
r/1a, KOTa K CeTKE MPUJIOKEHO MOJI0KUTEIIbHOE HAPSDKEHUE. 3a BpeMsl OTpHIia-
TEILHOTO MOTYIIepHO/1a HAIPSHKEHUS, TT01aBaeMOT0 TPaHC(HOPMATOPOM Ha CETKY
JIaMIIBL, TTpoLiecc OyAeT MPOTeKaTh TaK, Kak OBLIO OMUCAHO BBIMIE IS CITydast OT-
CYTCTBHSI CETOYHOTO TOKA. [Ipy MOJOXKHUTENTEHOM TMOIyIIEpUOJIe Yepe3 BTOPHY-
HyI0 0OMOTKY TpaHc(]opMaropa MoTe4eT TOK, KOTOPHI HEMEIJIEHHO BBI30BET
rajJieHre HapsHDKeHNe Ha 00OMOTKe TpaHcopMaTopa. ITO NMaJeHuE HAPSHKSHIS
YMCHBIIIAET HANpPSHKECHUE, pa3BUBaEMOE TPAHC(HOPMATOPOM, U TMOJIOKUTEIbHASL
aMIUTMTY/a Ha CETKE JIAMITbI OYJICT MEHBIIIE OTPHUIATCIBHON aMILTUTYAbI. Takum
o0pa3om, popma KpUBOM HAMIPSKEHUS, TOJBOJIUMOTO U CETKE JIAMITBI, NCKaXKaeT-
Cs1, YTO MIPUBOIMT K HCKAXKEHUIO (POPMBI KPUBOH aHOIHOTO TOKA.

[psmoit meTon cmemeHus, kpome C-Oarapeu, TpeOyer emne aBe OaTapeu:
HaKalla ¥ aHOJHOTO HampspkeHwus, puc. 13a. [[ng cokpaieHns KoaudecTBa HcC-
TOYHHUKOB TOKa OBLI TPEUIOKEH CIOCO0 C BKIIOYCHHEM PE3UCTOpa B IIENb
Hakana, puc. 130. B mocieqHeM ciaydyae TOK aHOJa MPOTEKAaeT 4epe3 Karo.l-
pesuctop RC (ot 5 mo 5000 Om) cBepxy BHHU3 (B TPaJUIIMOHHOM CMBICIIC
HaIpaBJE€HUsI TOKA) U yCTaHABIMBAeT MaJCHHE IOTEHLHala, KOTOpOoe JAeaeT
CETKY OTPHUIATEJILHOW 110 OTHOIICHHUIO K KaToay. Beauunny RC MOXXHO BbIUMC-
JUTH C TOMOIIBI0 3aKoHa OMa, KOT/Ia HampsDKeHUE CMEIIEHUS! CETKH N3BECTHO,
a BEJIMYHMHA TTOJTHOTO TOKa, IPOXOAAIIETO Yepe3 RC, momrydaercs 3 XxapakTepu-
CTHYECKON KpUBOW TpHOJa. B HEKOTOPHIX cllydasx mapaienbHO pe3ncTopy RC
BKJIIOYAIOT KoHAeHcaTop CC as MIyHTUPOBaHUS BBICOKOYACTOTHBIX TOKOB BO-
KpyT RC, 4T0 TakuM 00pa3oM YMEHbBINAET OTPULIATEIIBHYIO OOPATHYIO CBS3b.

B nauane Broporo pecaruietus XX Beka ObUIM MPEIOKEHBI U IpyTHe
CIIOCOOBI CO3/aHUs IIOCTOSSHHOTO HANPsDKCHUS MEXIy CETKOW M KarojoMm (HHu-
THIO HaKaja). DTO MO3BOJUIIO MPABUILHO BHIOPATHh Pa00UYI0 TOUKY XapaKTepH-
CTUKH W CO3/IaTh HEOOXOAMMEIN peXUM paboThl ayauoHa. braromaps stomy
yAaJoCh clelaTh KayeCTBEHHBIH CKAa4YOK B KOHCTPYWPOBAHWUHW YCHIUTENEH
ANIEKTPUYECKIX CUTHAJIOB HA BAKYYMHBIX TPHOZAX.
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Puc. 13. TunoBble CXeMbl BKIIIOUCHUS ayJMOHA B PEXKUME YCUIICHUS C HCIIOIb30BAHUEM
raJbBaHUYECKOTO 3JIEMEHTa (2) ¥ pe3rcTopa B nenu Hakana (0) [4]. 1922 1.

Fig. 13. Typical circuits for switching on an audion in amplification mode using a galvanic
element (a) and a resistor in the filament circuit (0) [4]. 1922

HUccnenoBanus Jlu ne @opecra mo mony4eHUI0 HeoOXOIUMON MOJIe3HOH
BBIXOJHOM MOIIIHOCTH B Harpy3ke MoKa3ajid, YTO OJHOTO KAacKaJa B YCUJIUTEIIE
3BYKOBOW YacCTOThI JIJIsl 3TOTO HEJAOCTATOYHO. BBIXOJIOM M3 JTAHHOW CUTyalluH
CTaJIO TTOCTPOEHNE MHOTOKACKaIHBIX yCUIIUTeNed. Takoro TUIa yCUJIUTEIN CO-
OMpanrch U3 HECKOIBKHUX TOCIIEI0BATENBHO COSTMHEHHBIX OJIMHOYHBIX yCHIIHU-
TEJILHBIX KacKaJloB.
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Puc. 14. [IpuHIMIIHATBHBIE CXEMBI IBYX- U YETBHIPEXKACKAIHbBIX YCUIUTENCH
3BYKOBOI 4acTOTHI Ha ayauoHax [4]. 1922 r.

Fig. 14. Schematic diagrams of two and four cascade audio amplifiers based on audions [4]. 1922

B KOHCTpYKIMsIX MHOIOKacKaJHbIX ycrwintessix Jin ne @opecra ogquHO u-
HbIC YCHJIMTEIbHBIC KaCKabl COCIUHSUINCH MEXIy cOOOW C MOMOIIBIO TpaHC-
(opmatopa. IIpennoureHue, OTAaHHOE MEXIIAMIIOBOMY TpaHCc(opMaropy, CBs-
3aHO B OCHOBHOM C IIPOCTOTOM COTJACOBaHMS KacKaJOB W MOJadYel CMEIeHUs
HA CETKH TPHOAOB. B TakuX yCHIMTENSIX PEXHUMBI JIaMIT JOJKHBI OBITH MOJ0-
OpaHbl TakuM 00pa3oM, 4TOOBI MEPEMEHHOE HAINpsHKCHUE, NECHCTBYOIIEE Ha
CETKY BTOPOH JIaMIIbl, BO-TIEPBBIX, CTPOTO COOTBETCTBOBAIO MO (opMe mepe-
MEHHOMY HAINPSOKCHUIO, JEHCTBYIONMIEMY Ha CETKy NEepBOW JIaMITbI, TaK KakK B
MIPOTHBHOM CJIy4ae MOTYT BO3HHUKHYTHh HCKa)KeHUS. BO-BTOPHIX, IO BEIHYUHE
MEepeMEeHHOEe HalpsDKEHHE Ha CETKE BTOPOHM JaMIbl JOJDKHO OBITH OoJblie
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HaIpsDKEHUS Ha CETKE TIEPBOI JIaMITBI, €CITH 3TO He COOII0CHO, TO BMECTO YCH-
JICHUS MOJYYIUTCS ociabienne. Ha puc. 14 MNpEACTABJICHBI CXCMBI JIBYX- U 4YC-
TBIPCXKACKaJAHbIX YCI/IJ'II/ITGJ'Ieﬁ 3By1<0BOI>i YacCTOThl HAa ayJUOHAaX C pa3HbIM THU-
IIOM CO3JaHHus CMEUICHHA Ha CETKax.

5. 'pupiuk

B neTexTopHBIX Kackalax Ha ayIMOHE JUTs CO3JIaHUS CMEIICHUS Ha CeTKE
BaKyyMHOTO TPHOZA TOJYYMI pacmpocrpanenne rpumiuk (anrm grid leak),
puc.15 [18]. T'pumink B 1ienH CeTKHM 00yCIaBINBAET MOABIEHUE HA HEW HEKOTO-
POTO OTPUIIATENLHOTO HAMPSHKEHUS, BEJIMYHHA KOTOPOTo OyneT Tem Ooublie,
4yeM OOJIbIIle BeJIMYMHA CONPOTHUBICHUS pe3ucTopa. JleTrekTopHas amia Onaro-
Japs UCTIOJIb30BAHUIO TOKA YTEUKH CETKU U KOHJCHCATOpa CTAHOBHTCS Ooiee
YyBCTBHUTEJIBHOM, YeM 0e3 HaJuuMsi Ha3BaHHBIX KOMIIOHEHTOB. TakuM o0paszom,
CpellHee 3HAUCHUE TOKAa aHo/a OyJeT MEHSATHCS B 3aBUCHUMOCTH OT aMILIUTY/IbI
KoJiebaHW CUTHAJA, MPUIIOKEHHOTO K ceTke, puc. 15. Dra cucrema ropasno
0oJiee YyBCTBUTENBHA K CJa0BIM CUTHAIAM, YeM aHOIHOE JETEKTHPOBaHUE.
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Puc. 15. I'puanmk B nenu ceTku. TUNMYHAS XapaKTEPHCTHKA CETOYHOTO JIETEKTUPOBAHUS.
Fig. 15. Grid leak in the grid chain. Typical Grid Detection Performance

CyIiecTByeT [Ba Pa3IMYHBIX METOJa MOJKIIOUCHHUS TPUIINKa, pHc. 16.
OpuH 13 HUX 3aKI0YAETCs B MOIKIIOYEHHH PE3UCTOpa HEMOCPEICTBEHHO K
BBIBO/IaM KOHJEHCATOPa, B TO BPeMsI KaK aJbTEPHATHBHBIA METOJ 3aKII0YaeTcs
B MOJKJIIOUYEHUU PE3UCTOpa MEXKAY CETKOW JIAMIIOBOTO JETEKTOpa U IMOJIOKH-
TEJBbHBIM KOHIIOM HMTH Hakana. IlepBoe moaxmodenue (puc. 16a) ucnomnb3yer-
csl B OOJIBIIMHCTBE CXeM, HO Ul HEKOTOPBIX CXeMHBIX PELICHUH, KOTAa B Lelb
aHOJla BKJIIOYEH HACTpauBaeMbIi KOHTYp, €ro HeJb3d WCIOJb30BaTh. B sTOM
CIIy4ae WCIOJB3YIOT BTOPOH THII MOJIKIIOYCHHS PE3UCTOpa yTedukd, puc. 160.
Ecnn Obl rpuanmuk OBl COEAMHEH HETOCPEICTBEHHO C CETOYHBIM KOHJICHCATO-
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pPOM, TO TIpU HACTpPOiike KoJebaTeIbHOTO KOHTYpa BBICOKOE aHOJHOE HallpsiKe-
HUe, ucronbsyeMoe B BU-ycunurene, Hapynmmio Obl IpoIiece NeTeKTUPOBAHUS
1 3a0JIOKMPOBANIO pabOTy JIaMIIBL.

ConpoTuBIeHHE YTEYKH MOKHO MPUCOSIUHHUTH KaK IUIIOCY, TaK U K MU-
HyCy HHTHU Hakalia. BelrojHee ero mprcoeIMHATh K MUHYCY Hakaia, oeps co-
MPOTUBJIEHHE yTeuku mopsaka 2—3 MOM. B atom ciywae momydaercs He-
OOJIBIION pacxXoji SHEPTHH BO BXOJHOM KOHTYpE BBICOKOH dacToThL [liisi yBe-
JMYEHNS YyBCTBUTEIHHOCTH CJeIyeT OpaTh COMPOTHBIEHHE OOJBIIE, OTHAKO,
pu OOJIBIIIOM COTPOTHBIICHUW HAONIONAETCS MCKAKEHHE CHIIBHBIX CUTHAIIOB.
Cerounblif KOHAEHCATOp Ha MpakTHkKe Oepercsi eMkocTbio Cc=100—300 nd.
Hnst Toro, 4ToObl cMelleHne CeTKH ObIJIO0 MOYTH (PUKCUPOBAHHBIM, HEOOXOIH-
MO, YTOOBI MOCTOsSIHHASL BpeMeHu RcCc Oblia 0OJIbIIe B CPAaBHEHUU C TIEPUOJAOM
curnana. Benmunna Re MoxeT OBITH BEIUKCIIEHA C TTOMOIILIO 3akoHa OMa, ecin
HU3BECTHO TpeOyeMoe CMEIICHUE CETKH M MIOCTOSTHHBIA CETOYHBIA TOK.

Antenna
Grid leak

Condenser
Phones

Var Cond.

Ground

22,5 V "B" Battery

6 V "A" Battery

(e

a T 6

Puc. 16. Merobl BKIIIOYEHHS TPUJUIMKA: 2 — MapajuIeIbHO CETOYHOMY KOHJIEHCATOpY,
0 — MEXIy CeTKOU JIaMITOBOTO JIETEKTOPA M MOJIOKUTETFHBIM KOHIIOM HHTH HaKaja.

Fig. 16. Methods for turning on the grid leak: a — parallel to the grid capacitor,
b — between the grid of the lamp detector and the positive end of the filament

CeTouHBI TOTCHIIMOMETP TPEIHA3HAUCH JJISl YCTAHOBICHUS HEOOXO/IH-
MOT'0O ITOTCHIIHaJIa NJIN CMCIICHUS CECTKH. HOTGHHI/IOMeTp 0OBLIYHO IIOAKIOYACTCA
MapaJjiesibHO OaTapee HakanuBaHUSA. Eciii B cxeMe HET CeTOYHOTO KOHAEHCATO-
pa, TO BBOAMMBIN KOHACHCATOP MOIAKIIOYAIOT MEXITY TIOJI3YHKOM M CETKOMH, KaKk
rokasaHo Ha puc. 17a. Eciu ke BKITIOUEH CEeTeBO KOHJIEHCATOP, TO MOIKII0YE-
HHUE K MOTEHIMOMETPY 3aBHCHUT OT PaCIONIOXKEHUS Tpuuinka. Ecnu rpuamuk
pacmosyiokeH MapajyieIbHO CEeTeBOMY KOHJIEHCATOpy, TO MOJKIIOUeHue OyaeT
TaKHM JkKe, KaK B YK€ PacCMOTpEeHHOM ciydyae. Eciu rpuunk He mapasuiesnex
KOHACHCATOPY CE€TKH, TO COCAMHCHUA NOJIKHBI OBITh TaKMMH, KaK IIOKa3aHO Ha
puc. 176, mpudeM IpUIUTAK TOJDKEH OBITH COSTMHEH MEXITY CETKOM U MOIBYHKOM
oTeHImoMeTpa. M3mMeHeHrne moTeHnyana ceTy ¢ MOMOIIBIO 3TOTO CPECTBA Ya-
CTO WCIIONB3YETCs Ui yNPaBICHHs aBTOKOJIEOAHUSIMH TPUEMHHUKA, KOTOPBIU
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UMEET TCHACHINIO K CIIOHTaHHBIM aBTOKOJ'Ie6aHPI$IM, pruIeEM Koyie0aHus racsaTcs
TOKOM CCTKH, KOTOpBIfI TCUCT, KOrga nmoTcHuuaal CCTKHM CTAHOBUTCA ITOJIOXKH-
TCJIbHBIM 11O OTHOLICHUIO K OTPHULATCIIbHOMY KOHIY HUTH.

OmbBIT TOKa3all, YTO HCIOIb30-
BaHWE TpHUIJIMKA SBIsAETCS Oojee
MPAKTHYHBIM METOIOM YIPaBICHUS
MOTEHIMAJIOM CETKH BaKyyMHOMH
nammbl. OyHKIMS TPUIUTHKA COCTO-
UT B TOM, YTOOBI 00ECIICUYHTh MyTh
YTEUKH Yepe3 KOHJCHCATOpP CETKH

Puc. 17. BapuanThl HOIKIIIOUCHHS TPHATHKA TaKkuM 00pa3oM, 4TOOBI MOTEHIUAT
C MCIIOJIb30BAHUEM ITOTCHIIUOMETPA. JJICMCHTA CCTKU I10 OTHOIICHHIO K
Fig. 17. Options for connecting grid leakage BBIBOJAY HHUTH HaKaja MOT IOIIEp-
using a potentiometer JKUBATBCS Ha HEKOTOPOM JKeJlae-

MoOM 3HaueHuH. [loTeHunan, noanepKuBaeMblid B CETKE, BBIYUCIISIETCS IO 3aK 0-
Hy OMa U, clieJloBaTeIbHO, PaBEH TOKY CETKH, YMHO)KEHHOMY Ha COMpPOTHBIIE-
HHe CeTKH. Benn4nHa Toka yTe4KH CETKH JOJDKHA COOTBETCTBOBATH MCHOJIB3Y-
eMOi KOHKpPETHOM mpueMHOW ycTaHOBKe. OHa 3aBHCHT OT KOHCTPYKIIUH
YCTPOMNCTBA, TUIIA AHTEHHbI U CUCTEMBI 3a3€MJICHUSI, CETEBOTO KOHJIEHCATOpa U
apyrux ¢pakTopoB. OGBIYHO UCIOIB3YEMOE 3HAUYCHUE EMKOCTH CETOYHOI'O KOH-
neHcatopa cocraeisger 0,00025 mukpodapan, npu comporusieHun 1 MOwm.
Hanny4mme 3Ha4yeHus, KOTOphIe ClIeAyeT MCIONb30BaTh, HECKOJIBKO pa3inya-
I0TCA B 3aBHCHUMOCTH OT pa3HbIX JlaMil. Eciu compoTHuBIeHHE CETKM YTEUKHU
CJIMILIKOM BEJIMKO, yTeuKa OyJeT MPOUCXOJUTh MEJUIEHHO, BBI3BIBAs 3BYK «pa3-
OppI3TUBaHUS B pueMHUKE. C Ipyroil CTOPOHBI, CIIUIIKOM HHU3KOE COMPOTHB-
JICHHE BBI30BET CIUIIKOM OBICTPYIO YTEUKY M HpUBENET K CladOMy CHTHAIY,
[IOCKOJIbKY OTpPHUIIATENIbHBIA MOTEHIMAT CETKH HE MOXKET HaKaIUIMBaTbCs IO
MIOJTHOTO 3HAYCHUS Ul KaKIOH BOJMHBI. JlamMImbl BAKyyMHOTO IE€TEKTOpa OObIY-
HO paboTaloT JydIlle BCEro, KOrja HWXKHSA CTOPOHA CETOYHOrO KOHTYpa MOJ-
KJIIOYeHa K OTPHULIATeNIbHOM CTOpOHE HUTH HaKaja.

Kax mpasuio, mast qyinH BoH Hike 600 METpoOB XOpOIIHME Pe3yiIbTaThl
HMEIOT MECTO, €CJIM €MKOCTh BbIOpaHa TakK, YTO €€ PeaKTMBHOCTh Ha Hecyllein
gactore coctaBisier 600 OM. B aToM cirydae mpomyckHast CHOCOOHOCTE OyaeT
onpenensaTbesa eMkocThio 260 n® ana 300-meTpoBoit Hecymiel BoiHbL U 43 nd
i 50-MeTpoBoil HecyIell BOJIHBL. [ JOCTHKEHN HaWIy4IIUX pe3yIbTaToB
yTeUKa CEeTKM JOJDKHA OBITh TaKOW, 4TOOBI MPH SKCIUTyaTallid HE BO3HHKAIU
ucKkaxkeHus. s oueHb cIalbbIX CHUTHAJIOB HEOOXOJMMO HCIIOJIB30BATh COIMPO-
tuBiieHust B 5—10 MOM, HO eciIi ypOBEHb CHUTHAJIa XOPOIIIHi, TO JydIle ycTa-
HOBUTH CONpPOTUBIEHUE B 2 MOM.
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BapuaHTBI NOJKITIOYEHUS COMPOTHUBIICHUS YTEUKH B JIAMIIOBOM JETEKTO-
pe Ha Tpuo/Jie MPUBEACHBI Ha puc. 18.
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Puc. 18. BapuaHTbl MOAKITIOYEHHSI COMPOTHBIICHUS YTEUYKU B JTAMIIOBOM JIETEKTOPE HAa TPHOJE:
(a) k LT.— (6) x L.T.+, (B) k moTeHIHOMETpY, (T) Ha HOTEHIIMOMETP C OTBOJIOM,
(m) B stueiiky L.T., (e) B stueiixy G.B.

Fig. 18. Options for connecting leakage resistance in a triode tube detector:
(a) mesh leakage to L.T.—, (6) mesh leakage to L.T.+, (8) mesh leakage to the potentiometer,
(r) leakage from grid to tap potentiometer, (x) mesh leakage into L.T. cell,
(e) mesh leakage into G.B cell

Ha puc.19 nmokazana cxema mpHEeMHUKA C BXOJHBIM KOHTYPOM, B KOTO-
POM IEPBBIM TPHOJ B LENU aHOAA COAEPKUT HACTPAUBAEMbI KOHTYD, BTOPOM
SIBJISIETCSl IETEKTOPOM, TPETHIH — YCHIIUTENIEM 3BYKOBOW YacTOTHI C TpaHC(Op-

MaTOpPHBIM BXOJOM.
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Puc. 19. Tunuunas cxema pajiuonpHeMHIKa Ha TPEX JaMIIOBBIX TPHOAAX,
TTOKA3bIBAIONIAst TPABUIGHBIE TIOAKITIOYEH IS COIPOTHUBIICHUS YTEUKH.

Fig. 19. A typical circuit of a radio receiver on three tube triodes,
showing the correct connections of the leakage grid

B mepBoM kackaze ceTka Tpuojaa depe3 MpoBoJ A MOIKIIOYEHA HETOo-
CPEJICTBEHHO K HUTH HaKalla, TaK KaK CETKa 3TOH JIaMIIbl JIOJKHA UMETh TaKOH
’K€ OTpUIIaTeJIbHON NOTEeHIMA, KaK U OTpUIIaTesIbHbIN KOHEell HUTH Hakana. [o-
CKOJIbKY NPUEMHUK MMEET HACTPAaWBACMbIN aHOIHBIA KOHTYp, TO CONPOTHBIIE-
HUS YTEUKH JIeTeKTopa (BTOPOH TPHOA) HE pa3Memiaercs MoMepeK HUTH Hakaja
10 IPUYMHAM, KOTOPbIE OBUTH M3JI0KEHBI, a TIOJIKITIOYeHA MKy CETKOH M TOY-
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KO CoeIWHEHWs KOHIIAa HUTH M 0OMOTKO# peoctara. I[Ipm 3TOM Ha ceTke mo-
JEP>KUBACTCS. HOPMAJIBHBIM NOTEHLMAI, PABHBIM MOJOXKUTEIbHOMY MOTEHLIUATY
Ha KOHIIE HUTH Hakana. B TpeTbeMm Kackaje, KOTOPBIH SBISETCS YCHUIUTEIEM
3BYKOBOM YacCTOTHI, OTPULATENIBHBIM IMOTEHIUAI HA CETKE TPUOJA CO31aeTCs
OTJENBFHOHN ranbBaHMUECKON OaTapeeil, a HUTh HaKajla MOJKII0YeHA K OaTapee.

W3 mpuBeneHHOro BUIHO, YTO B OOBIYHOM TPEXJIAMIIOBOM IMPHUEMHHUKE Ha
TPUOJIAX KaXJasd ceTKa uMeeT pasHoe cMelienue. Ha BU-nammne umeercs orpu-
LIaTEeJIbHOE CMEIICHUE, PABHOE MOTEHIMANYy Ha OTPHULATEIBHOM KOHILE HUTHU
Hakaja, Ha JETEKTOpe — IOJIOKUTEIbHOE CMEUIEHUE, PABHOE MOTEHIUALY MO-
JIOXKUTEIFHOTO KOHIIa HUTH Hakana, a Ha ceTke HY-mammer Gonbiiee otpuia-
TEIhHOE CMEIEHHE CO3/IaeTCsl C MOMOIIBIO CIieluanbHOi OaTapen. CMemeHne
Ha CETKaXx MEPBbIX JBYX JIAMIIaX MTOJIHOCTHIO JOCTUTAETCS 3@ CYET IIPABUIILHOIO
MOJKIIIOUEHHSI BO3BPATHOTO MPOBOA CETKH, YTO UMEET OOJIBbILIOE 3HAYCHUE IS
YCHEIIHOM paboThl MPUEMHHKA.

IIpumepoM UCIIONIB30BaHUS JIAMIIOBOIO JETEKTOPA C TPUAIUKOM MOXKET
CIyXuTh paauonpueMuuk Zenith 11 Bemmycka 1927 roaa, puc. 20.

Recelver Schematio ZENITH MODEL 11
e r————
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Puc. 20. [IpuammmmanbsHas cxema u oomwii Bua pagponpuemanka ZENITH MODEL 11. 1927 .
Fig. 20. Schematic diagram and general view of the radio receiver ZENITH MODEL 11. 1927

Mopgens Zenith 11 mpeacrasisima coboii TOOPOTHBINM TAMITOBEIA PaIro-
MpUEeMHUK TpsMoro ycuierus (3V2) Ha mecTd BakyyMHBIX Tpuoaax. lIpuem-
HUK MMEIl TP PE30HAHCHBIX KAacKaja C YeTHIPhbMs KOJeOaTeIbHBIMA KOHTYpa-
MH, KOTOpbIe HACTPaNBAIOTCsl KOHJICHCATOPOM MEPEMEHHOI eMKOCTH C YEThIP b-
Msl ceKuusIMH. JleTeKTOpHBIN Kackaa coOpaH Ha JaMIOBOM TPHOAE C TPHIUTH-
koM. JIByxkackamHblli TpaHC(OPMATOPHBIH YCHIIHMTENh 3BYKOBOW YacTOTHI
o0ecrieurBal MpOCIyIMBaHUE TIepeiad Ha HAYITHUKH MM TPOMKOTOBOPUTEI.
s aHOJHOTO THMTAaHWs W CO3JaHHs TPeOyeMOro CMEIeHUs Ha TPHOAax HMC-
10JIb30BajIach CEKIMOHHAS aKKyMyJsiTopHas Oarapes. [llkama mpremanka Obiia
OTTpaIyHpoBaHa B KHJOTEpIAX W B MeTpax. l'abapuThl paguoycTpouicTBa
610x254x305 mm. Croun paguonpuemuuk $110.
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B 1927 roay nosiBUnMch KaroJibl ¢ KOCBEHHBIM HArpeBOM, YTO MO3BOJIMIIO
pPaauOTEXHUYECKUM KOMIIaHUSIM HayaTh BBIMYCK NMPUEMHUKOB C MUTAHUEM OT
CETH NMEPEMEHHOI0 TOKa. BONBIIMHCTBO MPOM3BOAUTENEH MEPEKIIOUMINCE Ha
MIPOU3BOJACTBO IIPUEMHHUKOB C AHOJHBIM JIETEKTOPOM, a IIO3JHEE Ha IUOJHbIE
JIETEKTOPBI.

PerenepaTiBHON NETEKTOpP C CONPOTUBICHHEM YTEUKH ObLI OJHHM H3
HanOoJiee IyBCTBHUTENBHBIX NETEKTOPOB TOTO BPEMEHH, HO €ro CIOCOOHOCTH
H3J1y4yaTh PaJlO4YacTOTHYH 3HEPrUIO MPU HENPABWIBHOM HACTPOMKE OrpaHU-
YyBaja €ro MCHOJb30BaHUE B FOPOACKUX YCIOBHSX, KOIa HECKOIBKO MPUEM-
HUKOB paboTtamu B HemocpencrtBenHoi Oimzoctu. RCA Radiola 1l u Illa u
Crosley Model 51 siBnsirorcst mpuMepaMu pereHepaTuBHBIX TPUEMHUKOB TOTO
IIEPUOJIa BPEMEHU.

6. IByXTaKTHbIE CXeMbI

B 20-e rogpt XX Beka B MPaKTHUECKHUX paHOyCTPOMCTBAX Ha JTaMITOBBIX
TpHOJaX CTaJHM WCIOJIb30BATh JBYXTAKTHBIE CXEMBI IS YCHJICHHS MOIIHOCTH
PaAMOYaCTHOTO M HU3KOYAaCTHOTO JIEKTPUYECKOTO CHUTHajda. JTOT METOJ B TOT
[epuoj BpeMeHu ObLI Xoporo uzBecteH [19], u ero npunnun B 1895 roay Obu1
3asiieH B matente US549477A Bunbsma [leitna (William W. Dean), corpyauu-
ka xommnanuu Bell, To ecTp eme 10 MOsABICHUS ANEKTPOHHBIX ycuiuTenei. B
natenre JlefiHa omucaHa cxema JIOKaJdbHOTO MHUKpodoHa (mepenaTrymka), co-
JeprKalias 3aMKHYTYIO 1IeTb, BKJIIOYAIOUIYI0 MUKPO(GOH U TIEPBUYHYIO 0OMOTKY
WHIYKIIMOHHON KaTYIIKH, IPUYEM CXeMa JIOKaJIFHOTO TepeaTyiKa CoeInHeHa
¢ TeneoHHOM IUHUEH B ABYX Toukax (puc. 21, Fig. 1), BkiIroyas JOKaIbHYIO
cXeMy IepeAaT4yHKa B JIMHEHHOHN LeNU B BYX MapajjiebHbIX OTBETBICHUSX a U
b. B kaxmyto BeTBb BKIIIOUYEH MUKPO(DOH i, TprueM MHKPO(OHBI COSTHHEHBI C
obmieii auadparmoit um aexoi (puc. 21, Fig. 2) Tak, 4To KOrja OAuH MHKpPO-
(OH yBEIMUMBAET COMPOTHBIICHUE CBOCH 11T, IPYTrOi MUKPO(POH YMEHBIIAET
COIIPOTHUBIICHHE B CBOel Lenu. /[Ba MukpodoHa, TakuM 00pa3om, HEHCTBYIOT
BCEr/a B MPOTHBOIMOJIOXKHBIX HANPaBICHUSIX. B pe3ynprare 3HAUUTENBHO YyBe-
JIUYUBAETCA U3MEHEHHE TOKA 110 JBYM IapajulesibHbIM IyTsM. Ilpu nepemenre-
HUU MeMOpaHbl OIHOTO MUKPO(OHA YBEINYUBACTCS CONIPOTUBIICHHUE €TI0 BETBH,
YTO BBI3BIBACT YBEJIUUCHHUE TOKA B Ipyroi BeTBU. OTHOBPEMEHHO C 3THUM aKTH-
BUpYeTCsI MUKPO(OH BO BTOPOH BETBHU, YTO MPHUBOIUT K YMEHBIIEHHUIO COIPO-
THUBJICHHSI B 3TOM BETBU. TOK, TEKyIIM 110 BTOPOMY IIyTH, YBEJIMYUBAETCS I10
JBYM IPUYMHAM: BO-TIEPBBIX, 32 CUET YBEIUYEHUS COMPOTHUBIICHHUS HA TIEPBOM
IIyTH U, BO-BTOPBIX, OJIaroaps yMEHBIIECHUIO COIIPOTHUBIICHUS HA BTOPOM IIyTH.

Takum 00pazoM, TOK OT 3apsoHOW OaTaped, MOIKITIOYECHHON K JTUHHH
(puc. 21, Fig. 2), IpOXOaMT 10 JIOKAJIBHOM IENH JIBYMs MMapajuieIbHBIMH ITyT -
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MH, TIPUYIEM AYIJICKCHBIH MHKPOQOH BKIIOYCH TaKUM 00pa3oM, YTO CO3JacT
MIPOTHBOMOJIOXKHBIE dPPEKTH B IBYX HHIYKIIMOHHBIX KaTylIKax. BropudHbie
OOMOTKH 3THX KaTyHICK IMOCJICAOBATCIIbHO BKJIFOUCHBI B Teﬂe(l)OHHYIO JIMHHUIO
TaKUM 00pa3oM, YTO HANPSHKCHUS IBYX KaTYIIEK CYMMHPYIOTCS M MIPOUCXOJHT
YCHJIEHHE 3ByKOBOT'O CHTHAaa.

Puc. 21. Iepenarowas Tenedonnas uensb: Fig. 1 — npuHIMIHanbpHas cxemMa JOKaIbHOTO0 MUKPO-
¢omna, Fig. 2 — ycTpoiicTBo aymiekcHoro Mukpopona. Pucynku u3 nareara US549477A Buibs-
Ma [leiina ¢ mpuoputeToM oT 29 mapra 1895 r. [20].

Fig. 21. Transmitting telephone circuit: Fig. 1 — schematic diagram of a local microphone,
Fig. 2 — device of a duplex microphone. Drawings from William Deane’s priority patent
US549477A dated March 29, 1895 [20]

JIByXTaKTHasi cCXeMa CTajia IIMPOKO IPUMEHSATHCS B BBIXOIHBIX KacKaaax
ycuiuTeNneld 3BYKOBOM YacTOTBHI C MOSBICHHEM IPOMBIIUICHHBIX 00pa3IioB
ayJMOHOB. DJTa CXeMa HCIIOJIb30BaHa B TeJIe()OHHOM TpaHCIATOpe (pernuTepe)
koHcTpykunu Dasuna X. Konmurrea (Edwin H. Colpitts), corpyanuka Western
Electric Company, puc. 22 [20].

10 okts0pst 1919 r. Ha cOBMECTHOM 3acelaHMd AMEpPHKAHCKOTO MHCTH-
TyTa WHKCHEPOB-JIEKTPUKOB M AMEPHKAHCKOTO (H3UYECKOro oOmecrBa B
Ounanenshun (IlencunbBanus) corpyanauku Bell Labs [Trxon Mopkpodt (John
H. Morecroft) u Xapansn ®puc (Harald T. Friis) npeacraBunm gokmnan «Diek-
TPOHHAs JaMIla KaK TeHepaTop mepeMeHHoro Toka» (anri The Vacuum Tube as
a Generator of Alternating-Current Power) [21]. Jlokimaa comepskan pe3yibTa-
ThI 9KCIICPUMEHTAIBHBIX HCCIICAOBAHUN PEKUMOB PAbOTHI AJEKTPOHHBIX JIaM-
moBeIX TpHoAoB Tma P-10 mmmorpon (P-10 pliotron) u VT-2, pa3paboraHHBIX
JUISl aMePHKAHCKHUX BOMCK CBs3M. B mepBoit acTu moxnana Obuta paccMoTpeHa
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paboTa JamITel IpU Ppa3faeIbHOM BO30YKICHHUH, N3MEHECHHE MOIIIHOCTH B 3aBH-
CHUMOCTH OT BCIINYHHBI B036y)KZ[eHI/I$I, HUMIICIaHCA HATPY3KU U T. A., A TAKIKEC OaH
aHanu3 GopM U (a3 HaIPSHKEHUH U TOKOB B PA3IMYHBIX CXEMaX.

M

Puc. 22. IpuHIMIMaTEHAS CXeMa ABYXTaKTHOTO Kackaja B TenedOHHOM TpaHcsTope (penurepe)
corntacuo natenry US1137384A Dneuna X. Kommurrca ¢ mpuopurerom ot 18 mast 1914 1.

Fig. 22. Schematic diagram of a push-pull stage in a telephone translator (repeater)
according to patent US1137384A by Edwin H. Colpitts with priority dated May 18, 1914

BbIxoiHast MOIITHOCTH JIAMITBI M €€ U3MEHEHHE MPU PA3IMYHBIX PEKUMAX
OBUIH PACCMOTPEHBI KaK CBS3b MEXKIY TOKOM aHOJIa, IIOTESHI[UATIOM CETKHU U T10-
TEHLMAJIOM aHo/a. JTa CBs3b OIpe/essieTcs YpaBHEHHEM BHIA!

I, = A(E, + ﬂOEg)x» @)
rae E;, — moTeHnualn miacTHHbl, OTHOCAIIMICS K HUTH Hakana, Eg; — moTeH-
Lyaj CeTKH, TOK IJIACTHHBI, A — KOHCTaHTa, 3aBHUCSIIas OT pa3Mepa U paccTo-
SIHHMSI M@XKY YacCTSAMU TPYOKH.

B ypaBuenuu (3) xo3hdUIHMEHT [y HA3BIBACTCS TEOPETHUSCKUM KO-
(urmenToM ycuneHus HanpsokeHHs jammbl. OH MOKa3bIBa€T OTHOCHTEIBHYIO
3¢ PeKTUBHOCTH MOTEHIINAIOB CETKH M aHOJIa TIPH KOHTpoJe Toka aHoxa. [loka-
3aTel0 CTENEHH X Pa3HbIE aBTOPHI JaBasld 3HadyeHue 1,5 niau 2, oqHaKo 3To Ie-
pEeMeHHas1, a He KOHCTaHTa. Ero 3HaueHue COCTaBiseT OKOJIO 2 Al OOJbIIUH-
CTBa JIaMIl P 00JIbIIOM M3MeHeHun Ep u Eg. [pn uX mpeienbHbIX 3Ha4€HUsX,
IOKa3areidh X CHJIBHO OTKJIOHSETCS OT YKa3aHHOTO 3HadeHus. YpaBHeHue (3)
OCHOBAHO Ha MPEAIOJI0KEHNUHN, YTO TOK aHO/Ia HEJOCTATOYHO BEJIHK, YTOOBI OT-
TSHYTh U3 HUTH BCE JICKTPOHBI, SMUTUPOBAHHBIE C €€ TOpsAYeH IMOBEPXHOCTH,
TO €CTh [, MEHBLIE TOKA HACKHIIIEHHS JIAMIIBI.

Bo BTOpOi#l wacTtm gokiama ObUIO ynmeneHo BHUMaHHE 3(PPeKTHBHOCTH
JaMIBl B KadecTBe rereparopa. [lonpodHo mpoananuznpoBana paboTa U BIBeE-
JICHBI YCJIOBUS ISl JOCTHKECHHS MaKCUMaIbHON 3((EKTUBHOCTH, IPUYEM TEO-
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peTHYECKH BBIBEJACHHBIE BBIBOJBI ITOATBEP)KIAINCH 3KCIEPUMEHTAIHHBIMU
MaHHBIMUA. Ha mpuBeneHHBIX ocHHJUIOrpaMMax ObUTa TpeICcTaBieHa paboTa
JIaMIIbl IPAKTHYECKH BO BCEX BO3MOXKHBIX peXMMax: 0e3 oTceuku (COBpeMeH-
HBII pexuM A), C OTCEUYKON B TEYCHHE IMOJIOBUHBI MEpH0Jia (COBPEMEHHBIN pe-
xuM B) u B Teuenune 6osiee ueM MOOBUHBI Tiepro/a (CoBpeMeHHBIH peskum C).
B 1924 rony komnanus RCA BbiycTHIIa GaTapeiiHbIil BHICOKOKAYECTBEH-
HBII perenepaTuBHbii paguonpueMank RADIOLA I, puc. 23 [22]. Verpoiictso
MpeTHa3HavYaIoCh CHEINaabHO JJIS MpHeMa PaTuoBeNaTeNbHBIX CTAHIIMN Ha
BHEIIIHIOK aHTCHHY B quamna3oHe BoiaH 750—195 m (400—1540 xI'w). B cxeme
NpUEMHHUKA HCTIoNib30Baiock e gammel WD-11 Radiotrons. Oxna namma pa6o-
Tana Kak JIETEKTOp, BTOpas — KaK YCHJIUTENb 3ByKa. ['abapuThl MpHEMHHKA
11,5"Lx6,5"Wx5"H. IlpociaymmBaHnue paadoOBEIIaHUsS IPOU3BOAUIOCH HA Te-
neOHHbIC HAYIIHMKH. 1)1 MPOCIyIIMBaHUs paauonepenad OOoJbIIoi ayauro-
pueit kommanueit RCA ObLT BBIYIIIEH K TOMY MIPUEMHHUKY OTACIBHBIN YCUIH-
Tenh 3ByKOBOHM wacTorel (Y3U) B Buae O70Ka, K KOTOPOMY IMOAKITIOUAICS Py-
MOPHBIA TPOMKOTOBOpUTENH, pHc. 23. Y3U coaep:kan ABYXTaKTHYIO CXEMy Ha
nammax WD-11 Radiotrons u aByx TpancgopmaTtopax, puc. 23.
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Puc. 23. O0mmwmit BuI pagronpreMHUKa
RADIOLA Il ¢ npucoemHEHHBIM K HEMY
YCHIJIUTEIIBHBIM OJIOKOM 3BYKOBOI YaCTOTBI.
Mpunuunuansuas cxema RADIOLA 111.
[MpuHUMNHaNbHAs CXeMa yCHUIIUTEIBHOTO
OroKa.

Fig. 23. Common radio receiver RADIOLA
”“]"" 111 with an audio frequency amplifier unit

Selector Rotor
20eg Amplification RM"E

Antenna 41

250 pF

1
250 pF

250 pF
3

250 pF 7
4 Link tamdl { Ground to shield

60 pF

attached to it. Schematic diagram of
RADIOLA I1l. Schematic diagram of the
amplifier block

Model Radiola IIX +208

JanpHeinme ucciie10BaHus MoKas3aliy, YTO Ka4eCTBO 3ByKa JIBYXTaKTHO-
ro JaMIIOBOTO YCHUJIMTEJS 3aBUCUT OT pexXMMa PabOThl €ro aKTHBHBIX 3JIEMEH-
TOB, B YaCTHOCTH, paaunonamil. B 1928 romy corpymuuk Marconi Co. Hopman
Mexknanen (N. W. McLachlan) crenan niepBblit moapoOHbIi aHATK3 JBYXTaKT-
HOTO KacKaja Ha JaMITOBBIX TPHOJax B pexumax A u B [23].
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OnHa 1 Ta )K€ cXeMa JBYXTaKTHOTO YCHIIHTEIIST MOXKET paboTaTh B PEXKH-
max A u B. Pexum 3a1a€TCA BBI60p0M HampsKEHUA CMCHICHUSA Ha CCTKax JIaMIl
V3 u V,, puc.24.

INPUT FROM
AERIAL OR
H.F. STAGE

i

Puc. 24. Beibop pexxuma pabOThl ABYXTAKTHOTO YCHIIUTENS B 3aBUCHMOCTH
OT CMEUICHHS Ha ceTkax jamm Vi u Vg

Fig. 24. Selecting the operating mode of a push-pull amplifier,
depending on the bias on the grids of tubes V3 and V4

W3 mpoBeneHHOT0 HcclieIoBaHus ObLIN CIENIaHbl TAKHE BHIBOIBI:

1. CymecTByeT J1Ba METOJIa MOJIYYCHHUS JIMHCHHBIX XapaKTEPUCTUK JBYX
tpuonoB V3 u V4 (puc. 24), pabotamomux B IByXTakTHOM pexume: (A) — co
CMEIIICHUEM CETKH, KOTOPOE YCTAHABIMBACT JIAMIIBI MOYTH B UX TOYKH BbI-
npsimiieHns, (B) — co cMeleHneM CeTKH, KOTOPOE YCTaHABIMBACT JIAMIIBI B
TOJIOKEHUE CPETHUX TOUYEK JINHEHHBIX YIaCTKOB MX XapaKTePHCTHK.

2. Ecnm xpuBas 9acTh XapaKTEPUCTHKH JIAMITBI UMEET mapaboIndecKyro
(hopMy, TO paBUIIBHOE CMEIIEHHE CETKHU IUTsl cirydast (A) HaXOAUTCS BBIIIE Ce-
PEAMHBI U30THYTOM YacTH 0a30BOM JIMHUU.

3. B cayuae (A) momycTuMoe KOJIcOaHME CETKU CYIIECTBEHHO BIBOC
Oombiie, 4eM B ciryyae (B).

4. B cnydae (B) momyctrMoe koiebaHWe CETKHM BIBOE MEHBINE, YeM B
ciy4ae (A).

5. B cayuae (A) BeixoaHbie JaMIibl Vi U Vj TOJDKHBI KIMETh TPAKTHYCCKH
UJICHTUYHBIC XapaKTEPUCTHKH.

6. B cinyuae (B) 00e XxapakTepUCTUKHU JIaMIT JIOJDKHBI OBITh JIMHCHHBIMU
IIPU OJMHAKOBBIX 3HAYCHUSIX OTKJIOHCHUS CeTKU. HakJIOHBI XapaKTepUCTUK HE
00s13aTETFHO JTOMKHBI OBITH OJWHAKOBBIMH, YTOOBI 00ECTICYUTH KOMOMHHPO-
BaHHBIA JTHHEHHBIH d3QdekT. OmHaKo Ha MPAKTHKE JKEIATeIIEHO, 9TOOBI OHH O bI-
JIM paBHEL

B 1931 rongy amepuxanckuii MuacTUTYT pagmounxenepos (IRE) ytsep-
JUUT ATy KJIacCH(UKAIIMIO B BHJIE OTPACICBOrO cTaHAapTa. [IpoMeKyTouHbIH
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pexuM padoThl yeuurenss AB, Mexny A u B, Iupoko IpuUMEHSIICS B JIAMITOBOI
TEXHUKe, a BBeJIeHHOe TIoHATHE pexknMa BC He mprkuinocs.
B oTeuecTBeHHON TEXHUYECKOM JIUTEpaType MOHSATUS PEKUMOB M KJac-
coB A, AB, B u C 0i1u3ku, HO HE B3aUMO3aMEHSIEMBL

7. IppexT Musiepa

B Tpuone, xak M3BECTHO, HMEETCS TPU EMKOCTH: BXOAHAsA eMKOCTb C g
MPEICTABISICT COOON PEaKTUBHYIO ITPOBOJAUMOCTH BO BXOJIHOM II€TIH, BRIXOIHAS
eMKOCTh Cgp ¥ TPOXOAHAS €MKOCTh (€MKOCTHh aHOM — ceTka) Cqe, KOTOpas
BO3HHUKAET MEXKy BXOJHBIMH M BBIXOJHBIMH IETISIMH JIaMIIbI, puc. 25. IIpoxo-
Hasi EMKOCTh, KaK yke ObIJI0 OTMEUYEHO, OKa3bIBaeT HanboJiee CHIIbHOE BIHSHUE
Ha CBOMCTBa TPHOJIa HA BHICOKUX YACTOTAX.

250B | anoo

YApasnaowas o eje o o o o . s -2B
mKa ° ,.

L

Kamod

Puc. 25. EmMxoctu B Tprozae. Mmmoctpanns 3(1)(1)61<Ta Munnepa. Ixon Munston Muiep.
Fig. 25. Capacitances in a triode. Illustration of the Miller effect. John Milton Miller

OO61as napa3uTHasi EMKOCTh MKy aHOJAHON U CETOYHOM IensIMH 00pa3o-
BaHA HE TOJIBKO MIPOXOIHON eMKOCTBIO JIaMITbl C,., HO ¥ TTAPA3UTHOH €MKOCTHIO
MOHTa)ka, KOTOpasi MPUCYTCTBYET B JIt0OOH cxeme. Takum oOpa3oM, HaIH4He
MIPOXOTHOM €MKOCTH TPHBOJAUT K YBEIWYECHHUIO BXOAHOW €MKOCTH KacKaja, TO
ecTb 3ddexty Musiepa, puc. 25. B 3ToM ciaydae BeTMunHA BXOIHOH €MKOCTH
Kackaza onpenensiercs u3 gpopmyns Musepa [24]:

Cumitter = (U + 1)Cqc, (4)

rae y — Ko3(ppUIreHT yCHIIeHUs TaMIIbl.

OddexT Munnepa Ha3BaH B YECTh aMEPUKAHCKOTO WHXKEHEPA-3IeKTPHKa
Jxona Munsrona Muuiepa (John Milton Miller, 22.06.1882—17.05.1962),
puc. 25. B 1920 roay B nepBbIX myOaukanusx Mujuiep omucas 3TOT 3PQeKT
MIPUMEHHUTEIHLHO K JIAMIIOBBIM TpHOJaM. B 3TOT mepuonm BpeMeHH OH paboTan
pamuonHkeHepoM B paamonadopatopurn BMC CIHA (1919—1923) B Anako-
crun (Anacostia, pacrosioxeHa B HCTOPUYECKOM paiioHe BaiimHIToHa, OKpyr
Konym6us). C 1925 o 1936 1T. OH BO3TIIABIISUT UCCIEAOBATENBCKOE MOAPa3/Ie-
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JICHWE 110 paIruoNprueMHNKaM Ha 3aBoje kommnanuu Atwater Kent B ropoae ®u-
nanenbpusa, a B 1936—1940 rr. Obul 3aMecTuTeNneM HadvalbHHKA HAYYHO-
uccrienoBaTenbckoii tadboparopuu kommnanun RCA Radiotron.

OO0a BpllIIe yKa3aHHBIX HEIOCTATKa TPUOJA MOXKHO YCTPaHUTh, €CIIU BBE-
CTH €IlI€ OJIHY CETKY MEK/Iy aHOJOM U YIPABJISAIOIIECH CETKON JIAMITBI.

B GonbIIMHCTBE JIAMIIOBBIX TPHOJIOB CETOYHBIM TOK HAYMHAET TIOSIBIISAT b-
Csl HEMHOTO paHbIIle OTPUIATEIFHOTO CMEIIEHUS. JTO CBI3aHO OTYACTH CO CIY-
YailHBIM JBM)KEHUEM JJIEKTPOHOB, TaK KaK OHH MPOXOIAT CETKY Ha X IMYyTH K
aHOJly, a TaK)K€ YaCTUYHO M3-3a KOHTAKTHOM PAa3HOCTH IOTEHIMAJIOB, OTHOCS-
mieiicss K MaTepranaM, UCIOJIb3YyEMBIM JUIsl MU3TOTOBIEHUS KaTola M CeTKH. B
CBSI3U C 3TUM YYEHBIE, KOTOpbIe paboTany HajJ yCTpaHEHHEM HEJOCTaTKOB TPH-
0/la C MOMOIIBIO YCTAHOBKM BTOpPOW CETKH, MOMEINAJN €€ B pa3Hble MecTa
BHYTPH JIaMIIbl, HaJIesICh TAKKM CIIOCOOOM YIYUIIUTH e paboTy.

HunaatponHsri 3¢dekT, To ecTh mepexo IEKTPOHOB BTOPHUIHONW dMUC-
CUU Ha APYTOH JNEKTPOA, B TPUOAE MPOABIAETCS HE TaK CHIIBHO, KAK B DKPAHHU-
poBaHHBIX paguonaMnax. OIHAKO IIPU OIIPEIeJICHHBIX HAIPSKEHUIX 00p aTHBIN
TOK MOXKET TOSABUTBCA M YXyAUIMTh NapaMmeTpsl paauoiammbl. Broprnunas
SMHCCHUS C aHOJA U CETKH HMCKa)xkaeT (OpMy KpHUBOW TOKA COOTBETCTBYIOLIETO
ANIEKTPOAa U HEPEIKO MEPEXOIUT B OTpULATENbHYI0 001acTh. TOJBKO B ompe-
JISJIEHHOM TOYKe 3Ta KpHUBasi CHOBA BO3BPAILAETCs K MOJIOKUTEIbHBIM 3HaUSHH-
aM. Kak n3BecTHo, moio0Has KpuBas TOKa, OOBIYHO Ha3bIBaeMas TUHATPOHHOI,
MIPUBOJUT K PsTy HEXeNaTeNbHBIX MOCIIECTBUMN, BEIPAKAIOIINXCSA B CPBIBE KO-
ne0aHui, NCKaXEeHUH PaOOTHl JIAMIIBI B Pa3IMYHBIX cXeMax U mpod. Bece atn
SIBTICHHS, 9acTO OOBEAMHSAEMBbIE MOoJ OOIIMM Ha3BaHHEM «OJOKMPOBAHHE», B
OOJIBIIMHCTBE CIIy4aeB BeIyT K IOJHOM THOEIH JaMIIbL.

Hnst GopbOBI ¢ BpeAHBIMH MOCTEACTBUSMH BTOPHUYHON AMHUCCHU OBIIO
MIPEATIOAKEHO UTYHTUPOBATh CETKY MOCTOSIHHBIM MJIM IEPEMEHHBIM COIPOTHBIIE-
HUEM, HCTIONB3YS B KauecTBE IOCIEAHETO BBIIPSIMHUTENb C HaKaJbHBIM KaTo-
moM. B oboux cimydasx HOOABOYHBIN TOK, PACXOMyEMBIM ITYHTHPYIOITUM CO-
MIPOTHUBIEHUEM, KOMIICHCHPYET OTPHLATENBHBIM TOK. KpoMe 3roro, oH mpe-
BpallaeT AUHATPOHHYIO KPHBYIO B OOBIYHYIO KPUBYIO C IOJOXHUTEIbHBIMH 3HA-
YEHHUSMH TOKa OTHOCHTEJIBHO BHEIIHeW nemu cerku. OIHAaKo 3TOT crocol,
MIpeIoTBpalasl BO3MOXKHBIA BBIXOJ M3 CTPOs JamIbl, IMEET HEJOCTATOK, 3a-
KITIOYAIOMIMICS B 3HAYUTEIILHOM YBEJIIMYEHHH CETOYHOTO TOKA B 00JacTH pado-
ynx HanpsokeHuil. [lomumo storo, TpeOyeTcsl TOMOTHUTENBHBINH pacXo dHEp-
UM Ha HaKaj BBITTPSIMUATEISL

Jiia xomMmeHcanuu oOpaTHOTO TOKa MPH ITWHATPOHHOM 3PQeKTe mHXKe-
HEpPOM BaKyyMHOH naboparopuun LleHTpanbHON paanonadopaTopun M KOHCYIb-
TaHTOM 3aBoja «CseriaHa» Bukropom HocudoBuuem BonblHKMHBIM OBLIO
MIPEATIOKEHO BKJIIOUATh MEXKAY JIEKTPOAOM C BTOPHUYHOM SMHCCHEH UM HUTHIO
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HaKaJla pa3pagHyI0 TPYOKY C XOJIOAHBIMH 2JIEKTPOJaMH, HANPSHKCHHUE 3a)KUTa-
HUS KOTOPO# BBIOMpaETCs Tak, 9TOObI CYMMApPHBIM TOK AIIEKTPOIa C BTOPUIHOHN
SMHCCHEN He MMEN OTPHUIIATEILHOTO 3HaUeHUsI [25].
Ha puc. 26a npeacraBineHa cxeMa BKJIFOUEHUS B TPUOA Pa3psIHON TPyO-
Ku 0e3 J0OABOYHOT'O CONPOTHUBIICHUS, a HA puc. 260 — BapHaHT CXEMBI BKJIIO-
YeHHs pa3pAgHON TPYOKM C TOCIENOBaTeNbHBIM COMpOTHBIEHHEM. KpuBbie
COOTBETCTBYIOIINX TOKOB 3MHUCCHUU JaHbl HA pUC. 7.7B.
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Puc. 26. Cioco6 komiieHcanun 00paTHOro ToKa IPH ANHATPOHHOM 3¢ dekTe B Tproae:
a — C pa3psAHOM TPYOKOit, 6 — ¢ pa3psIHOil TPYOKOI M CONPOTHUBIICHNEM,
B — Toku dmuccud. [latent B. U. Bonsinkuna [26]. 1932 1.

Fig. 26. Method of compensating the reverse current during the dynatron effect in a triode:
a — with a discharge tube, 6 — with a discharge tube and resistance, B —emission currents.
Patent by V. I. Volynkin [26]. 1932

K snexTpoHHoit n1amine | mapaienbHO 3JIEKTPOy C BTOPUYHON 3MUCCU-
e, HampuMep CeTKe 2, MPUCOSAMHSIETCS pa3psiHas TpyOka 3 ¢ XOJOJHBIMHU
anekTpoaaMu (puc. 26a), UMerolIas Mopor 3aKUTraHus, OJU3KHUM K TOuke 4 U
BOJIbTAMIIEPHYIO KpuBYIO 1p (puc. 26B). B kauecTBe Takoi TpyOKH MOXKET OBITh
WCIIOJIb30BaHa, HAMIPUMEp, HEOHOBas Jamna. B 3ToM ciydae pe3yiabTupyromas
KpUBas TOKa B IIeTM ceTKH | mpu m3MeHeHnn noteriuana ot 0 1o A He Oynet
MPAKTUYECKH OTJIMYAThCS OT OOBIYHOH, B TO BpeMsl KaKk 3a TOYKOH A mpu
HaJJIe)KAIIEM BbIOOpE Pa3psIHON TPYOKH KpUBasi TOKA BO BHEIIHEH LEMH CETKH
OyZeT JexaTh B MOJOKATENBHON 0071acTH, YeM TOJTHOCTBIO yCTPAaHETCs TnHa-
TPOHHBIHN dPPeKT. s JOCTIKEHNS KelaeMoro BUa BOIbTAMIIEPHON KPHBOH
1p, MOMHMO COOTBETCTBYIOIIEH KOHCTPYKIIUU pa3psHON TpyOKH, BEIOOpa Tasza
U €ro JaBJICHUsS, MOXKET TMPUMEHSTHCS IMOCIeN0BaTeNIbHOE, apalielIbHOe WIIH
IIOCJIEIOBATEIHHO TapailjieIbHOE COSMHEHNE YXKE CYIIECTBYIOIUX THIIOB pa3-
PAAHBIX TPYOOK.

Takum e METOAOM KOMIICHCAIUs OOpPaTHOTO TOKa IMPH JUHATPOHHOM
a¢pexTe MOXKET ObITh OCYIICCTBICHA, M0 MHEHHIO aBTOpPa U300pETCHHUS, U B
MHOTOYJICKTPOIHEIX JIaMITaX. 3aMeTuM, 4To u3o0perenwe B. WM. Bombrakmnaa
ObUTO caemaHo 4depe3 15 mer mocie Toro, Kak s ociaalieHus] THHATPOHHOTO
a¢dexTa B pajguoiiaMie Obliia HCIIOJIb30BaHa BTOPAs CETKA.
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Jns nanpHeIero ananusa yCUIUTEIbHBIX CBOMCTB pajnofiaM, OTMETHM,
49T0 KOA(HUIMEHT YCHICHHS COBPEMEHHBIX TPHOAOB cocTapisieT U = 0,17 —
100.

8. 3akiwuenue

Dnexrponnas jamma Audion c¢ cepemmmbr 20-x romoB XX Beka craia
KITFOYEBBIM KOMIIOHEHTOM BCEH paJMOTEXHHKH, TeNe(HOHUH, PaTUOTIOKAIMH,
TENEeBUJICHUN W KOMITBIOTEPHBIX CUCTEM BIUIOThH A0 U300pereHus B 1948 roay
Tpan3zuctopa. Ayauos Jlu ne dopecta 3aHs1 AOMHHUPYIOIIEE TIOJI0XKEHHE OJa-
rofapsi TOMY, 4TO K €T0 YCOBEPIICHCTBOBAHUIO MOJKITIOYHIIOCH OOJIBIIOE KOJH-
YECTBO YUYCHBIX M MHKCHEPOB BO BCEM MHpPE, KOTOphIe Ojiaromaps paspaboTaH-
HBIM TEXHOJIOTHSIM JIOBEJIH €TO JIO COBEPIICHCTBA. AYJMOH CTaJl CaMbIM OBICT-
PBIM 3JNEKTPOHHBIM KOMMYTAIIMOHHBIM HHCTPYMEHTOM CBOCH 3IOXH, & B Yy 4-
IIeHHOW (hopMe ATO OBLIO EMHCTBEHHOE YCTPONCTBO, KOTOPOE CAEAN0 PaJno
PEaNbHOCTBIO, MOCKOJIBKY BO3MOXKHBIM CTaJl IPUEM YEJIOBEUECKOTO ToJIOCa.
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Abstract: Some early technologies that improved the design and electrical performance
of Lee de Forest’s audion are reviewed. The role of the grid leak in increasing the
sensitivity of the vacuum triode has been studied in detail. Calculation formulas for the
elements and characteristics of a vacuum triode are given. Parasitic capacitances in the
triode and the Miller effect are noted. The application of the first push-pull circuits in
electronic amplification devices based on tube triodes is shown.

Keywords: audion, Lee de Forest, Eric Tigerstedt, triode characteristics, cascade
amplifier, grid leak, push-pull circuits, Miller effect.

For citation (IEEE): V. M. Pestrikov, “ Some Early Technologies to Improve the
Design and Performance of Lee de Forest’s Audion,” Infocommunications and Radio
Technologies, vol. 7, no. 2, pp. 340-372, 2024,

doi: 10.xxxxx/2587-9936.2024.07.2.23. (In Russ.).

References

[1] V. M. Pestrikov, “Invention of an electronic tube audio frequency amplifier,”
Infocommunications and radio technologies, vol. 3, no. 4, pp. 433-455, 2020. (In Russ.).

[2] V. M. Pestrikov, “Genesis of Lee de Forest’s audion,” Infocommunications and radio
technologies, vol. 4, no. 1, pp. 42-79, 2021. (In Russ.).

[3] Marconi’s Wireless Telegraph Company Limited. Tube a ride a trois électrodes. Brevet
principal CH91053. Publi¢ le ler octobre 1921. Demande déposée: 29 décembre 1919, 20 h.
Priorité: Grande-Bretagne, 9 décembre 1913.

[4] Schott — Réhren. URL: https://www.tubecollection.de/ura/schott.htm. (09.07.2023).

[5] J. Bidraget, “Min farbror, Eric Magnus Campbell Tigerstedt och hans uppfinningar,” QTC
amatorradio, no. 7/8, s. 15, 2017.

[6] A. V. Réisinen and A. Lehto, Radio Engineering for Wireless Communication and Sensor
Applications, Boston—London : Artech House, 2003.

[71 E. M. C. Tigerstedt, “Relais for undulerende Stremme.” Dansk Patent DK22190C.
Bekekdtgjopt den 18. Juni 1917. Patent udstedt den 7. Juni 1917, beskyttet fra den 25.
September 1916.

[8] E. M. C. Tigehstedt, “Relay for undulatory currents.” Patent US1212163. Patented January
9, 1917. Application fled October 19, 1916.



372 History of science and technology

[9]

[10]
[11]

[12]

[13]
[14]
[15]

[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]

[25]

Hcropus Hayku 1 TexHuku (5.6.6)

E. M. C. Tigekstedt, “Kathodenstrahlrelais mit Hilfselektrode.” Swiss Patents CH82154A.
Veroffentlichtam 1 September 1919. Nr. 82154 (Gesuch eingereicht : 28. Mai 1918, 8 Uhrp.).
(Prioritat: Deutschland, 26. Juni 1914).

M. Peri and J. Biguet, “Brevet FR492657.” Délivré le 29 mars 1919. Publi¢ le 16 juillet
1919. Demandé le 23 octobre 1915, a 16h Sm, a Lyon.

H. J. Bijl, van der, “Electron-discharge device and method the making the same.” Patent
US1738269. Patented Dec. 3, 1929. Application filed December 4, 1918.

V. M. Pestrikov, “Lee de Forest’s Sale of Audion Rights to AT&T and Its Importance for
the Development of Radio Technics,” Infocommunications and radio technologies, vol. 6,
no 2, pp. 211-249, 2023, doi: 10.29039/2587-9936.2023.06.2.18. (In Russ.).

H. J. Bijl, van der, “The theory of the thermionic amplifier,” The physical review, Second
Series, vol. 12, no. 3. pp. 171-198, 1918.

H. J. Bijl, van der, “Theory and operating characteristics of the thermionic amplifier,” Pro-
ceedings of the Institute of Radio Engineers, vol. 7, no. 2. pp. 97-128, 1919.

H. Barkhausen, “Einheitliche Bezeichnungen,” in : Jahrbuch der drahtlosen Telegraphie
und Telephonie. Berlin : W. Verlag von M. Krayn, Vierzehnter Band, s. 2-4, 1919.

I. Langmuir, “The pure electron discharge and its applications in radiotelegraphy and
telephony,” Proceedings of the Institute of Radio Engineers, vol. 3, pp. 261-293, 1915,
doi: 10.1109/JRPROC.1915.216680.

Reference book for electrical engineers, vol. 4, dep. 3249, p. 40. Leningrad : Kubuch,
1929. (In Russ.).

P. Kuksenko, “Gridlik,” in: Technical encyclopedia. vol. 6, pp. 51-55. Moscow : Sovietska-
ya Encyclopedia, 1929. (In Russ.).

W. W. Dean, “Local transmitter circuit for telephones.” Patent US549477A. Patented
November 5, 1895. Application filed March 29,1895.

E. H. Colpitts, “System for the transmission of intelligence.” Patent US1137384A. Patented
April 27,1915. Application filed May 18, 1914.

J. H. Morecroft and H. T. Friis, “The Vacuum Tube as a Generator of Alternating-Current
Power,” in : Transactions of the American Institute of Electrical Engineers, vol. XXXVIII,
no. 2, pp. 1415-1444, 1919, doi: 10.1109/T-AIEE.1919.4765641.

RCA Radiola 11l (Type R1).

URL: https://www.vintageradio.nl/radio%27s/rca_radiola_iii_engels.htm (10.03.2024).

N. W. McLachlan, “The theory of push-pull,” Wireless World, vol. 22, no. 24, pp. 629-634, 1928.
J. M. Miller, “Dependence of the input impedance of a three-electrode vacuum tube upon
the load in the plate circuit,” Scientific Papers of the Bureau of Standards, vol. 15, no. 351,
pp. 367-385, 1920.

V. I. Volynkin, “A method for compensating reverse current during the dynatron effect in
cathode lamps.” Invention of the USSR no. 25977. Declared on April 18, 1930. Issued on
April 30, 1932. (In Russ.).

Information about the author

Viktor M. Pestrikov, Dr. Tech. Sc., Professor, St. Petersburg State University of Film and
Television, St. Petersburg, Russian Federation. ORCID 0000-0003-0466-881X.


https://www.vintageradio.nl/radio%27s/rca_radiola_iii_engels.htm

	А4_обложка_final_fon_No_2
	Binder2
	icrt.2024.07.2.11
	icrt.2024.07.2.12
	icrt.2024.07.2.13
	icrt.2024.07.2.14
	icrt.2024.07.2.15
	icrt.2024.07.2.16
	icrt.2024.07.2.17
	icrt.2024.07.2.18
	icrt.2024.07.2.19
	icrt.2024.07.2.20
	icrt.2024.07.2.21
	icrt.2024.07.2.22
	icrt.2024.07.2.23

	тит
	icrt.2024.07.2_title_sheets_РИОР_ru
	icrt.2024.07.2_contents




